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Abstract

Trans-chromosomal interactions resulting in changes in DNA methylation during hybridization
have been observed in several plant species. However, very little is known about the causes or
consequences of these interactions. Here, we compared DNA methylomes of F1 hybridsthat are
mutant for asmall RNA biogenesis gene, Mopl (mediator of paramutationl) with that of their
parents, wild type siblings, and backcrossed progeny in maize. Our data show that hybridization
triggers global changes in both trans-chromosomal methylation (TCM) and trans-chromosomal
demethylation (TCdM), most of which involved changesin CHH methylation. In more than 60%
of these TCM differentially methylated regions (DMRs) in which small RNAs are available, no
significant changes in the quantity of small RNAs were observed. Methylation at the CHH TCM
DMRswas largely lost in the mopl mutant, although the effects of this mutant varied depending
on the location of the CHH DMRs. Interestingly, an increase in CHH at TCM DMRswas
associated with enhanced expression of a subset of highly expressed genes and suppressed
expression of asmall number of lowly expressed genes. Examination of the methylation levelsin
backcrossed plants demonstrates that TCM and TCdM can be maintained in the subsequent
generation, but that TCdM is more stable than TCM. Surprisingly, although increased CHH
methylation in F1 plants did require Mop1, initiation of the changes in the epigenetic state of
TCM DMRsdid not require afunctional copy of this gene, suggesting that initiation of these
changesis not dependent on RNA-directed DNA methylation.

Key words: trans-chromosomal interactions, DNA methylation, initiation and maintenance,
differentially methylated regions
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I ntroduction

DNA methylation is a heritable epigenetic mark involved in many important biological processes,
such as genome stability, genomic imprinting, paramutation, development, and environmental
stress responses [1-4]. In plants, DNA methylation commonly occurs in three cytosine contexts,
the symmetric CG and CHG (whereH = A, C, or T) contexts, and the asymmetric CHH context
[5-7]. In Arabidopsis, de novo methylation at all of these three cytosine contexts is catalyzed by
domains rearranged methyltransferase 2 (DRM2) through the RNA-directed DNA methylation
(RADM) pathway. In RADM, single-stranded RNA is transcribed by RNA polymerase IV (Pol
IV) and copied into double-stranded RNA by RNA-directed RNA polymerase 2 (RDR2). The
dsRNA isthen processed by Dicer-like 3 (DCL3) into 24-nucleotide (nt) small interfering RNAs
(sRNAs), which can recruit histone modifiers and DNA methyltransferases back to the original
DNA sequencesto trigger methylation [3-5]. In maize, loci targeted by RADM are primarily
transposable elements (TES) or other repeats near genes, where the chromatin is more accessible,
rather than the deeply heterochromatic regions farther from genes[8, 9]. In plants, DNA
methylation is maintained by different pathways depending on the location of the target
sequences [6]. CG and CHG methylation are maintained during following DNA replication by
methyltransferase 1 (MET1) and chromomethylase 3 (CMT3), respectively [4, 5]. CHH
methylation is maintained through persistent de novo methylation by DRM2 through the RdDM
pathway, which requires small RNAs and relatively open chromatin, or by chromomethylase 2
(CMT2) in conjunction with H3 lysine 9 dimethylation (H3K9me2) in deep heterochromatin,
which does not [10].

This complex system of chromatin modification ensures that epigenetic silencing is reliably
transmitted from generation to generation. However, there are situations in which that stability
can be perturbed. Hybrids are an example of this because hybridization brings together two
divergent genomes and epigenomes in the same nucleus. The interaction between these divergent
genomes can result in both instability and transfers of epigenetic information between genomes.
Trans-chromosomal interactions of DNA methylation between parental allelesin F1 hybrids
occur in many plant species, including Arabidopsis[1, 11-14], rice[15-17], maize [18-20],
pigeonpea[21], and soybean [22]. In Arabidopsis F1 hybrids, significant changesin F1
methylomes involve trans-chromosomal methylation (TCM) and trans-chromosomal
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demethylation (TCdM), in which the methylation level of one parental alleleis altered to
resemble that of the other parental allele[1, 11, 12, 21].

Small RNAs, particularly 24-nt SRNAS, are associated with the methylation changes at the
regions of the genome where methylation levels differ between the two parents[1, 11, 16, 17, 23,
24]. Small RNA sequencing in Arabidopsis, maize, wheat and rice has revealed a general
decreasein 24-nt SRNAs in hybrids at regions where parental SRNA abundance differs [16-18,
23, 25]. In maize, downregulation of 24-nt SsIRNAs following hybridization is observed in
devel oping ears but not in seedling shoot apex [18], suggesting either the tissue type or
developmental stage isimportant for the changesin small RNAs observed in hybrids. It has been
hypothesized that s RNAs produced from the methylated parental allele can trigger de novo
methylation of the other parental allele when the two alleles are brought together in F1 hybrids
[12, 13], aprocess that is reminiscent of paramutation at many loci in maize [26, 27]. In
Arabidopsis F1 hybrids, sRNAs from one allele are found to be sufficient to trigger methylation
without triggering SRNA biogenesis from the other allelein F1 plantsat TCM differentially
methylated regions (DMRs) [1].

The inheritance of both TCM and TCdM in subsequent generations can be meiotically stable
across many generations but varies at different loci in Arabidopsis[11, 28, 29]. In maize and
soybean, parental methylation differences are inherited by recombinant inbred lines over
multiple generations. However, these changes can be unstable, and are likely guided by small
RNAs[22, 30]. A recent study in maize identified thousands of TCM and TCdM loci in F1
hybrids. However only about 3% of these changes were transmitted through six generations of
backcrossing and three generations of selfing [31], suggesting that the methylation status of any
given locusislargely determined by local sequences.

