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The maternal-to-zygotic transition (MZT) is the first major 
transition in the life cycle of both animals and plants. The 
MZT consists of two integrated processes: maternal transcript 

clearance and zygotic genome activation (ZGA)1–3. In animals, early 
embryogenesis is controlled by maternal factors deposited in egg 
cells, whereas ZGA occurs much later4,5. However, there are con-
flicting reports on plant parental contributions to the transcriptome 
of early proembryos6,7, which have been explained by the contami-
nation of maternal tissues8 or the effects of hybridization on gene 
expression9,10. We recently showed that both maternal and paternal 
genomes are activated at the zygotic stage and contribute equally 
to the transcriptome of the elongated zygote and proembryos3. 
However, whether equivalent parental contributions to the tran-
scriptome of the proembryo represent equal functional contribu-
tions to proembryo development remains in question.

In animals, both daughter cells of the zygote contribute to the 
mature embryo. However, in higher plants, the two daughter cells 
of the zygote contribute differently to the embryo. The smaller api-
cal cell (AC) divides to form the major parts of the mature embryo, 
including the apical–basal axis and the radial pattern. The larger 
basal cell (BC) usually undergoes limited divisions to form a sus-
pensor composed of several cells. Only the uppermost suspensor 
cell differentiates into an embryo hypophysis, and the other suspen-
sor cells degenerate via programmed cell death11–13. In our previous 
work, we found a maternal effect on the development of the BC lin-
eage (BCL). The morphology and cell number of the hybrid embryo 
suspensor were similar to those of the maternal line14, suggesting 
maternal control of suspensor development. We thus compared the 
transcriptomes and developmental processes between the AC lin-
eage (ACL) and the BCL to determine the following: (1) whether 
the parental contributions to the transcriptomes of the BCL differ 
from those of the ACL, and (2) whether equivalent parental con-
tributions to the transcriptome represent equal parental control of 
early embryogenesis.

In this study, we investigated the parental contributions to the 
transcriptome and the development of the ACL and BCL in early 

proembryos. We performed cell-lineage-specific and allele-specific 
transcriptome analyses and careful observations of the suspen-
sor morphology and structure in hybrid embryos from reciprocal 
crosses between different Arabidopsis ecotypes. On the basis of 
these results, we demonstrated that the parental genome contrib-
uted equally to both ACL and BCL transcriptomes and that there 
was an obvious maternal effect on BCL development. This indicates 
that the equivalent parental contributions to the transcriptome  
are not necessarily coupled with equal parental control of ACL  
and BCL specification. In addition, we identified more parent- 
of-origin genes in the BCL than in the ACL at corresponding 
stages, which displayed developmental-stage-dependent and 
cell-lineage-dependent allelic expression patterns. These genes may 
be valuable clues to understanding the parental roles of cell fate 
determination and the regulation of distinct developmental path-
ways of the ACL and BCL.

Results
Construction of the allele-specific transcriptomes of the ACL 
and BCL in early proembryos. To investigate the parental contri-
butions to the ACL and BCL, we sequenced the transcriptomes of 
the ACL and BCL in 1-cell and 32-cell embryos (Fig. 1a) derived 
from reciprocal crosses between Arabidopsis Columbia-0 (Col-0) 
and Landsberg erecta (Ler). Three independent biological replicates 
were carried out for each hybrid cell type from the reciprocal crosses. 
Thus, 24 sequencing libraries were constructed and sequenced at 
sufficient depth for the Arabidopsis transcriptome, generating over 
18 million read pairs for each library (Supplementary Table 1). 
Overall, the transcriptomes from the same cell type derived from 
the reciprocal crosses and different biological replicates were highly 
correlated (r ≥ 0.91; Extended Data Fig. 1). All transcriptome data-
sets were found to be free of RNA contamination from the endo-
sperm and the seed coat using publicly available software (Extended 
Data Fig. 2) (https://github.com/Gregor-Mendel-Institute/tissue- 
enrichmenttest)8. After the RNA sequencing quality assessment, 
reads covering single-nucleotide polymorphisms (SNPs) were 
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extracted, and transcripts with at least ten reads that overlapped 
SNPs in each cross were chosen for further analysis of the paren-
tal contribution. The number of detectable genes covering SNPs 
ranged from approximately 11,000 to 13,000 in each cell type 
(Supplementary Table 1), which could be used to determine the ori-
gin of the transcripts and was sufficient for genome-wide analysis of 
the parental contributions to the ACL and BCL.

