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Genomic imprinting is an epigenetic phenomenon occurring in mammals and flowering plants that causes genes to adopt
a parent-of-origin-specific mode of expression. While the imprinting status of genes is well conserved in mammals, clear
estimates for the degree of conservation were lacking in plants. We therefore analyzed the genome-wide imprinting status of
Capsella rubella, which shared a common recent ancestor with Arabidopsis thaliana ;10 to 14 million years ago. However,
only ;14% of maternally expressed genes (MEGs) and ;29% of paternally expressed genes (PEGs) in C. rubella were
commonly imprinted in both species, revealing that genomic imprinting is a rapidly evolving phenomenon in plants.
Nevertheless, conserved PEGs exhibited signs of selection, suggesting that a subset of imprinted genes play an important
functional role and are therefore maintained in plants. Like in Arabidopsis, PEGs in C. rubella are frequently associated with
the presence of transposable elements that preferentially belong to helitron and MuDR families. Our data further reveal that
MEGs and PEGs differ in their targeting by 24-nucleotide small RNAs and asymmetric DNA methylation, suggesting different
mechanisms establishing DNA methylation at MEGs and PEGs.

INTRODUCTION

Genomic imprinting is an epigenetic phenomenon rendering gene
expression inaparent-of-origin-dependentmanner, thusviolating
the predictions of Mendel’s rules. Imprinting has evolved in-
dependently inplacentalmammalsandfloweringplants (Piresand
Grossniklaus, 2014), and while it occurs in all tissue types in the
former (Prickett and Oakey, 2012), it predominantly occurs in the
endosperm in the latter (Hsiehetal., 2011;Luoetal., 2011;Gehring
et al., 2011). The endosperm is an ephemeral triploid nutritive
tissue supporting embryo growth, similar to the developmental
role of the placenta in mammals. Endosperm development is
initiated after fertilization of the diploid maternal central cell by
a haploid sperm cell and it is consumed during embryo de-
velopment or after germination (Li and Berger, 2012). Genomic
imprinting has likely evolved as a consequence of transposable
element (TE) insertions and the resulting host response to silence
those elements (Suzuki et al., 2007; Pask et al., 2009; Jiang and
Köhler, 2012). In agreement with this notion, differential DNA
methylation isan important regulatorof imprintedgeneexpression
(Hsiehetal., 2009, 2011;Gehringetal., 2011;Pignatta et al., 2014).
Genes that are controlled by imprinting mechanisms are targets
for natural selection, with unequal effects for maternally and pa-
ternally derived alleles. Intragenomic conflict over the distribution
of resources from the mother to the offspring provides one

possible explanation for different selective forces acting on im-
printed genes (Moore and Haig, 1991). Natural selection for
increased offspring fitness by increasing the probability of ex-
pressing the fitter of the twoparental alleles could similarly explain
why imprinted expression ismaintained (Wolf andHager, 2006). In
mammals, the imprinting status of most imprinted genes is
conserved between mouse and human and some are imprinted
even in marsupials (Murphy and Jirtle, 2003; Suzuki et al., 2005),
indicating the significance of genomic imprinting for mammalian
evolution. Towhich extent the imprinting status of geneshasbeen
conserved in plants is difficult to estimate based on available
studies. The genome-wide imprinting status in plants has been
identified in a range of different species, namely, Arabidopsis
thaliana (Hsieh et al., 2011; Wolff et al., 2011; Gehring et al., 2011;
Pignatta et al., 2014), rice (Oryza sativa; Luo et al., 2011), maize
(Zeamays;Watersetal., 2013), castorbean (Ricinuscommunis; Xu
et al., 2014), and sorghum (Sorghum bicolor; Zhang et al., 2016).
The overlap of imprinted genes identified in these different studies
is rather low, ranging from 13% conserved imprinted genes be-
tween maize and rice (Zhang et al., 2016) to 4% conserved im-
printed genes between Arabidopsis and castor bean (Xu et al.,
2014). However, the long divergence time of rice and maize (;50
million years ago [Mya]; Lai et al., 2004) as well as of Arabidopsis
and castor bean (;110 Mya; Zheng et al., 2013) make direct in-
ference about the conservation of the imprinting status in plants
difficult. Whilemaize and sorghum recently diverged (around;12
Mya; Swigonová et al., 2004), they share only 29% conserved
imprintedgenes.Nevertheless, despite their recent divergence,
maize has undergone an allopolyploidization event and an
approximate 3-fold genome expansion since its divergence
from sorghum (Gaut and Doebley, 1997; Paterson et al., 2009),
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complicating direct inference about the degree of conservation of
imprintedgenes inbothspecies. In this study,wesetout to test the
imprinting status in two closely related dicot species, Arabidopsis
and Capsella rubella, which belong to the same family, share
a common recent ancestor ;10 to 14 Mya (Mitchell-Olds, 2001;
Koch and Kiefer, 2005), and have similar transposable element
frequency and density (Slotte et al., 2013), allowing us to spe-
cifically test the conservation of imprinting over short evolutionary
time periods.