Most recent research has focused on the initiation and maintenance of overall levels of DNA
methylation, but the causes and consequences of DNA methylation depend on its sequence
context. In large genomes such as maize, regions distant from genes are typically maintained in a
deeply heterochromatic state and cytosine methylation is primarily the CG and CHG sequence
contexts. In contrast, CHH methylation, which is primarily dependent on RdADM in maize, occurs
amost exclusively in regions immediately adjacent to genes, resulting in so-called “mCHH
isands’ [9, 32]. Theresult of thisvariation is a dramatically skewed distribution of methylated

cytosines. In the maize reference genome, there are atotal of 972,798,068 cytosines, out of
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which 18.7% and 16.4% are CG and CHG cytosines and 64.9% of which are CHH cytosines.
Unlike CG and CHG cytosines, which are methylated at ahigh level, the level of CHH
methylation is extremely low, only 2.4% genome-widely, and islargely restricted to mCHH
islands. This may be dueto lack of CM T2 in maize, the major chromomethylase that functionsin
the maintenance of CHH methylation in heterochromatin in other plants. In maize, these CHH
islands are thought be the boundaries between deeply silenced heterochromatin and more active
euchromatin that promote and reinforce silencing of TEs near genes[9, 32].

To address these questions, we performed high-throughput sequencing of DNA methylomes,
small RNA and mRNA from F1 hybrids that were mutant for a small RNA biogenesis gene,
Mopl (mediator of paramutationl), as well astheir parents, wild type siblings and backcrossed
progeny. Mopl is a sequence ortholog of RDR2 in Arabidopsis, which is amajor component of
the RADM pathway [33, 34]. In the mopl mutant, 24 SIRNAs are dramatically reduced [8, 35],
which results in anear completely removal of CHH methylation near genes[9, 36], confirming a
significant role for MOPL in de novo CHH methylation in maize. Our results show a global
increase in CHH methylation in hybrids, but these increases are unequally distributed, leading to
new and distinctive patterns of methylation. While only the low-parent (the parent with the lower
methylation level) allele gained methylation in CG and CHG TCM DMRs, both the high-parent
(the parent with the higher methylation level) and low-parent alleles of CHH TCM DMRs gained
methylation in F1 hybrids. As has been observed in Arabidopsis, the increase in methylation in
the low-parent alleles was not associated with the generation of allele-specific small RNAs at
many genomic loci, suggesting that small RNAs from one allele are sufficient to trigger
methylation in the other allele, but are not always sufficient to trigger Pol IV transcription of the
target allele. Interestingly, these CHH TCM DMRs were associated with the enhanced
expression of a subset of highly expressed genes and suppressed expression of a subset of lowly
expressed genes.

Changes in CG and CHG methylation were often retained in the backcrossed generation, a
process that did not require MOPL. Heritable changesin CHH methylation were more complex.
The increase in CHH methylation in both the highly methylated and lowly methylated alleles
was lost in backcrossed 1 (BC1) plants, even at loci where both alleles were present, suggesting
that the global increase we observed in the F1 isafunction of heterosis, rather than an interaction
between each pair of heterozygous epialleles. However, new methylation added to the low
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methylation allele could be transmitted to the BC1 plants, even in progeny of plants that were
mopl mutant and that lacked M OP1-dependent SSIRNAS. This suggests that the transfer of the
epigenetic state from high CHH allelesto low CHH alleles, as well as the maintenance of this
altered state in the gametophyte does not require MOPL.

Results

CHH methylation level isincreased globally in hybrids

To understand theinitiation of DNA methylation, we crossed mopl heterozygous plants in the
Mo17 and B73 backgrounds to each other (Mol7;mopl-1/+ x B73;mopl-1/+) to generate F1
hybrid mopl mutants (M017/B73;mopl-1/mopl-1, designated as moplF1l) and their hybrid
homozygous wild type siblings (M017/B73;+/+, designated asWTF1) (Fig 1A). We next
performed whole genome bisulfite sequencing (WGBS) of the two parental genotypes (Mol7
and B73) and the two F1 hybrids (WTF1 and moplF1l) (S1 Table). The overal methylation
levels of B73 (25.1%) and M 017 (25%) were similar. We observed a substantial increase in
overall methylation levelsin WTF1 hybrids (30%) compared to the two parents (25%), as has
been noted previously in both Arabidopsis and maize (S1 Fig and S2 Table) [1, 31]. The
increased methylation was primarily driven by the increased CHH methylation, while CG and
CHG were not dramatically changed (Fig 1B, S1 Fig and S2 Fig). In both parents and WTFL1, the
overall levels of CHH methylation tend to be higher in chromosomal arms, likely because there
are more mCHH islands near genes in the ends of chromosomes [9]. Interestingly, although the
mopl mutation reduces CHH methylation [36], the overal level of CHH methylation in moplF1
was still higher than the two wild type parents (Fig 1B and S2 Fig), suggesting that a significant
portion of the increased de novo CHH methylation in F1 hybrid plants does not require classical
RdDM.