Parental genomes contribute equally to the ACL and BCL tran-
scriptomes. We next tested the differences between the maternal 
and paternal contributions to the transcriptomes of the ACL and 
BCL in early proembryos. Transcripts with at least ten SNPs that 
overlapped reads in each sample were extracted to quantify the 
parental contributions to the ACL and BCL. First, maternal- and 
paternal-derived reads were quantified in the progenitor cells of the 
ACL and BCL. We did not find a notable difference in the numbers 
of maternal and paternal reads in the ACL or BCL from the recip-
rocal crosses (Fig. 1b and Supplementary Table 2). We then anal-
ysed the transcriptomes of the ACL and BCL in 32-cell embryos. 

Similarly, we found near-equal reads derived from both maternal 
and paternal genomes in both reciprocal crosses (Fig. 1b). The reads 
from the paternal genome made up nearly 50% of the transcrip-
tome of both the ACL and BCL (Fig. 1c) in the 1-cell and 32-cell 
embryos, indicating that the maternal and paternal genomes con-
tribute equally to the transcriptomes of both the ACL and BCL of 
early proembryos.

Parent-of-origin transcripts in the ACL and BCL are due mainly 
to de novo monoallelic transcription. Since the parental contribu-
tions to the transcriptome of the ACL and BCL of early proembryos 
are equivalent, we analysed the allelic expression pattern of each 
gene in the ACL and BCL. We classified the expression patterns as 
biallelic, Col-0 monoallelic and Ler monoallelic according to the 
following criteria: fold change (Ler/Col-0) > 4 and false discovery 
rate < 0.05 (Supplementary Data 1). As expected, most genes were 
transcribed equally from the maternal and paternal alleles in both 
the ACL and BCL, even at the one-cell embryo stage (Fig. 1d,e).  
However, thousands of transcripts were transcribed from the  
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Fig. 1 | Parental contributions to the transcriptomes of aCls and BCls of early proembryos. a, A diagram showing early embryo development in 
Arabidopsis (n = 100). Scale bars, 10 μm. b, Numbers of Col-0- and Ler-derived reads in the transcriptomes of ACLs and bCLs of early proembryos.  
c, Percentages of parental RNA-seq reads in the transcriptomes of ACLs and bCLs of early proembryos. The percentages of parental contributions to the 
transcriptomes are the comprehensive results of three independent biological replicates in the reciprocal crosses between Col-0 and Ler. d, Percentages 
of genes with Col-0 monoallelic, Ler monoallelic and biallelic expression patterns in each cell type derived from the reciprocal crosses. each datum 
represents the mean of three independent biological replicates. e, Distribution of the ratio of Ler/Col-0 (log2 value) for genes with ≥10 SNP-overlapping 
reads in the transcriptomes of ACLs and bCLs. Zy, zygote; 1C, 1-cell embryo; 2–4C, 2- to 4-cell embryo; 8C, 8-cell embryo; 32C, 32-cell embryo; eP, 
embryo proper; Sus, suspensor; CAC, hybrid AC from the cross between Col-0 and Ler; LAC, hybrid AC from the cross between Ler and Col-0; similar 
abbreviations are used for CbC, LbC, C32e, L32e, C32S and L32S.
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maternal or paternal allele in each cell type from the reciprocal 
crosses. Generally, the number of Col-0 monoallelic genes was 
comparable to that of the Ler monoallelic genes in each cell type 
(Figs. 1d and 2a,b). Even though monoallelic genes were found in 
both the ACL and BCL, the percentage of monoallelically expressed 
genes in the BCL (33.5%) was significantly higher than that in the 
ACL (20.4%). The ratio of monoallelically expressed genes in the 
ACL decreased sharply as the embryo developed (20.4% in 1-cell 
embryos versus 7.0% in 32-cell embryos). There were no substantial 
differences between the number of monoallelically expressed genes 
in the BCL of 1-cell embryos and that of 32-cell embryos (Figs. 1d  
and 2a,b). Then, the maternally or paternally expressed genes 
(MEGs or PEGs) were filtered from the monoallelically expressed 
genes according to the coherence of the allelic expression patterns 
in the reciprocal crosses. Surprisingly, the maternal/paternal ratio of 
most monoallelically expressed genes was negatively correlated with 
the respective reciprocal crosses, which were transcribed from the 
same Arabidopsis ecotype in the reciprocal crosses and were prefer-
entially transcribed from the Col-0 or Ler allele irrespective of their 
parent of origin (Fig. 2c). The monoallelically expressed genes in 
the reciprocal cross are probably due to the differences between the 
Col-0 and Ler genetic backgrounds rather than a parent-of-origin 