RESULTS

To analyze the imprinting status in C. rubella, we performed re-
ciprocal crosses between two accessions that differed in 168,634

small nucleotide polymorphisms (SNPs) in 15,293 protein coding
genes, which corresponds to ;58% of the genes present in the
C. rubella genome (Slotte et al., 2013). Analysis of hybrid seed
development did not reveal any postzygotic barrier or develop-
mentaldefect incomparison toself-fertilizedseeds (Supplemental
Figures 1A to 1C). We deep sequenced endosperm isolated from
reciprocally crossed C. rubella accessions at 6 d after pollination
(DAP) in two biological replicates. At 6 DAP, the majority of seeds
were at the late heart to early torpedo stage of development
(SupplementalFigure1A),which iscomparable tothedevelopmental
stagepreviouslyanalyzed in imprintingstudiesofArabidopsis (Hsieh
etal.,2011;Gehringetal., 2011;Pignattaetal.,2014).A largenumber
of reads (118million and 137million) were recovered for each of the
cross combinations and analyzed for allelic expression patterns (for

Figure 1. Only a Small Subset of Imprinted Genes Is Conserved between C. rubella and Arabidopsis.

(A)Allele-specificexpressionanalysis. Theproportionofmaternal transcripts inboth reciprocal hybridswasplotted for all geneswithavailable reads forboth
replicates.
(B) Imprinting stability in both replicates. Consistent imprinting: consistently imprinted genes in both biological replicates. Accession biased: parental-
specific expression only in one direction of the cross but not in the other in both replicates. Unstable imprinting: genes that were imprinted only in one of the
two replicates. Low coverage: genes with insufficient read counts in one of the two replicates.
(C) Overlap of most similar (upper charts) and all possible (lower charts) Arabidopsis homologs of C. rubella imprinted genes with Arabidopsis imprinted
genes (Hsieh et al., 2011; Gehring et al., 2011; Pignatta et al., 2014). Cr, C. rubella; At, Arabidopsis.
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details, see Methods and Supplemental Table 1). The number of
reads that mapped to each allele was summed across all SNPs and
only annotated genes that had 20 informative parental reads were
analyzed (12,641 genes). Maternally expressed imprinted genes
(MEGs) preferentially express thematernal allele inbothdirectionsof
a cross, whereas paternally expressed imprinted genes (PEGs)
preferentially express thepaternal allele in both directions of a cross.
Genes that showed parental-specific expression only in one di-
rection of the cross but were biallelically expressed in the reciprocal
cross were categorized as accession-biased genes. Following
previously applied strategies (Waters et al., 2013; Pignatta et al.,
2014), MEGs and PEGs were identified by implementing a combi-
nation of statistical significance and proportion filters. Specifically,
we defined MEGs and PEGs as having significant allelic bias (x2 P
value < 0.01) from the expected 2:1 ratio of maternal to paternal
transcripts and$89%of transcripts from thematernal allele (MEGs)
or$67% of the transcripts from the paternal allele (PEGs) (red and
blue shaded areas in Figure 1A, respectively) in both replicates and
both directions of a reciprocal cross. Based on these criteria, we
identified 50MEGsand29PEGs (Supplemental DataSet 1). Several
potentially imprinted genes passed all stringency criteria in one
replicate, but while having a clear allelic bias, they did not pass all
criteria in the second replicate.We therefore also classifiedgenes as
being imprinted if theymet all criteria for an imprinted gene in one of
the biological replicates, and in the second replicate had an in-
formative read count of at least 10 for the respective cross and had
either a significant allelic bias (x2 P value < 0.01 or $80% of tran-
scripts from the maternal allele [MEGs] or $50% of the transcripts
from the paternal allele [PEGs]). Additional filtering criteria were
applied to MEGs to remove genes that might exhibit maternal bias

due to contamination of maternally derived seed coat tissues. We
generated RNA-seq data from isolated seeds of the parental ac-
cessions and compared the transcriptome profiles of seed and
endosperm tissues (seeMethods for details). Geneswith decreased
expression level in theendosperm libraries comparedwith thewhole
seed libraries were considered asmaternal tissue contaminants. To
validate this method, we identified the 50 most similar C. rubella
homologs to genes that were highly expressed in embryo and seed
coat in Arabidopsis (Belmonte et al., 2013). Of those, we identified
between twoandsevengenes inour libraries,allowingus toestimate
that themaximal falsediscoveryrate forMEGs is14%(Supplemental
Data Set 2). Applying these criteria, the total number of imprinted
genes in both replicates was 77MEGs and 52 PEGs (Supplemental
DataSet2;Figure1B).Wealso identified14accession-biasedgenes
that showedparental-specificexpressiononly inonedirectionof the
cross, but were biallelically expressed in the reciprocal cross
(Supplemental Data Set 3). We validated the imprinting status of
10 randomly selected MEGs and PEGs and confirmed the imprint-
ing status of 8 MEGs and 10 PEGs, while twoMEGs were imprinted
only in one direction of the cross (Supplemental Figure 2 and
Supplemental Data Set 1). We further tested our applied thresholds
by performing a principal component analysis of imprinted genes
and thosegenes that hadbeen identifiedas imprinted inArabidopsis
but had not been identified as imprinted in C. rubella based on our
criteria (Supplemental Data Set 5 andSupplemental Figure 3A). This
analysis revealed that C. rubella MEGs and PEGs formed largely
distinctclusters thatwereclearly separated fromnonimprintedcontrol
genes. The majority of genes that were imprinted in Arabidopsis but
that had been classified as nonimprinted in C. rubella clustered to-
gether with nonimprinted control genes. A subset of those genes

Figure 2. Imprinted Genes Show Signs of Positive Selection.