Previous research had shown that mopl mutants primarily affect mCHH islands near active
genes[8, 9]. Therefore, we plotted DNA methylation levels of CG, CHG and CHH within gene
bodies, 3 kb upstream of TSSs (transcription start sites) and 3 kb downstream of TTSs
(transcription termination sites). In genes, we observed similar patterns with respect to the
methylation levels of CG and CHG between parents and F1 hybrids. In contrast, the methylation
levels of CHH cytosines both upstream and downstream of genes were dramatically increased in
WTF1 plants, and dramatically reduced in the moplF1 mutants relative to the two parents (Fig
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1C). We next determined CG, CHG and CHH methylation levels within TE bodies and their
flanking regions. The region flanking the distal edge of TEs relative to genes generally had
higher levels of CG and CHG methylation than did the region flanking their proximal edge. CHH
methylation was increased in WTF1 hybrids across TE bodies and flanking regions relative to
the parents, particularly at the two edges of TEs. In line with previous observations[9], CHH
methylation level at the proximal edge and the adjacent flanking regions of TEsin moplFl was
lower than that in the two parents. In contrast, the CHH methylation level at the distal edge of
TEs and the adjacent flanking regions in moplF1 was only marginally reduced relative to WTF1,
and was still higher than that in the parents (Fig 1D). In the body of TEs, the increase in CHH
methylation triggered by hybridization was unchanged, or even increased in mopl mutants.
Together, these data suggest that MOPL is particularly important for CHH methylation of the
ends of TEs that are near genes, along with the region between the TE and the gene. Outside of
those regions, it appears that MOPL1 is not required for a significant portion of the increased
CHH methylation in F1 plants. The net effect is a strong effect of mopl on CHH islands, but a

much reduced effect on overall changesin DNA methylation seen in the F1 generation.

Levelsof CHH methylation of both high- and low-parent (parentswith the higher and
lower methylation levels) allelesareincreased at TCM DMRsin the F1 hybrids

We identified DMRs between the two parents, Mol17 and B73, in our data set. Here we referred
to these DMRs as parental DMRs, which can be Mo17 or B73 hyper DMRS, indicating that
either Mol17 or B73 has a significantly higher level of DNA methylation (Fig 2A). In total, we
identified 7,107 CG, 9,045 CHG, and 13,307 CHH DMRs between the two parents (Fig 2B and
S3 Table). CHH DMRs were typically shorter than CG and CHG DMRs (S3 Fig and S3 Table).
The B73 genome had more CG and CHG hyper DMRs, and the Mo17 genome had more CHH
hyper DMRs, which is consistent with the observation that B73 had higher overall CG and CHG
methylation and Mo17 had higher overall CHH methylation at these DMRs (Fig 2B and 2C), as
has been noted previoudy [37]. We also found that CG and CHG DM Rs were more overlapped
with each other than each one was with CHH DMRs (Fig 2D), consistent with previous
observations that CHH methylation is often found in mCHH islands immediately up and
downstream of genes[9, 32]. Out of the 13,307 CHH DMRs, 52% were located within or near
genes, particularly 2 kb upstream and downstream of genes (43%), which was significantly
higher than the values for CG (27%) and CHG (18%) in these regions (P < 0.0001, x° test) (Fig

7
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2E). Given that TEs are the primary targets of DNA methylation and maize genes are frequently
adjacent to TEs[3, 9], we compared the different classes of TEs overlapping DMRs within the 2
kb flanking regions of genes. Not surprisingly given their distribution within genomes, we found
that terminal inverted repeat (TIR) DNA transposons were more enriched in CHH DMRs than
they werein CG and CHG DMRs within 2 kb of genes (Fig 2E and 2F).

Next, we examined the methylation levels of these parental DMRsin the F1 hybrids.
Following previously published studies, we compared the methylation levels of WTFL1 to the
mid-parent value (MPV, the average of the two parents) and classified changes asbeing a
consequence of TCM (trans-chromosomal methylation), TCdM (trans-chromosomal
demethylation), or NC (no change) (Fig 3A) [1]. A majority of parental DMRs (~75%) did not
significantly change their methylation levelsin the WTFL1 hybrids, and most of these unchanged
DMRswere in TEs and unclassified regions (Fig 3A and $4 Fig). However, when single
nucleotide polymorphisms (SNPs) were used to distinguish methylation in each of the two
parental genomes, many of these NC DMRs (CG 53.8%, CHG 52.9%, and CHH 51.4%) in
WTF1 were revealed to have lost methylation at the high-parent allele and gained methylation at
the low-parent allele, which resulted in no significant changes in overall methylation levels
between the hybrids and parents, suggesting that methylation interaction still occursin these NC
DMRs (S5 Fig). Of the remaining 25% parental DM Rs that were significantly changed in F1
hybrids, 18.7% were TCM, and 6.8% were TCdM (Fig 3A). We then compared allele specific
methylation levels of these regions between B73 and Mol17. Given that these two inbred
genomes are highly polymorphic, we were able to compare allele specific methylation at 2,459
(57%) of the TCM and 915 (59%) of the TCdM DMRs. At TCM DMRs, WTF1 had higher
methylation levels at al three cytosine contexts (Fig 3B). The increased methylation at CG and
CHG in these wild type F1 plants was primarily due to the increased methylation in the parental
alele that had the lower level of methylation. In contrast, CHH methylation levels of both the
high- and low-parent alleles were substantially increased in WTF1 at these TCM DMRs (Fig 3B).
At TCdM DMRs, the reduction of methylation was primarily due to the decreased methylation of
the high-parent allelein all of the three cytosine contexts (Fig 3C).

Methylation of CHH TCM DMRsisdramatically reduced in the mopl mutant
To shed light on the effects of the loss of Mopl-dependent small RNAsat TCM and TCdM
DMRs, we examined their methylation levelsin moplF1 mutant plants. Only 99 (8.6%) of 1,147

8
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CG and 144 (11.2%) of 1,284 CHG TCM DMRs significantly changed their methylation levels
in moplF1 mutants. In contrast, methylation levels of 90.7% (1,031 out of 1,137) CHH TCM
DMRs were significantly changed in moplF1 (Fig 4A). Consistent with our global analysis, the
CHH DMRsthat were significantly changed in mopl were primarily located in the 2 kb flanking
regions of genes (S6 Fig). As expected, methylation of all the three sequence contexts at these
TCM DMRs were largely reduced in moplF1 mutants, particularly in the CHH context, in which
the methylation level in moplF1 plants was even lower than the low parent (Fig 4B). This
suggests that in these regions, but not the genome as a whole, the additional methylation in F1
wild type plantsis lost altogether. Not surprising, given that the methylation of TCdM DMRs
was already very low, we did not observe significant changes in methylation at TCdM DMRsin
the moplF1 mutants (Fig 4C).