effect on gene expression. After filtering out these genes, the remain-
ing allele-enriched genes were classified as MEGs or PEGs (Fig. 2c).  
These PEGs and MEGs were scattered across all chromosomes  
(Fig. 2a,b), indicating that allele-specific transcription is not con-
fined to specific chromosomes or chromosomal regions.

To further distinguish whether the MEGs and PEGs identified 
in the ACL and BCL are gamete-delivered transcripts or are gener-
ated by the prioritization of transcription from one parental allele, 
the expression patterns of these PEGs and MEGs in sperm cells, egg 
cells, zygotes and early embryos were analysed3,15. The expression 
levels of most PEGs and MEGs were significantly upregulated in 
the zygote (Extended Data Fig. 3), indicating that de novo tran-
scription of these genes occurred shortly after fertilization and their 
allele-specific expression was due to the prioritization of mater-
nal or paternal transcription. Several MEGs and PEGs (Extended 
Data Fig. 3) are likely to be the result of gamete delivery during 
fertilization since they showed higher expression levels in gametes, 
which decreased rapidly after fertilization. The expression levels of 
20 selected MEGs and PEGs in gametes and early embryos were  
further confirmed by quantitative PCR with reverse transcription 
(RT–qPCR; Extended Data Fig. 4), indicating the high reliability of 
the transcriptome data.
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Fig. 2 | Identification of parent-of-origin genes in the transcriptomes of aCls and BCls. a,b, Scatter plots depicting the allelic ratio (Ler/Col-0) of each 
gene in the transcriptomes of ACLs and bCLs of hybrid proembryos from the crosses between Col-0 and Ler (a) or between Ler and Col-0 (b). The allelic 
expression patterns of the genes are ordered along the x axis and coloured according to chromosomal location (1–5); the ratios of Ler to Col-0 (log2 value) 
are shown on the y axis. The grey dots indicate the genes with biallelic expression. The coloured squares indicate meGs and PeGs, and the coloured circles 
indicate other monoallelically expressed genes. c, Ler/Col-0 ratios for the transcripts covering SNP-overlapping reads (≥10) in ACLs and bCLs of hybrid 
proembryos from the reciprocal crosses between Ler and Col-0. The blue dots and red dots indicate meGs and PeGs, respectively. The green dots and 
yellow dots indicate Col-0 monoallelically expressed genes (CeGs) and Ler monoallelically expressed genes (LeGs).
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To further validate the transcriptome analysis results, we 
selected 20 parent-of-origin genes identified in the ACL or BCL for 
RT–PCR amplification across SNPs, followed by Sanger sequenc-
ing. The allelic expression patterns of these 20 MEGs and PEGs in 
zygotes and the ACL and BCL of early proembryos at the 1-cell and  
32-cell stages were highly consistent with our transcriptome analy-
sis results (Fig. 3 and Extended Data Fig. 5), confirming the high 
quality of the allele-specific ACL and BCL transcriptomes in early 
proembryos.