(A)DFE for different groups ofC. rubella imprinted genes. Whiskers represent 95% confidence interval. Asterisksmark significant changes compared with
the control (P value < 0.05). Significance is based on comparison of 200 bootstrapped data sets.
(B)Rateofadaptivesubstitution relative to the rateofneutral evolution (va).Whiskers represent 95%confidence interval.Asterisksmarksignificantchanges
comparedwith thecontrol (P value<0.05). Significance isbasedoncomparisonof 200bootstrappeddata sets.Conserved (C)MEGsandPEGscorrespond
to genes that are imprinted inC. rubella andhavedistant imprinted homologs inArabidopsis; nonconserved (NC)MEGsandPEGscorrespond to genes that
are exclusively imprinted in C. rubella; control genes are nonimprinted genes in C. rubella with similar expression levels as imprinted genes and harbored
sufficient SNPs for imprinting analyses. MP corresponds to MEGs and PEGs joined together regardless the conservation.
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showed a parental bias and very few of them clustered together with
imprinted genes. Those genes have not been classified as imprinted
due to low read counts. Gene expression levels between C. rubella
MEGs, PEGs, and genes that are imprinted in Arabidopsis but that
have been classified as nonimprinted in C. rubella were not signifi-
cantly different (Mann-Whitney pairwise test, P value > 0.05)
(Supplemental Data Set 4 and Supplemental Figure 3B), making it
unlikely that different expression levels of imprinted genes in both

species biased their identification. Together, these data reveal that
our selection criteria reliably identified imprinted genes in C. rubella.

Comparison between C. rubella and Arabidopsis Imprinted
Genes Reveals Low Imprinting Conservation

We compared the identifiedC. rubella imprinted genes with those
imprinted genes previously identified in Arabidopsis (Hsieh et al.,

Figure 3. TEs Preferentially Accumulate in the Proximity of Imprinted Genes.

(A)Toppanel: percentageofC. rubellaMEGs,PEGs, andallC. rubella (Cr) geneswithTEs.Significanceof TEenrichmentwas testedusingahypergeometric
test. Lower panel: percentage of Arabidopsis MEGs, PEGs, and all Arabidopsis (At) genes with TEs. Significance of TE enrichment was tested using
a hypergeometric test. ***P # 0.001 and *P # 0.05.
(B) Top panel: percentage of nonimprinted (NI) Arabidopsis homologs of C. rubella imprinted genes with TEs versus all Arabidopsis genes. Lower panel:
percentage of nonimprinted (NI) C. rubella homologs of Arabidopsis imprinted genes with TEs versus all C. rubella genes.
(C) Distribution of TEs in the vicinity of C. rubellaMEGs and PEGs. “Region between TEs” refers to a region that is located between two or more
TEs.
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2011;Wolff et al., 2011; Gehring et al., 2011; Pignatta et al., 2014).
We considered a gene to be imprinted in Arabidopsis if it was
identified in at least one of the previously published studies using
Columbia and Landsberg erecta accessions (Hsieh et al., 2011;
Wolff et al., 2011; Gehring et al., 2011; Pignatta et al., 2014). For
almost all imprinted C. rubella genes, we identified close homo-
logs in Arabidopsis (76 out of 77 MEGs and 52 out of 52 PEGs;
Supplemental Data Set 5). Of those, 9 MEGs and 12 PEGs were
imprinted in both species (Supplemental Data Set 5), while
35MEGsand20PEGsofC. rubella homologs inArabidopsiswere
biallelically expressed (1.5 # M/P # 2.5). For homologs of
18 MEGs and 9 PEGs, sufficient read counts were not detectable
inArabidopsis (SupplementalDataSet 5), suggesting that theyare
not substantially expressed during endosperm development and
likely havedifferent functional rolescomparedwith their homologs
in C. rubella. The imprinting status of 13 C. rubella MEGs and
10 PEGs homologs could not be tested in Arabidopsis because
they lack SNPs. Thus, out of 63C. rubellaMEGs and 42PEGs that
had close homologs and SNPs in Arabidopsis, only 9 MEGs
(14.3%) and 12 PEGs (28.6%) were also imprinted in Arabidopsis,
revealing a low degree of imprinting conservation. We were not
able to test the imprinting status of the Arabidopsis homologs of

MEDEA (MEA; Carubv10012183m) and FERTILIZATION IN-
DEPENDENT SEED2 (FIS2; Carubv10024660m) in C. rubella due
to low coverage for MEA and no SNPs available for FIS2. In-
terestingly, the homologs of the Arabidopsis MEG FLOWERING
WAGENINGEN (FWA;Carubv10007084m) and the PEG PHERES1
(PHE1; Carubv10001714m) switched their parental preference in
C. rubella, with FWA being a PEG and PHE1 being a MEG.
We extended the homology search of imprintedC. rubella genes

inArabidopsisby includingall homologousgeneswith ane-value#
1e-5. This comparison revealed thatC. rubella had20MEGs (9.5%)
and 18 PEGs (15.6%) with their homologs being imprinted in
Arabidopsis (Figure 1C, lower charts). The substantially increased
number of conserved imprinted genes betweenboth specieswhen
including distant homologs suggests that the imprinting status
rapidly changes over evolutionary time; however, for those genes
where imprinting may convey an advantage, it will be maintained.

Conserved and Nonconserved Imprinted Genes Have
Different Functional Roles

One prediction of the hypothesis that imprinting of some genes
confers an advantage is that conserved and nonconserved

Figure 4. Presence of TEs Belonging to Defined TE Classes in the 59 Coding and 39 Region of Imprinted Genes in C. rubella and Arabidopsis.