Previous research has demonstrated that |oss of methylation in mCHH islands resultsin
additional loss of CG and CHG methylation [9]. We found that out of the 118 CG DMRs that
were significantly changed in moplF1 mutantsrelative to their wild type siblings, 37 (31.4%)
were also CHG DMRs, but only 3 (2.5%) were CHH DMRs. Similarly, only 32 (20.9%) and 9
(5.9%) of the CHG DMRs that were changed in mopl were CG and CHH DMRSs, respectively.
Out of the 1,048 mopl-affected CHH DMRs, 72 (6.7%) and 181 (17.3%) were also CG and
CHG DMRs (4 Table). A similar pattern was observed for the mopl-affected CHG DMRs, in
which we detected changes in CG but no changes in CHH methylation. For mopl-affected CHH
DMRs, we saw no changein CG but a substantial change in CHG (Fig 4D). Together these data
suggest that mopl mutation primarily prevents the methylation of CHH TCM DMRs, and that a
loss of CHH methylation in mopl can result in additional loss of CHG, but not CG methylation.

Small RNAsfrom one allele are sufficient to trigger methylation of the other alleleat a
majority of CHH TCM DMRsin F1 hybrids

Because small RNAs are the trigger for de novo DNA methylation [4, 5], we next asked whether
the difference in methylation during hybridization is caused by differencesin small RNAs. We
proposed two hypotheses with respect to SsIRNAs at the CHH TCM DMRs. As shown in Fig 5A,
in the first hypothesis, small RNAs are produced from one allele and trigger increasesin
methylation at the high-parent allele and de novo methylation in low-parent allele without
triggering production of new, allele specific small RNAs from that allele. In the alternative
hypothesis, once methylation is triggered in the low-parent allele, it becomes competent to

9
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produce its own, allele specific small RNAS, which may in turn act to enhance at the high-parent
alele. To distinguish between these hypotheses, we performed small RNA sequencing from the
same plants that were used for DNA methylation analysis (S1 Table). Because of theincreasein
the apparent number of 22-nt SsSRNAs in mopl mutants caused by normalization following the
loss of most 24-nt small RNAs in mopl mutants, the small RNA values were adjusted to total
abundance of all mature microRNAs following previously described protocols [35]. Aswas
expected, 24-nt SIRNAs were the most abundant SSRNAs in al the sequenced wild type samples.
Overall, despite the dramatic increase we observed in CHH methylation in the hybrids (Fig 1B),
no significant differencesin small RNAs were observed between the WTF1 hybrids and parents
(Fig 5B). The mopl mutation substantially reduced 24-nt SRNAs, particularly in the mCHH
island regions near TSSsand TTSs (Fig 5B and S7 Fig). Next, we compared 24-nt SRNAS
generated from the high parent and low parent. We detected 24-nt uniquely mapped SRNAsin
795 CG (11.2% of the total), 700 CHG (7.7%), and 5,070 CHH (38.1%) parental DMRSs.
Consistent with their role in methylation, on average, the high parent harbored significantly more
24-nt SRNAs than the low parent ( Fig S8). Thisisalso true for TCM, TCdM, and NC DMRs
when analyzed separately (S9 Fig).

To test whether the increase in methylation in WTF1 plants was due to an increase in 24-nt
small RNAs, we compared the abundance of 24-nt SSRNAs between WTF1 and the MPV.
Although 24-nt SRNAs were increased at CHH TCM DMRsin WTFL1 hybrids, this increase was
not significant (Fig 5C and S9 Fig). We then analyzed allele-specific expression of SRNAsin F1
hybrids. Because only uniquely mapped reads with SNPs can be used to access the alele specific
expression of SIRNAs and because the length (24-nt) of SRNAs is very short, we were able to
obtain data from only 207 CHH TCM DMRs that had enough information to compare allele-
specific expression. There was no significant difference between the ratio of 24-nt SsRNAs of the
high-parent allele to the low-parent allelein F1 hybrids and that of the high parent to the low
parent in the parents (Fig 5D). Among these 207 CHH TCM DMRs, 53 had SRNAs expressed
from only the high parent. Of these, 34 (64.2%) had siRNAs still produced from the high-parent
alelein WTFL. Out of the remaining 154 CHH TCM DMRs, 104 expressed more sSiRNAs from
the high parent, out of which, 65 (62.5%) still had more sSIRNAs expressed from the high-parent
allele than the low-parent alelein WTFL. These data suggest that the increased methylation at
CHH TCM DMRsis not caused by an increase in ssSRNAs from the newly methylated allele,

10
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which favors the hypothesis that small RNAs produced from one allele trigger methylation of the
other allelein trans, but that the newly methylated allele is not itself a source of small RNAs.

RdDM triggered by small RNAs depends on the similarity of the small RNAs and their
targets. Thus, the sequence variation between the two alleles may affect small RNA targeting and
ultimately, methylation. To test this, we compared the SNPs between TCM and TCdM. As
shown in Fig 5E, no significant differences in SNP enrichment were observed when comparing
TCM and TCdM at CG and CHG DMRs. In contrast, CHH TCdM DMRs had significantly more
SNPs than did CHH TCM DMRs, suggesting that more genetic variation at CHH TCdM DMRs
hinders targeting of one allele by small RNAs from the other allele.