ACs and BCs inherit distinct MEG and PEG allelic expres-
sion patterns upon asymmetric zygote division. Since most 
parent-of-origin genes in ACs or BCs were coexpressed in zygotes 
(Fig. 4a), we investigated the impact of asymmetric zygote divi-
sion on the allelic expression of parent-of-origin genes in the two  
daughter cells. The allelic expression patterns of MEGs and  
PEGs in the hybrid zygotes were then analysed using hybrid  
zygote RNA-seq data at 24 h after pollination (Zy24)3. We  
found that a substantial number of PEGs in both ACs (18 of 31)  
and BCs (31 of 118) inherited the same allelic expression pattern 
from Zy24 (Fig. 4b,c). However, only a small proportion of MEGs 
in both ACs (2 of 20) and BCs (7 of 77) displayed the same allelic 
expression pattern as that of the zygote (Fig. 4b,c). This suggests 
that PEGs maintained a steady-state monoallelic expression pattern 
compared with MEGs during asymmetric zygote division, which 
may be required for both zygote development and subsequent cell 
lineage specification. Interestingly, we found that a set of biparen-
tally expressed genes (BEGs) in Zy24 were converted into MEGs 
or PEGs in the BC but maintained a biparental expression pat-
tern in ACs (Fig. 4d). The quantification of parental contributions 
to the expression of these BEGs revealed that the transition from 
BEGs in the zygote to MEGs in BCs after asymmetric zygote divi-
sion mainly resulted from specific paternal transcript degradation  
(Fig. 4e, Group II) or both maternal expression activation and pater-
nal transcript degradation (Fig. 4e, Group I) in BCs. Conversely, the 
transition from BEGs in the zygote to PEGs in BCs resulted from 
specific maternal transcript degradation (Fig. 4f, Group I) or both 
maternal expression degradation and paternal expression activation 
(Fig. 4f, Group II).

Parent-of-origin genes display a stage-dependent allelic expres-
sion pattern in the ACL and BCL. We then performed a compara-
tive analysis of the AC and the embryo proper of the 32-cell embryo 
(32E) to investigate the dynamics of parental contributions during 
ACL development. Significantly fewer parent-of-origin genes were 
detected in the 32E than in the AC (20 in the 32E versus 271 in 
the AC) (Fig. 5a). The transition from the maternal class or pater-
nal class to the biparental class indicates de novo transcription of 
both paternal and maternal alleles of these parent-of-origin genes 
in the AC during embryonic development (Fig. 5b–d). Unlike the  
ACL, there are still hundreds of parent-of-origin genes in the sus-
pensor of the 32-cell embryo (32S) (488 in the 32S versus 634 in 
the BC) (Figs. 2c and 5a). However, only a small proportion of 
parent-of-origin genes maintain the same allelic expression pat-
tern during BCL development (Fig. 5e). Most parent-of-origin 
genes in the BCL display a variable allelic expression pattern  
(Fig. 5f,g). Taken together, allele-specific transcriptome analysis 
revealed that the allelic expression pattern of parent-of-origin genes 
is stage-dependent and variable during BCL development.