The plot showswhich potential TE family is associatedwith significantly enriched simple repeats in the flanking region (2 kb) and coding region of imprinted
genes. Significantly enriched simple repeats inMEGs andPEGswere associatedwith certain TE families usingArabidopsis TE families as referencemodel.
Significance of enrichment of certain TE families with imprinted genes was tested using a hypergeometric test.

Evolution of Genomic Imprinting 1819

http://www.plantcell.org/cgi/content/full/tpc.16.00304/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00304/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00304/DC1


imprinted genes belong to different functional categories. We
tested this prediction by analyzing the Gene Ontology (GO) en-
richment for conserved imprinted genes that were imprinted in
C. rubella and had imprinted homologs in Arabidopsis (Figure 1C,
lower panel; Supplemental Table 2) and nonconserved imprinted
genes that were only found imprinted in one species but did not
share imprintedhomologswith theother. Therewas indeedaclear
difference in GO enrichments between conserved and non-
conserved MEGs and PEGs; while conserved MEGs were sig-
nificantly enriched for genes connected to the regulation of
transcription and metabolism (Supplemental Table 2), non-
conserved MEGs in C. rubella and Arabidopsis did not show
significant enrichment for specific functional categories.

Conserved PEGs were enriched for genes related to chromatin
organization, while nonconserved PEGs in Arabidopsis were
enriched forgenesrelated to transcriptional regulation (Supplemental
Table 2). Nonconserved PEGs in C. rubella were not significantly
enriched for specific functional categories. Together, this analysis
reveals that conserved and nonconserved MEGs and PEGs have
different functional roles, which may be a consequence of different
selection pressures acting on both classes of imprinted genes.
We addressed the question whether the imprinting status of

those genes that are commonly imprinted in Arabidopsis and
C. rubella is conserved inother species that havebeen investigated
thus far (Luo et al., 2011; Waters et al., 2013; Xu et al., 2014).
We identified several genes commonly imprinted in Arabidopsis,

Figure 5. DNA Methylation and 24-Nucleotide sRNAs Are Enriched in Flanking Regions of C. rubella Imprinted Genes.

(A) Left panels: average CG, CHG, and CHHmethylation in C. rubella in 59 upstream (2 kb), transcribed, and 39 downstream (2 kb) regions of PEGs (blue),
MEGs (red), andcontrol (green) genes.Right panel: differencesbetweenmethylation level between imprintedgenesandcontrol genes in0 to61-kb flanking
regions. Asterisks mark significant difference (Wilcox-Mann-Whitney Test, P value < 0.05). Methylation data have been used from Seymour et al. (2014).
(B) The 24-nucleotide sRNA densities in 59 upstream (2 kb), transcribed, and 39 downstream (2 kb) regions of PEGs, MEGs, and all genes.
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C. rubella, and either rice (Oryza sativa) or maize (Supplemental
Figure 4). Among those, the conserved imprinted genesVARIANT
IN METHYLATION1 (VIM1), VIM3, VIM5, VIM6, and PICKLE
RELATED2 have functional roles in chromatin modification (Woo
et al., 2008; Aichinger et al., 2009), in agreement with gross
changes in chromatin structure occurring after fertilization (She
and Baroux, 2014). Imprinting of the auxin biosynthesis gene
TAA1 is also conserved between Arabidopsis, C. rubella, and
monocots, suggesting that the mechanism coupling endosperm
development and fertilization via the paternal expression of TAA1
is evolutionarily conserved (Figueiredo et al., 2015).

Conserved PEGs Are Undergoing Adaptive Evolution

To testwhetherconservedandnonconserved imprintedgenesare
under different selection pressure, we compared neutral (4-fold
synonymous) to putatively selected polymorphisms (0-fold non-
synonymous) to estimate the parameters of a gamma-distribution
of negative fitness effect (DFE) and the proportion of adaptive
substitutions at selected sites. To obtain sufficient numbers of
polymorphisms for this analysis, we used polymorphism data
generated by genome resequencing of 12 samples from separate

populations of Capsella grandiflora covering the geographical
range of the species. As the vast majority of polymorphisms in
C. rubella is sharedwithC.grandiflora (Foxe et al., 2009),weexpect
results to be representative for C. rubella. Control genes to im-
printed genes were selected at random from nonimprinted genes
that were expressed in the endosperm and harbored sufficient
SNPs for imprinting analyses.
We found that PEGs as well as conserved PEGs had a signifi-

cantly higher proportion of nearly neutral nonsynonymous var-
iants compared with the control genes (Figure 2A), indicating that
PEGsareexperiencingweakerpurifyingselection.Thedifferences
between MEGs and conserved MEGs were not statistically sig-
nificant (Figure 2A). When analyzing the rate of adaptive sub-
stitution relative to the rate of neutral evolution (va) as a robust
measure of adaptive evolution (Eyre-Walker and Keightley, 2009;
Gossmann et al., 2010), va was higher in MEGs and PEGs
compared with the control and even higher in conserved PEGs
compared with PEGs, while this trend did not hold for conserved
MEGs (Figure 2B). Though due to low sample size the differences
were not significant, the differences compared with the control
were significant when MEGs and PEGs were analyzed together
(Figure 2B). Together, these data suggest that a subset of MEGs

Figure 6. The 24-Nucleotide sRNAs from the 59 Upstream Regions of C. rubella MEGs Map to Multiple Positions in the Genome.