CHH methylation of sequences flanking genes can be associated with either suppressed or
enhanced expression of neighboring genes

Given the variation in DNA methylation we observed in the parental lines and F1 hybrids (Fig 2),
we compared the expression values of 51 genesinvolved in the RdADM pathway among these
genotypes. We detected eight RADM genes differentially expressed between B73 and Mo17, all
of which showed significantly higher expression in the Mo17 genome (S10 Fig and S5 Table),
which may contribute to the greater abundance of CHH methylation in the Mo17 genome (Fig

2B and 2C). In addition, we identified six RADM pathway genes differentially expressed

between the F1 hybrids and the MPV, and all of them had higher expression in the F1 hybrids
(S10 Fig and S6 Table), suggesting that the RADM pathway is more active in hybrids.

DNA methylation is generally associated with repression of transcription, particularly when
the methylation isin the promoter regions of genes [38-40]. However, previous analysis of the
mai ze methylome suggests that the reverse is true of CHH isdlands. One interpretation of this
observation isthat because CHH methylation is an active process that requires relatively open
chromatin, increased gene expression may permit more efficient RADM, resulting in higher
levels of methylation [9, 32]. If thiswere the case, one would expect that allele specific increases
in expression in F1 plants would result in increased CHH methylation of TEs near those genes.
Alternatively, it is possible that additional CHH methylation could under some circumstance,
result in decreased expression in F1 plants. To understand the relationship between CHH
methylation and gene expression, we investigated the correlation between a subset of CHH TCM
DMRswith expression of genes that flank them. As shown in Fig 6A, for the Mol17 CHH TCM
DMRs, whose methylation istransferred from Mol7 to B73, if methylation suppresses gene
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expression, because the Mo17 parent has higher methylation, we expect the Mol7 allele to have
alower level of expression. After hybridization, if the B73 allele gains methylation, it would be
expected to produce less transcript. If thisisthe case, we would expect to see theratio of gene
expression of B73 to Mo17 in the F1 hybrids to decrease relative to the ratio of expression of
these allelesin the parents (Fig 6A, left pandl). In contrast, if CHH methylation promotes gene
expression or if it responds passively to increased expression, we would predict an increase in
theratio of gene expression of B73 to Mo17 in F1 hybrids associated with arelative increase in
expression of B73 (Fig 6A, right panel).

We focused on 442 Mo17 hyper DMRs with available data on allele-specific methylation in
F1, 172 of which also had available allele-specific expression data, and then looked for genes
whose allele-specific expression changed significantly in F1 relative to the parents. Of the genes
flanking the 172 Mo17 hyper DMRs, 126 (73%) associated with those DMRs showed no
significant change in relative expression. For 16 genes, the ratio of B73 to M017 expression was
decreased, and for 31 genes, the ratio was increased in the F1 hybrids (Fig 6B), suggesting that
CHH methylation can be associated with both suppressed and enhanced gene expression. Next,
we asked whether variation in expression of genes is associated with variation in histone
modifications. The 16 DMRs that were associated with suppressed gene expression were
significantly more enriched for H3K27me3 and more depleted of H3K4me3 than the 31 DMRs
that were associated with enhanced gene expression in B73 (Fig 6C and S11C Fig) [41]. The 31
genes that seemed to be enhanced by CHH methylation were typically longer, more highly
expressed, and with higher gene body methylation than the 16 suppressed genesin Mol17 (Fig
6D and S11D Fig).

Because the mopl mutation results in reduced methylation in mCHH islands near genes [9,
36], we wanted to determine whether removal of methylation of the 16 and 31 DMRsin the
mopl mutant changed the expression of their flanking genes. We compared the methylation
levels of CHH, CG, and CHG in the 16 and 31 CHH TCM DMRs. Because CG and CHG
methylation at these 16 suppression-associated CHH DMRs were not available in the mopl
mutant, we were only able to examine methylation of the 31 enhanced-associated CHH DMRsin
the mopl mutant. As expected, in the mopl mutant, CHH methylation was greatly reduced in
these 31 DMRs, aswas CG and CHG methylation (Fig 6E), which echoes previous research [9].

However, this reduction in CHH methylation did not have a significant effect on the expression
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of the 31 genes that seemed to be promoted by CHH methylation (Fig 6F). These data suggest
that variations in CHH methylation are a consequence, rather than a cause of variation in gene

expression.

Most newly induced CG and CHG DM Rslose methylation, and most newly induced CHH
DMRs gain methylation in F1 hybrids

In addition to examining changes in methylation of the parental DMRs, we also investigated the
newly induced DMRs in F1 hybrids that were not differentially methylated in the parents. These
newly induced DMRs can either gain or lose methylation at an allele relative to both parents
(S12A and S12B Fig). A total of 715 CG, 1,149 CHG, and 3,876 CHH new DMRs were
identified (S13 Fig). These newly induced DMRs were equally distributed as hyper or hypo
DMRs rédative to both the B73 and Mo17 genomes (S13C and S13D Fig), which is different
from the parental DM Rs, which were enriched for CHH methylation in the Mol17 genome (Fig
2B). The newly induced DMRs at CG and CHG sequence contexts largely overlapped with TEs
(S13E and S13F Fig), confirming that TEs are the most frequent targets of DNA methylation.
Next, we compared the allele specific methylation of these newly induced DMRs. Because the
two parents were methylated at the similar levels to those at these newly induced DMRs, we
defined the high or low parent as the parental allele that was changed in the F1, so the low parent
would be the allele whose methylation was reduced in the F1. We found that the mgjority of
newly induced CG (89%, 558 out of 627) and CHG (75%, 918 out of 1,231) DMRs followed the
model in S12B Fig, in which one parental allele loses methylation in F1 hybrids (S12D Fig).
Interestingly, the majority of newly induced CHH (92%, 2,959 out of 3,230) DMRs followed the
model in S12A Fig, in which one parental allele gains methylation in F1 hybrids (S12C Fig),
suggesting a distinction between CHH and CG and CHG methylation. We also compared the
small RNAs at these newly induced CHH DMRs and did not observe any significant changesin
small RNAs between the two parents that had similar methylation levels, or between the hybrids
and parents (S14 Fig).