Parent-of-origin genes display a cell-lineage-dependent allelic 
expression pattern. Although parent-of-origin genes were identi-
fied in both the ACL and BCL, there were more parent-of-origin 
genes in the BCL than in the ACL in both 1-cell (634 in the BC 
versus 271 in the AC) and 32-cell embryos (488 in the 32S ver-
sus 20 in the 32E) (Figs. 2c and 5a). We found that only a few 

of the parent-of-origin genes in the ACL and BCL overlapped  
(Fig. 5b), suggesting that the parent-of-origin genes are expressed 
in a cell-lineage-dependent manner. Most MEGs and PEGs  
identified in the BC showed differential maternal and paternal tran-
script levels in the AC (Fig. 5h,i). Similarly, MEGs and PEGs identi-
fied in the 32S were biparentally expressed in the 32E (Fig. 5j,k). 
Taken together, this analysis revealed that parent-of-origin expres-
sion was cell lineage dependent, which is a previously unknown 
characteristic of parent-of-origin genes. Parent-of-origin genes thus 
seem to play a more active role in BCL development than in ACL 
development.

Maternal effects on BCL development. The cell-lineage- and 
allele-specific transcriptome analysis supports the idea that 
parent-of-origin genes in the BCL affect the whole BCL develop-
mental process. To test possible parent-of-origin effects on BCL 
development, different Arabidopsis accessions were collected to 
compare the morphology of BCs and their developmental pro-
cesses. Generally, the development of BCs was similar among dif-
ferent Arabidopsis accessions. However, the lengths of BCs varied 
in different Arabidopsis accessions (Fig. 6a,b). According to mor-
phological differences among accessions, a reciprocal cross between 
Col-0 and Ler was performed to investigate the parent-of-origin 
effects on BCL development (Fig. 6c,d). Although egg cell lengths 
in Col-0 and Ler are similar (Extended Data Fig. 6), the length of 
the BC in the hybrid proembryo was consistent with that of the 
maternal lines in the reciprocal crosses between Col-0 and Ler. This 
phenomenon was further confirmed by another reciprocal cross 
between Wassileskija (Ws) and Ler (Fig. 6c,e). Similarly, no notable 
maternal effect on the AC length was observed in the hybrid pro-
embryo (Extended Data Fig. 7). However, BCL development was 
also highly consistent with that of the maternal line in both mature 
suspensor length and cell number (Fig. 6f–h), suggesting that the 
BCL must be guided by maternal machinery to regulate cell elonga-
tion and cell division.

Although a maternally biased transcriptome was not observed 
in BCL specification, hundreds of MEGs have been observed in 
the BCL in both 1-cell and 32-cell embryos, suggesting that these 
BCL-specific MEGs probably contributed to the maternal control 
of BCL development. To investigate the roles of these MEGs in the 
process of BCL specification, Gene Ontology (GO) analysis was  
performed for each MEG identified in the BCL (Supplementary 
Data 2). The numbers of MEGs and PEGs in each GO term were 
then quantified for statistical analysis. As expected, the GO enrich-
ment analysis revealed that distinct molecular pathways were 
enriched in PEGs and MEGs identified in the BCL (Fig. 7a,b).  
The MEGs in the BCL at the one-cell embryo stage were enriched 
mainly in biological processes related to lipid metabolism 
(P = 7.88 × 10–3), cell fate specification (P = 3.93 × 10–3) and histone 
demethylation (P = 2.67 × 10–3). The MEGs in the BCL at the 32-cell 
embryo stage were enriched in processes related to cell cycle regu-
lation (P = 3.84 × 10–3), protein phosphorylation (P = 1.35 × 10–4) 
and cell communication (P = 1.17 × 10–3), which may be involved 
in suspensor morphology and functional establishment. We then 
used the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database to investigate potential MEG and PEG pathways. MEGs 
and PEGs in the BCL were classified into known KEGG pathways 
(Supplementary Data 3). Consistent with the GO analysis results, 
MEGs and PEGs in the BCL were also grouped into distinct KEGG 
pathways (Fig. 7c). Pathways including MAPK signalling (n = 5), 
plant hormone signal transduction (n = 5) and carbon metabolism 
pathways (n = 4) were annotated for MEGs in the BCL (Fig. 7c). 
Notably, 16 MEGs maintained their maternal monoallelic expres-
sion patterns during BCL development (Fig. 4b), involving several 
biological processes including transcription, protein phosphoryla-
tion and carbohydrate metabolic process (Supplementary Data 4).
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Discussion
Early embryogenesis in animals is controlled by maternal factors, 
and the transcriptome of early embryos is dominated by maternal 
transcripts1. In contrast to animals, the plant zygotic genome is 
activated shortly after fertilization3,16,17. The maternal and paternal 
genomes contribute equally to the transcriptome of early embryos3,7. 
However, early proembryos are composed of two distinguishable 
domains: the ACL and BCL, which show distinct transcriptomes 
shortly after asymmetric division. The development of the two 
domains might be differentially regulated. This idea is supported 