Darker color reflects increased density. Connecting black lines in the middle of the ideogram represent positions where the 24-nucleotide sRNAs can be
mapped. Red dots in the most inner circle represent MEGs to aid visualization. Mapping of extracted 24-nucleotide sRNAs was done by BLAT using an
optimized mapping score set to 10 to accommodate 24-nucleotide alignment. IG, imprinted genes; blue strokes, PEGs; red strokes, MEGs; GD, gene
density; RD, repeat element density.
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and PEGs is under positive selection and particularly conserved
PEGs may be undergoing elevated adaptive evolution.

Transposable Elements Are Enriched in the Proximity
of PEGs

TE insertions appear to be an important driver of imprinted gene
expression (Suzuki et al., 2007; Pask et al., 2009; Pignatta et al.,
2014) and in agreement with this notion, around one-third of
imprinted genes in Arabidopsis are flanked by TEs (Jiang and
Köhler, 2012; Pignatta et al., 2014).We addressed the question of
whether thedifferenceof genes imprinted in onespeciesbut not in
the other correlateswith the presenceof TE insertions in the vicinity
of those genes. Using RepeatMasker (http://www.repeatmasker.
org/), we scanned the proximity and the gene body of imprinted
genes for the presence of repeats as ameasure for the presence of
TEs (Lerat, 2010).

We observed a significant enrichment of TEs in upstream
regions ofC. rubella PEGs (Figure 3A, upper panel; Supplemental
Data Set 6), mirroring the enrichment of TEs in Arabidopsis PEGs
(Figure 3A, lower panel) (Pignatta et al., 2014). Fewer MEGs were
associated with TEs compared with PEGs (Figures 3A and 3C),
supporting previous observations in Arabidopsis (Pignatta et al.,
2014). We analyzed the presence of TEs in those Arabidopsis
genes that were nonimprinted homologs of imprinted C. rubella
genes. The nonimprinted status of Arabidopsis PEG homologs
significantly correlated with the absence of TEs in the flanking
regions of those genes (Figure 3B, upper panel). Similarly, non-
imprinted C. rubella homologs of imprinted Arabidopsis PEGs
were not significantly associated with TEs (Figure 3B, lower
panel). Together, these data reveal that the presence of TEs is
closely associated with the imprinting status of PEGs in C. rubella
and Arabidopsis and that the absence of TEs correlates with
the nonimprinted status of the corresponding homologs. Thus,
transposon dynamics can explain the low conservation level of
imprinting among species, consistent with TEs being highly dy-
namic and driving rapid genome changes (Tenaillon et al., 2010).
We found that helitrons and MuDR elements were most
commonly found in the gene body and surrounding regions
of PEGs, reflecting their abundance in the Arabidopsis and
C. rubella genomes and their preferred association with dif-
ferentially methylated regions (Pignatta et al., 2014) (Figure 4;
Supplemental Data Set 7). Associated TEs found in and around
PEGs are consistent with previous findings made in Arabi-
dopsis (Wolff et al., 2011; Pignatta et al., 2014). In a separate
analysis we also tested for the presence of imprinted TEs and
identified 17 imprinted TEs that were all maternally expressed
(Supplemental Data Set 8). However, those TEs were not
flanking imprinted genes.

Different Methylation Patterns at MEGs and PEGs

Differential DNA methylation of parental alleles is an important
regulator of imprintedgeneexpression (Gehring et al., 2009;Hsieh
et al., 2009; Ibarra et al., 2012). In agreement with this notion, we
found MEGs and PEGs to be flanked by DNAmethylated regions
(Figure 5A; Supplemental Figure 5). Gene body CGmethylation of
all genes was considerable higher compared with those found in

MEGs and PEGs, consistent with the fact that gene body CG
methylation correlates with transcriptional activity (Zilberman
et al., 2007) and many imprinted genes are not expressed in
vegetative tissues (Wolff et al., 2011; Waters et al., 2013). Strik-
ingly, the promoter regions of MEGs were marked by increased
methylation inCHGandCHHcontext comparedwithPEGsandall
genes (Figure 5A). Many euchromatic TEs and related sequences
are targeted by RNA-directed DNA methylation, mediated by
24-nucleotide small RNAs (sRNAs) (Law and Jacobsen, 2010).
Consistently, the promoter regions of MEGs accumulated high
levels of 24-nucleotide sRNAs (Figure 5B), in agreement with
previous studies (Calarco et al., 2012; Pignatta et al., 2014). The
promoter regions of MEGs were not significantly enriched for TEs
(Figure 3A), contrasting with the accumulation of 24-nucleotide
sRNAs in those regions. However, most of the 24-nucleotide
sRNAs targeting the promoter regions of MEGs were mapped at
multiple locations in the genome (Figure 6), suggesting that they
are generated from distantly located TEs in the genome and
targeting thepromoter regionsofMEGs in trans.Promoter regions
of PEGs were enriched for CG methylation but had substantially
lower levels of CHG and CHH methylation, consistent with low
level of 24-nucleotide sRNAs (Figure 5).
As a consequence of DNA methylation being enriched in the

vicinity of MEGs and PEGs, we expected that imprinted genes
should have a larger minimal distance to neighboring genes
compared with the genome-wide average. We tested this hy-
pothesis by scanning the occurrence of neighboring genes sur-
rounding MEGs or PEGs (6500 bp from transcriptional start or
stop). As predicted, the likelihood of finding neighboring genes for
MEGs and PEGs was significantly lower (hypergeometric test, P
value < 0.05) compared with all genes in the same species, with
PEGs being the most isolated genes (Supplemental Figure 6).