I nitiation of the changesin the epigenetic state of tar gets of trans-chromosomal CHH
methylation does not require Mopl

We next wanted to determine whether the methylation or demethylation triggered in F1 can be
maintained in subsequent generations. To test this, we backcrossed WTF1 (Mo17/B73;+/+) and
moplF1l (M0ol7/B73;mopl/mopl) with B73 and obtained backcrossed (BC1) plants for WGBS
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(Fig 1A). Wefirst analyzed the overall methylation differences between WTF1 and WTBC1. To
determine whether changes had been heritably transmitted, we set a cut off for alack of a change
from WTF1 to WTBC1 as <10% change in methylation for CG and CHG and <5% for CHH
methylation. We found that approximately 25% of CG and 26% of CHG TCM DMRs met this
cut off, asdid 11% CHH TCM DMRs. Interestingly, the CG (35%), CHG (44%) and CHH (38%)
TCdM DMRsall had higher percentages of DMRs that met the threshold of differences between
F1 and BC1 (S7 and S8 Table), suggesting that TCdM DMRs are more heritable.

To better understand the inheritance of newly acquired DNA methylation, we focused
specifically on the inheritance of TCM DMRs. Because all of the sequenced BC1 plants were
backcrossed individuals derived from the cross of F1 with B73, we separately analyzed B73 and
Mol7 TCM DMRs. For B73 TCM DMRs (Fig 7A and Fig 8A), in which the Mo17 alele has
acquired new methylation in F1, BC1 plants could be either homozygous or heterozygous for
B73. Among the homozygous BCL1 plants, all should have the native level of B73 methylation
because it was the M017 allele whose methylation was changed in the F1 at these DMRSs.
Similarly, BC1 plantsthat were heterozygous for B73 and the newly converted Mol7 allele
would be expected to remain hypermethylated because Mo17 was still in the presence of the B73
alelein these plants (Fig 7A and Fig 8A). For CG and CHG methylation, thisis what we
observed. Methylation at these DMRsin all BC1 progeny, both homozygotes and heterozygotes
were at similar levels asthe F1 heterozygotes (Fig 7C, 7D, S15C and S15D Fig). Whether or not
the F1 plant was mopl or not did not affect the heritability of the added methylation in these
Cases.

Inheritance of CHH methylation was complicated by the fact that in each case, both alleles
in the F1 had elevated methylation relative to parents. Thus, it was possible that each allele or
both would return to their original level of methylation following the backcross. With respect to
CHH methylation, the BC1 B73 homozygotes showed levels of methylation similar to the B73
(HP) parent, rather than the F1 (Fig 8C and S16C Fig), suggesting that the enhanced methylation
in the F1 that resulted from the interaction between B73 and Mo17 had been reduced in the BC1.
In the heterozygous BCl1s, the overall level of methylation was more similar to the MPV than to
the heterozygous F1s (Fig 8D and S16D Fig). This observation suggests that the elevated level of
methylation is aconsequence of the hybrid genomes, and not just an interaction between alleles,
and that the elevated levels of methylation at Mo17 in the F1 was not heritable.
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With respect to heritability, the Mol7 TCM DMRs (Fig 7B and Fig 8B) are more
informative. In these cases, the B73 allele has become hypermethylated due to an interaction
with the Mol7 alelein the F1. The BC1 plants could be either homozygous for B73, in which
case one epiallele would remain more methylated if the change at B73 in the F1 were heritable,
or heterozygous for Mo17 and B73, in which the B73 allele from the backcrossed parent would
be expected to be newly converted to a more methylated state due to interaction with the Mol17
alelein the BC1 generation. Thus, if the change in the B73 in the F1 is heritable, we would
expect to see methylation similar to the MPV of the newly converted B73 epiallele and the native
B73 epialele in the homozygotes. In the heterozygotes, we would expect asimilar average level
of methylation as was observed in the F1 (Fig 7B).

For CG and CHG methylation at the Mo17 TCM DMRs, the homozygotes were similar to
the MPV of B73 and Mo17, rather than B73 (Fig 7E, S15E, and S15F Fig), suggesting that
changes caused in the F1 plants at B73 were heritably transmitted to the next generation. In
contrast, the heterozygotes, which should resemble the F1s because they carried both B73 and
Mol7, were also at the MPV (Fig 7F, S15E, and S15F Fig). This suggests that the increasein
methylation in B73 due to the presence of Mo17 that we observed in the F1 did not occur in BC1,
again suggesting the effects we observed in F1 are not simply due to allelic interactions. For
CHH methylation at the Mol7 TCM DMRs, both the homozygous and heterozygous BC1 plants
had methylation at the MPV, rather than the elevated methylation observed in the F1 (Fig 8E, Fig
8F and S16D Fig). Thisindicated that CHH methylation that was added to the B73 allele was
lost in BC1, and the presence of the Mo17 allele did not trigger methylation in B73 in the BC1
generation.