by our recent finding that the morphology and developmental pro-
cesses of the hybrid tobacco BCL are similar to the maternal line 
used for the crosses14. BCL development thus provides a unique 
model for transcriptome analysis to confirm whether the develop-
ment of the two domains is differentially regulated. It also offers 
an opportunity to correlate the parental contributions to the tran-
scriptome with the role of parental control during proembryonic 
development.

In this study, we found that the maternal and paternal genomes 
contributed equally to the transcriptomes of both the ACL and BCL 
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in both 1-cell and 32-cell embryos. We also confirmed that BCL 
development was mainly controlled by maternal factors in hybrid 
seeds of Arabidopsis. Thus, equivalent parental contributions to the 
transcriptome did not ensure equivalent parental functional con-
tributions to proembryonic development. The parental contribu-
tions to early embryonic development may be exerted by a few key 
parent-of-origin genes. In fact, sperm-delivered SSP and paternally 
expressed BBM1 have been reported to regulate early embryonic 
development18,19.

These findings led us to focus more on the specific roles of MEG 
and PEG expression during embryogenesis. We identified hundreds 
of PEGs and MEGs in both the ACL and BCL of early proembryos 
at different stages. Genes with a parent-of-origin effect showed 
stage-dependent expression, and the silent allele was not always 
completely silent during embryogenesis. Notably, the conversion 
of BEGs in zygotes into MEGs or PEGs in the BCs, but not in the 

ACs, was found after asymmetric zygote division (Figs. 3a–c and 
4d), suggesting that the ACs and BCs may be equipped with differ-
ent epigenetic mechanisms to regulate the allelic expression of these 
BEGs soon after asymmetric zygote division. DNA methylation 
asymmetry and histone modification are two known mechanisms 
for parent-of-origin gene expression20. The genome-wide analysis 
of epigenetic marks in the zygote and two daughter cells will shed 
light on the yet unknown mechanism of parent-of-origin expression 
resetting in the BCL and provide a new mechanism for the cell fate 
specification of the BCL.

Most PEGs and MEGs identified in the ACL were transformed 
into BEGs by the 32-cell stage, resulting in a significant decrease 
in the number of MEGs and PEGs in the ACL of 32-cell embryos. 
These results suggest that the parent-of-origin effect of ACL 
development occurs mainly during early embryonic stages. The 
expression of parent-of-origin genes was also cell type dependent.  
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We found that the same genes displayed differential allelic expres-
sion patterns in the ACL and BCL. Interestingly, there were more 
parent-of-origin genes in the BCL than in the ACL, suggesting that 
parent-of-origin effects on BCL development are more significant 
than those on ACL development.