DISCUSSION

Our data reveal that the accumulation of helitrons and MuDR
elements in thevicinityof imprintedgenes is aconserved feature in
Arabidopsis and C. rubella. Strikingly, despite this conservation,
less than one-third of orthologous genes are imprinted in both
species, revealing that genomic imprinting is a highly dynamic
process.We could show that the imprinting status correlates with
the presence of TEs and, conversely, the absence of TEs with the
nonimprintedstatusofgenes, connecting thedynamicbehaviorof
imprintingwith thedynamicsofTEs.Thus, it seemsmost likely that
imprinted expression of genes is a consequence of epigenetic
mechanisms targeting TEs. Interestingly, the same degree of
imprinting conservation was reported for sorghum and maize
(Zhang et al., 2016) that diverged at a similar time as Arabidopsis
andC. rubella (Mitchell-Olds, 2001; Swigonová et al., 2004; Koch
and Kiefer, 2005). Thus, despite extensive TE proliferation that
occurred after divergence of sorghum and maize (Gaut and
Doebley, 1997, Paterson et al., 2009), a similar number of con-
served imprintedgeneswasmaintainedbetweenboth species, as
in Arabidopsis and C. rubella, which also maintained a similar TE
frequency and density after their divergence (Slotte et al., 2013).
Importantly, genes commonly imprinted in Arabidopsis and
C. rubellawere enriched for specific functional categories that are
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also enriched when comparing conserved imprinted genes be-
tween thedistantly relatedspeciesArabidopsis andmaize (Waters
et al., 2013), while nonconserved C. rubella imprinted genes did
not share functional categories. This suggests that genomic im-
printing of a small fraction of genes conveys an advantage and is
therefore maintained over long evolutionary time scales, while in
most instances it is either neutral or even disadvantageous and
therefore rapidlypurged.Alternatively, geneticconflict couldbean
important factor driving the rapid turnover of imprinted genes.
Both Arabidopsis and C. rubella became self-compatible very
recently during evolution (Bechsgaard et al., 2006; Foxe et al.,
2009;Guoet al., 2009). Thus, both specieswere self-incompatible
most of the time after the split from a common ancestor ;10 to
14 Mya (Mitchell-Olds, 2001; Koch and Kiefer, 2005). Therefore,
the large number of imprinted genes identified in Arabidopsis and
C. rubella could be a consequence of a recent past as outcrossing
species, while the shift of mating system could have accelerated
the loss of conserved imprinted genes. Consistent with previous
findings in monocots (Waters et al., 2013), conserved imprinted
genes in Arabidopsis and C. rubella had increased v values
compared with nonconserved imprinted genes, suggesting that
these genes are responsive to genomic conflict. While genomic
conflict is not expected to play a substantial role in self-fertilizing
species, the recent shift of mating type together with the sub-
stantial rate of outcrossing observed in Arabidopsis (Bomblies
et al., 2010) provide an explanation why genes with potential
functions in genomic conflict remain imprinted in self-fertilizing
species. Nevertheless, recent work revealed that imprinted genes
also play an important role in stress response (Sanchez and
Paszkowski, 2014); thus, the functional role of some imprinted
genes may be concealed only under certain stress conditions.
Supporting this notion, dynamic DNA methylation changes are
part of the plant-induced immune response (Dowen et al., 2012;
Yu et al., 2013) and may therefore also affect the regulation of
imprinted genes that are generally associated with differentially
methylated regions (Gehring et al., 2009; Hsieh et al., 2009; Ibarra
et al., 2012; Pignatta et al., 2014). Therefore, conserved imprinted
genes may play a role outside the endosperm during plant stress
response, an attractive hypothesis that remains to be thoroughly
tested.

Our data further reveal that MEGs and PEGs differ in their tar-
geting by 24-nucleotide sRNAs; while we found 24-nucleotide
sRNAs targeting the promoter regions of MEGs, there was no
substantial enrichment of 24-nucleotide sRNAs at PEGs. Consis-
tently, CHH methylation, which is dependent on 24-nucleotide
sRNAs (Law and Jacobsen, 2010), was mainly detected in the
promoter regions of MEGs, but not PEGs. By contrast, the
promoter regions of both MEGs and PEGs were marked by
symmetric CGmethylation. Maintenance of CGmethylation can
occur independently of 24-nucleotide sRNAs (Bond and Baul-
combe, 2014), suggesting that different mechanisms function in
maintaining DNA methylation on MEG- and PEG-associated
TEs. Interestingly, in Arabidopsis the majority of evolutionarily
old repeats corresponds to putative remnants of helitron TEs
(MaumusandQuesneville, 2014) andhelitronsassociatewith the
majority of PEGs (Figure 4). In contrast to young repeats, which
almost all overlap with 24-nucleotide sRNAs, only about half of
old repeats are associated with 24-nucleotide sRNAs (Maumus

and Quesneville, 2014), providing a possible explanation for the
difference in 24-nucleotide sRNAs associating with flanking
regions of MEGs and PEGs.