To determine whether theinitiation of TCM requires the presence of MOP1, we also |ooked
at BC1 derived from moplF1 mutants (Mo17/B73;mopl/mopl x B73). Our expectation was that
if the transfer of heritable methylation requires MOPL, backcrossed progeny of moplF1 would
not carry that methylation if they only carried the modified alele. The most informative class
was the B73 homozygous progeny of Mol17 TCM DMRs that had shown evidence of heritable
changes in methylation of the B73 allele (Fig 7E and Fig 8E). For CG and CHG TCM
methylation, we find that although the mopl mutant had a minor effect on methylation in the F1,
it had no effect on the heritability of CG and CHG methylation that had been added to the B73
alelein F1 Mol7 TCM DMRs (Fig 7E). In contrast, the substantial additional CHH methylation
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464  that was added in the F1 generation was not transmitted to the next generation of either wild type
465  or mopl mutant hybrids. However, wild type progeny of moplF1 mutant plants that had been
466  nearly devoid of CHH methylation were competent to reestablish methylation (Fig 8E, orange
467  box), suggesting that the epigenetic states at those alleles retained enough information for

468  methylation to be targeted back to them in the wild type BC1 progeny.

469 Together these data suggest that methylation or demethylation triggered by hybridization
470  can be maintained in the next generation, but that heritability varies depending on the sequence
471 context of the methylated cytosines, and whether new methylation or demethylation is being

472  transmitted. They also show that the elevated methylation we observed in F1 heterozygotesis

473  likely aresult of hybridization, rather than simple interaction between alleles.

474

475  Discussion

476  Inthisstudy, we used hybrids as amodel system to understand the initiation and maintenance of
477  DNA methylation in maize, with a special focus on CHH methylation, which is abundant in

478  plants, but whose functions are still poorly understood. Our analyses revealed that CHH

479  methylation had some unique features compared to CG and CHG methylation in maize. First,
480  only thelevel of CHH methylation was increased globally upon hybridization (Fig 1B). This

481  methylation islargely enriched near genes as mCHH islands, which means that most parental
482 CHH DMRsarelocated within 2 kb flanking regions of genes (Fig 2E). Second, both the high-
483  and low-parent alleles of CHH TCM DMRs gained methylation in F1 hybrids, while only the
484  low-parent allele gained methylation in CG and CHG TCM DMRs (Fig 3C and 3D).

485  Furthermore, athough the mopl mutation reduced CHH methylation globally (Fig 1B), it had its
486  biggest effect on the CHH TCM DMRs, and the loss of CHH methylation in mopl resulted in
487  additional loss of CHG methylation in these regions (Fig 4). Next, genetic variation was

488  gignificantly higher in the demethylated CHH TCdM DMRs than in the methylated CHH TCM
489  DMRs, which was not observed for CG and CHG DMRs (Fig 5E). In addition, we also provided
490 evidence that CHH methylation in promoter regions was associated with either the suppressed or
491  enhanced expression of flanking genes (Fig 6). Finally, we detected an overall lower level of

492  CHH methylation in the backcross individuals relative to F1 plants (Fig 8). This suggests that the
493  highlevels of CHH methylation at individual DMRsin F1 plantsis unlikely to be a consequence
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of transinteraction between these alleles alone, and is thus more likely to be a manifestation of
the global effects of hybridization.

I nitiation of the changesin the epigenetic state of tar gets of trans-chromosomal CHH
methylation does not depend on RdDM

Hybridization brings together two divergent genomes into one nucleus, which can induce rapid
genomic and epigenomic changes, including gain or loss of DNA fragments, alteration of
expression of TEs and genes, changes in splicing cites, activation of endogenous retroviruses,
and epigenetic reprogramming [30, 42, 43]. It has been hypothesized that hybridization could
induce a“genomic shock” that leads to the mobilization of TEs[44]. However, evidence for this
is mixed and varies between species. Most reports suggest that upregulation of TEsisnot a
general phenomenon but that some specific TEs may change their expression level upon
hybridization, such as the upregulation of ATHILA in the crosses of Arabidopsisthaliana and
Arabidopsis arenosa [45, 46]. In our study, we observed a genome-wide increase in CHH, but
not CG or CHG methylation following hybridization (Fig 1B). Based on this result, we
hypothesize that CHH methylation may buffer the global effects of hybridization on
transcriptional activation of TES near genes in maize by transferring silencing information in the
form of small RNAs from one genome to the other, resulting in the dramatic increasesin CHH
de novo methylation we observed in the F1 plants.

The lack of evidence for the production of new siRNAs from the target loci suggests that in
many cases, this methylation is often transient, asis evidenced by the reduced heritability of
CHH, CG and CHG methylation in BC1 plants (Fig 7 and Fig 8). Our analysis of gene-adjacent
TEsin wild type and mutant F1 plants reveals that the cause of the increasesin CHH methylation
observed in F1 hybrids varies depending on location. As has been observed previously [9], the
sharp increase in CHH methylation at the proximal portion of TES near genes that are referred to
as MCHH islands are dramatically reduced in the mopl mutant (Fig 1C and 1D). The significant
increase in CHH methylation in these regions observed in F1 wild type plants are largely
eliminated in the mutant as well, resulting in an overall level of CHH methylation in the F1 mopl
mutants that is lower than both parents. That is not true in the body of gene-adjacent TEs, where
CHH methylation actually increases in the F1 mopl mutant. At the distal edge of those TEs,
although the methylation added in the F1 plantsislost, the preexisting methylation in the parents
isnot. In the region distal to the TEs, only a subset of the additional CHH added in the F1 plants
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is dependent on Mopl (Fig 1D). This pattern is characteristic of the vast mgjority of the
chromosomes outside of the generich distal ends. Together, these data suggests that the global
increase in CHH methylation observed in F1 hybrids varies with respect for a requirement for
classical RADM, with the large increases in CHH islands being the only region entirely
dependent on it.