Our analysis indicates that the parental effects of the two 
domains of the proembryo are differentially regulated. This find-
ing may be a useful clue for the discovery of the detailed mecha-
nism underlying cell fate determination and selection of distinct 
developmental pathways of the BCL and ACL. Apart from the 
effect of MEGs on BCL development, maternal influence from 
egg-cell-expressed non-parent-of-origin genes and ovule integu-
ment are also involved in proembryo development. Recently, 
egg-cell-expressed transcription factors HDG11/12 and mitochon-
drial GCD1 were shown to regulate zygote development21,22. The 
fertilization of hdg11-1, hdg12-2 or gcd1 egg cells with wild-type 
pollen did not rescue zygote developmental defects in mutants, pro-
viding clear evidence that egg-cell-derived maternal factors other 
than parent-of-origin genes are also involved in early embryo-
genesis. In addition, ovule-integument-derived auxin and gibber-
ellin as maternal signals were reported to be important for early  
proembryo development13,23, suggesting a complex mechanism 
underlying early embryogenesis. These findings further indicate 
that maternal and paternal roles in embryogenesis should be dis-
cussed in specific developmental events at specific developmental 
stages. Different developmental events may be regulated by differ-
ent mechanisms or different combinations of parental and micro-
environmental factors at different developmental stages. Therefore, 
there might be no general mechanism covering the entire process 
of early embryogenesis in terms of parental control or parental 
roles. These findings will facilitate further investigation of parental 
contributions to early embryogenesis and enhance our understand-
ing of the molecular basis of cell fate specification in both the ACL  
and BCL.

Methods
Plant materials. Arabidopsis thaliana polymorphic Col-0, Ler, Ws, Cvi and C24 
were used in the present study. DD45::GFP reporter lines in the Col-0 or Ler 
background were provided by G. Drews (University of Utah, Salt Lake City, UT, 
USA) and Wei-Cai Yang (Institute of Genetics and Developmental Biology, CAS, 
China), respectively. The plants were cultivated in greenhouses under long-day 
conditions (16 h light/8 h dark) at 22 ± 1 °C.

Isolation of the ACL and BCL of early proembryos. Early Arabidopsis embryo 
isolation and the separation of the ACL and BCL of early proembryos were 
performed according to our previous protocol24. The isolated ACLs and BCLs were 
extensively washed four times, transferred to lysis buffer (Life Technologies) and 
stored in liquid nitrogen for mRNA isolation.

cDNA preparation and library construction for RNA-seq. The RNA  
extraction and cDNA preparation were performed according to our recent  
report3. Briefly, mRNA was isolated using the Dynabeads mRNA DIRECTTM 
Micro Kit (Life Technologies). cDNA synthesis and amplification were performed 
using a SMARTer Ultra Low RNA Kit for Illumina Sequencing (Clontech). The 
cDNA was then purified using an Agencourt AMPure purification kit (Beckman 
Coulter). After purification and quantification, the cDNA was used for library 
construction. The RNA-seq libraries were prepared using a Nextera XT Library 
Prep Kit (Illumina) according to the reference guide, and sequenced on an  
Illumina HiSeq 2500 system, generating about six gigabases of raw sequence data 
for each library.

RNA-seq data analysis. Clean reads of the samples were prepared using Cutadapt 
v.1.15 (ref. 25) and an in-house script. The clean reads were then mapped to the 
Arabidopsis Col-0 genome and transcripts using Bowtie 2 v.2.2.2 (ref. 26). The 
gene expression levels in each sample were quantified as fragments per kilobase of 
transcript per million mapped reads using RSEM v.1.3.0 (ref. 27).

Allele-specific transcriptome analysis. SNPs between the Col-0 and Ler genomes 
were downloaded from the Arabidopsis Information Resource (TAIR) (https://
www.arabidopsis.org/). Allele-specific transcriptome analysis was performed 
according to our previously published protocol3. First, a modified in silicon 
simulation method was used to overcome the mapping bias of reads generated 

from hybrid ACLs and BCLs of early proembryos28. SNPs between Col-0 and 
Ler with significant mapping bias were excluded for further analysis. Second, 
SNP sites with less than 95% Col-0- and Ler-specific bases were filtered out, and 
then the remaining SNPs covering the annotated genes were used for subsequent 
analysis. Transcripts with at least ten SNP-overlapping reads in the transcriptomes 
from reciprocal crosses between Col-0 and Ler were selected for the parental 
contribution analysis. All SNPs in the same gene were combined to quantify 
the parental contribution. A binomial distribution test was used to assess the 
differences in Col-0 and Ler allele expression of the gene. Genes with allelic ratios 
(Ler/Col-0) of >4 or <0.25 and a false discovery rate of <0.05 were considered to 
have monoallelic expression.