METHODS

Plant Material

The two Capsella rubella accessions used in this study were collected in
Tuscany, Italy (Cr48.2-1orCrA) andTrapeza,Greece (Cr75.2-3orCrB) (St.
Onge et al., 2011; Slotte et al., 2013). After stratification for 2 d in the dark at
4°C, seedlings were grown in a growth room under long-day photoperiod
(16 h light and 8 h darkness) at 22°C light and 20°C darkness temperature
and a light intensity of 110 mE from a Osram FQ 24W/840 HQ Constant
Lumilux Cool White light source. Seedlings were transferred to pots and
plantsweregrown inagrowth chamber at 60%humidity anddaily cyclesof
16 h light at 21°C and 8 h darkness at 18°C. Designated female partners
were emasculated, and the pistils were hand-pollinated 2 d after emas-
culation. Endospermwas isolated from6DAPseedsbymanual dissection.
For each library 300 seeds were dissected.

Microscopy

Clearing analysis was performed as previously described in Roszak and
Köhler (2011).

DNA and RNA Isolation and Library Preparation

DNA was extracted from 200 mg of pooled leaves of 12 individual plants
using theDNeasyPlantMiniKit (Qiagen)and2mgofshearedDNAwasused
for library preparation following protocols of the TruSeq DNA sample
preparation kit (Illumina).

RNAfromendospermwasextractedusing theRNAqueouskitwithPlant
RNA Isolation Aid (Ambion) and preserved in RNAlater (Sigma-Aldrich).
RNA-seq libraries were prepared using the TruSeq RNA kit (Illumina). Li-
brariesweresequencedat theSciLifeLaboratoryonan IlluminaHiSeq2000
in 100-bp paired-end fashion.

sRNA Data and DNA Methylation Analysis

sRNA data of C. rubella accession (Cr1GR1) inflorescence tissues was
generated, filtered, and mapped as previously published (Steige et al.,
2015), using the C. rubella genome (Steige et al., 2015) as reference.

TheDNAmethylationprofile forC. rubellawasobtainedusingpreviously
published data (Seymour et al., 2014). Sequencing reads were remapped
using Bismark (Krueger and Andrews, 2011) with -bowtie1 -n 1 option. The
metagene plots (Figure 5) were constructed using DeepTools (Ramírez
et al., 2014) for both sRNA and DNA methylation data. The Deeptools
computematrixparameterwasset tocalculate thecoveragemean in50-bp
windows across all genes in each group. The density plots for methylation
levels inflanking regions (61kb) of eachgene (Supplemental Figure 5)were
generated by calculating the ratio of methylated Cs to the total number of
Cs within 100-bp bins, filtering out bins with less than five Cs. The bin with
the highest methylation value was taken as a representative value for each
gene and plotted.

The 24-nucleotide sRNA sequences mapping to +2 kb upstream
regions of MEGs were extracted using bedtools (Quinlan and Hall, 2010).
The extracted sequences were then remapped to the C. rubella genome
using BLAT with minimum score set to 10. Any position where the
24-nucleotide sRNA could be mapped was marked in the genome and
connected to the original +2 kb MEG upstream position and then repre-
sented as an ideogram (Figure 6). The ideogram was created using Circos
(www.circos.ca).
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High-Throughput DNA and RNA Sequence and Imprinting Analysis

Adapter trimming and low-quality read removal was performed using
Trimmomatic (Bolger etal., 2014).Genomicsequencing readswerealigned
to theC. rubella genome v 1.0 (Phytozome) using Bowtie (Langmead et al.,
2009). Reads mapping to multiple locations were discarded using -m
1 option. SNPs were identified using FreeBayes (Garrison and Marth,
2012). Default minimum coverage was set to 20 and each alternating allele
should at least cover 20% of the total coverage. SNPs with more than
200 coverages were discarded.

RNA alignment was done using TopHat (Trapnell et al., 2012). The
alignment was done by using -g 1 -N 2-bowtie1 option. No multiple-lo-
cation mapped reads are allowed. Base counting was done by extracting
the information using igvtools (Robinson et al., 2011). Imprinted genes and
TEs were identified by calculating the probability of parental alleles de-
viating from the twomaternal to one paternal ratio using x2 testing of reads
with specific parental SNPs. Theminimumcoverage for each genewas set
at 20. Genes and TEs with a P value > 0.01 (corrected using Benjamini-
Hochberg method) were discarded.

Possible maternal tissue RNA contaminations were filtered by per-
forming a differential expression analysis between whole seeds (Rebernig
et al., 2015) and endosperm samples. Simple scaling normalization was
used to compare the profiles. Genes and TEs with more than 20% de-
creasedexpression level in theendosperm librarycomparedwith thewhole
seed sample were discarded and treated as contaminants (Supplemental
Data Set 2). Validation of the imprinted genes was done using Sanger
sequencing. The list of primers is available in Supplemental Table 3.

TE Identification

Repeat models for Arabidopsis and C. rubella were generated using
RepeatModeler (http://www.repeatmasker.org/RepeatModeler.html). To
avoid model bias toward one species, the RepeatModeler was run by
joining the genomes of Arabidopsis and C. rubella in one single file. The
generated repeatmodel was used as an input file for RepeatMasker (http://
www.repeatmasker.org/) to identify TEs inC. rubella and Arabidopsis. The
one-code-to-find-them-all (Bailly-Bechet et al., 2014) Perl tool was used to
refine theRepeatMasker result by eliminatingmultiple hits, duplicated hits,
and compounded hits.

To identify thepotential sourceof enrichedsimple repeats in theflanking
region of imprinted genes, we created a simple repeat search table
(Supplemental Data Set 9) by running RepeatMasker using a model that
was generated for Arabidopsis and C. rubella repeats on TE sequences
from the Arabidopsis TAIR database. We tested only simple repeats that
were found to be enriched (hypergeometric test, P value # 0.05) within
MEGs and PEGs and their flanking regions (Supplemental Data Set 6) for
their association with certain TE families. We counted how many times
a certain repeat and the associated TE family was called (Supplemental
DataSet 7). Significanceof enrichment of certain TE familieswith imprinted
genes was tested using a hypergeometric test by calculating how fre-
quently a certain repeat type associated with a certain TE family in flanking
or coding regions of MEGs/PEGs compared with all genes.

BLAST Analysis

Potential homologsofC. rubella imprintedgenes inArabidopsiswere identified
using the dc-megablast algorithm (minimum e-value 1e-5; windows size 40).
Themostsimilarhomologwasdefinedasthehighestscoringgene.Meanwhile,
for interspecies comparison, BLASTn algorithm was used with e-value 1e-6.

GO Analysis

GO enrichment was analyzed using AtCOEcis (Vandepoele et al., 2009).
Sequence IDs for most similar Arabidopsis homologs of C. rubella

imprinted genes (20 MEGs and 18 PEGs) were used as queries. P values
were corrected using Benjamini-Hochberg method.

Distribution of Fitness Effects and Rate of Adaptive Evolution

Population genomic data from a range-wide sample of 12 individuals of
Capsella grandiflora (Steige et al., 2015) were used to assess selection.
Focusing on C. grandiflora rather than C. rubella allows more powerful
analyses of selection due to its higher level of polymorphism (Slotte et al.,
2010; Williamson et al., 2014).

The data set was filtered retaining only biallelic SNPs with a minimum
read depth of 153. Repeat regions and heterozygous sites were removed.
Folded site frequency spectra were obtained for 4-fold synonymous and
0-fold synonymous SNPs, using only those SNPs that had less than 20%
missingdata, usingacustomRscript. Divergencedatawerebasedona full
genome alignment of Arabidopsis, Arabidopsis lyrata, and C. rubella
(Steige et al., 2015). Only sites showing no difference between the two
Arabidopsis species but differing fromCapsellawere kept. A Jukes-Cantor
correction was applied for multiple hits.

DFE-alpha analyses were done using custom Perl scripts. Separate
analyses were performed for all gene sets. A set of 500 randomly chosen
endosperm expressed genes with sufficient polymorphisms for imprinting
analysis servedasnonimprintedcontrol.Confidence intervals andPvalues
were obtained based on analyses of 200 bootstrap data sets, with boot-
strapping done per gene. Each DFE run was repeated five times with
different starting values. Replicates with the highest likelihood were
kept. Toassesswhether variation ingenedensitymight haveaneffect on
our DFE-alpha inference (Slotte, 2014), we selected genes among the
control set tomatch the distribution of gene density in 50-kbwindows of
ASE genes. We then reanalyzed the resampled control gene set in DFE-
alpha.

Accession Numbers

Accessionnumbersof imprintedgenes identified in this studycanbe found
inSupplemental DataSet 1.Sequencedata from this article canbe found in
the Gene Expression Omnibus/EMBL databases under accession num-
bers GSE76888, GSE67359, and PRJEB12064. Genomic and tran-
scriptomic sequencing reads for both C. rubella parental lines and
reciprocal crosses are deposited as fastq files in the Gene Expression
Omnibus (GSE76888). C. rubella transcriptome data from whole seeds
used to filter for maternal tissue contamination was taken from Gene
ExpressionOmnibuswith accession numberGSE67359. Sequencingdata
for sRNAs are available at the European Bioinformatics Institute under
accession number PRJEB12064.

Supplemental Data

Supplemental Figure 1. Analysis of hybrid seed development.

Supplemental Figure 2. Confirmation of 10 selected MEGs and PEGs
by Sanger sequencing of RT-PCR products.

Supplemental Figure 3. Principal component analysis scatterplot for
different categories of imprinted and nonimprinted genes in C. rubella.

Supplemental Figure 4. Cross-comparison of imprinted genes in five
different species.

Supplemental Figure 5. Frequency distribution of methylated regions
within flanking regions of imprinted genes compared with control
genes.

Supplemental Figure 6. Likelihood of genes being located within
500 bp proximity of MEGs, PEGs, or all genes of C. rubella and
Arabidopsis.
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Supplemental Table 1. Properties of sequencing libraries used in the
experiment.

Supplemental Table 2. Enriched GO categories of conserved im-
printed genes in C. rubella and Arabidopsis.

Supplemental Table 3. Primer sequences used for validation of
imprinted genes.

Supplemental Data Set 1. List of C. rubella imprinted genes.

Supplemental Data Set 2. False discovery rate of genes expressed in
seed coat and embryo.

Supplemental Data Set 3. List of accession-biased and unstable
imprinted genes in two biological replicates.

Supplemental Data Set 4. Allelic ratio and transcript level of different
groups of genes.

Supplemental Data Set 5. Most similar homologs of C. rubella genes
in Arabidopsis.

Supplemental Data Set 6. Association of enriched simple repeats in
the vicinity of imprinted genes to different TE families.

Supplemental Data Set 7. Number of simple repeats associated with
defined TEs at different positions of imprinted genes.

Supplemental Data Set 8. List of parental-specific TEs.

Supplemental Data Set 9. Association of simple repeats and TEs.
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