GO and KEGG analysis. The GO terms for each annotated gene were downloaded 
from TAIR (https://www.arabidopsis.org/). The pathway information for 
Arabidopsis genes was downloaded from the KEGG database (https://www.
genome.jp/). The statistical significance of enriched GO terms and KEGG 
pathways was calculated using a hypergeometric test in R v.3.6.1.

RT–qPCR. RT–qPCR was used to investigate the expression levels of MEGs and 
PEGs in sperm cells, egg cells, zygotes, the ACL and the BCL of early proembryos. 
The RT–qPCR reaction was performed in a 10 µl mixture containing FastStart 
Essential DNA Green Master (Roche), cDNAs prepared from different cells and 
250 nM forward and reverse primers. The PCR protocols were as follows: 95 °C 
for 10 min, and 40 cycles (95 °C for 15 s, annealing at 60 °C for 20 s; extension at 
72 °C for 30 s) on a CFX Connect Real-Time System (Bio-Rad Laboratories). The 
RT–qPCR data were collected and analysed using the Bio-Rad CFX Manager 
v.3.1. AT5G25760, AT1G58050 and AT4G05320 were selected as reference 
genes according to a previous report29. The primers for RT–qPCR are listed in 
Supplementary Table 3.

RT–PCR and Sanger sequencing. RT–PCR was performed on cDNA prepared 
from hybrid zygotes, ACLs and BCLs of early proembryos from reciprocal 
crosses between Arabidopsis Col-0 and Ler using Phanta HS Super-Fidelity DNA 
Polymerase (Vazyme). The PCR products were separated on a 1.2% DNA agarose 
gel, and the DNA bands were purified using a DNA Cleanup kit (Tiagen). The 
purified PCR products were then used for Sanger sequencing, and SNP sites for 
each selected gene on sequencing chromatograms were used to evaluate its parent 
of origin. PCR amplification of gDNA prepared from the leaves of Arabidopsis  
Col-0, Ler and F1 hybrids from the reciprocal crosses between Col-0 and Ler with 
the same primer was used as a control. The primer sequences for the selected genes 
are listed in Supplementary Table 3.

Image acquisition and cell length measurement. Egg cells, zygotes, and early 
embryos were observed under a confocal microscope equipped with the LAS X 
v.3.5.5.19976 (Leica TCS SP8). Cell length was measured using ImageJ v.1.52a 
(https://imagej.nih.gov/ij/). The box-and-whisker plots and aligned dot plots were 
prepared using GraphPad Prism v.8.4.2 (https://www.graphpad.com/).

Statistical analyses and plots. R v.3.6.1 (http://www.r-project.org/) was used for 
the statistical analyses and plotting of results.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All RNA-seq data have been uploaded to the NCBI Gene Expression Omnibus 
(GEO) under accession no. GSE107700. Previously published RNA-seq data (GEO 
accession nos GSE120669, GSE121003 and GSE135422) were also used in the 
present study. The GO terms for each annotated gene and SNPs between the Col-0 
and Ler genomes were downloaded from the TAIR (https://www.arabidopsis.org/). 
The pathway information for Arabidopsis genes was downloaded from the KEGG 
database (https://www.genome.jp/). Source data are provided with this paper.

Code availability
The in-house script for clean reads preparation is available from GitHub at https://
github.com/frasergen-rna/FraserQC. Other details of the code for data analysis of 
the present study are available from the corresponding authors upon reasonable 
request.
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