Small RNAsarecritical playersin transient trans-chromosomal CHH methylation

Our results demonstrated that small RNAs play acritical rolein triggering TCM and TCdM in
hybrids and maintaining such interaction in the subsequent generation. An overall reduction of
24-nt sSIRNAs following hybridization has been documented in a number of plant species
including maize[11, 18, 23]. In our analyses, we focused on 24-nt SRNAS specifically at TCM
DMRs, and observed no significant difference in the abundance of 24-nt SRNAS between
hybrids and the MPV of parents (Fig 5B), as has been seen in Arabidopsis[1]. A detailed look at
53 CHH TCM DMRsthat had 24-nt S RNAs produced only in one parent showed that 34 (64%)
of them had only ssIRNAs derived from the initially methylated parental allele, despite the fact
that both alleles now had CHH methylation. Given that the precursor transcript of 24-nt SRNAS
is produced by Pol 1V [4, 5], this observation suggests that Pol IV in these F1 plantsis only
active at one of the two methylated alleles. It is unclear asto why Pol IV does not appear to
recognize the newly methylated allele.

Our data also showed that CHH TCdM DMRs had significantly higher genetic variation
than TCM DMREs, as has been notedly previously [1]. Given that RADM relies on similarity
between small RNAs and their targets, this may explain the reduction of methylation at TCdM
DMRs. Small RNAs from the high-parent allele may be too divergent to target the low-parent
alele to trigger methylation. However, it is unclear why the methylation of the high-parent allele
isalso reduced in the TCdM DMRs. One hypothesis that has been suggested isthat small RNAs
from the high-parent allele can interact with the low-parent allele unproductively, which dilutes
SIRNA concentration at the donor allele, which in turn weakens the methylation of the donor
allele[1]. However, we do not believe thisis the general mechanism for TCdM, as in our study
41.3% of these TCdM DMRs do not have any polymorphisms (Fig 3). It has been proposed that
TCdM may be regulated by distal factors [47]. These distal factors have also been used to
explain newly induced DMRs. In thisso called ‘ TCM proximity model’, a gain of methylation at
TCM DMRs during hybridization spreads into flanking regions, resulting in the increased

18


https://doi.org/10.1101/2023.04.15.537008
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.15.537008; this version posted May 29, 2023. The copyright holder for this preprint (which

556
557
558

559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

methylation in F1 at those regions, in which parental alleles have the similar methylation state
[47]. However, we tested this model in our data set and did not find evidence supporting this
hypothesis.

de novo CHH methylation is associated with both increased and decr eased expression of
flanking genes

It has been proposed that mMCHH islands in maize are the boundaries between highly deep
heterochromatin and more active euchromatin to reinforce silencing of TEs located near genes
rather than to protect the euchromatic state of the genes[9, 32, 48]. Our study is an ideal model
to test this hypothesis because we can examine the effects of presence and absence of mCHH
islands on the expression of the same gene in cisand in trans. For example, as shown in Fig 6A,
agenein the parent B73 does not have CHH methylation in the promoter region, but obtains
methylation after hybridization, which we hypothesizeistriggered in trans by small RNAs
generated from the Mol17 allele. We demonstrated that out of the 47 CHH TCM DMRsin Mol7
(Mol17 mCHH islands), 16 (34%) were associated with suppressed gene expression, and 31 (66%)
were associated with enhanced gene expression (Fig 6B), indicating that a gain of CHH
methylation in their promoter regions may actually enhance their expression. Alternatively, it
may be that gene properties and chromatin states may dictate the relationship between CHH
islands and their flanking genes. The 31 genes whose expression appeared to be promoted by
CHH methylation were generally longer, expressed higher, and with more gene body
methylation than the 16 genes that seemed to be suppressed by CHH methylation (Fig 6D). This
data suggests that more active genes tend to harbor “positive mCHH islands’, and lowly
expressed genes more likely have “negative mCHH islands’, which were significantly enriched
for the repressive histone mark H3K27me3 and were depleted with the active mark H3K4me3
(Fig 6C). We hypothesize that it is the repressive histone mark in the promoter regions
suppresses the expression of flanking genes rather than the mCHH islands. Given this
assumption, removal of these islands would not have significant effects on flanking gene
expression. However, removal of DNA methylation may result in increase of H3K27me3 given
that the activity of Polycomb-repressive complex 2, which isinvolved in catalyzing H3K27me3,
is generally anti-correlated with DNA methylation, and likely functions after DNA
demethylation [49, 50]. This probably explains why we observed these 16 genes with “negative
MCHH islands’ significantly reduced their expression in mopl mutants (Fig 6F). In contrast, the

19


https://doi.org/10.1101/2023.04.15.537008
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.15.537008; this version posted May 29, 2023. The copyright holder for this preprint (which

587
588
589
590
591
592

593
594
595
596
597
598
599
600
601
602
603

604
605
606
607
608
609
610
611
612
613
614
615
616
617

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

expression of the 31 genes with “positive mCHH islands’ were upregulated in the mopl mutant
although not significantly (Fig 6F), which supports the hypothesis that mCHH islands do not
prevent the spread of heterochromatin silencing of genes [9]. Rather, these “positive mCHH
islands’ act as a border to prevent the spread of euchromatin into flanking sequences because
loss of the mCHH islands in the mopl mutant is accompanied by additional loss of CG and CHG
methylation (Fig 6E) [9].

Materials and methods

Genetic material construction and tissue collection

The mopl heterozygous plants in the Mo17 background were crossed with the mopl
heterozygous plantsin the B73 background (Mo17;mopl-1/+ x B73;mopl-1/+) to generate F1
hybrid mopl mutants (Mo17/B73;mopl/mopl) and their hybrid wildtype siblings
(Mo17/B73;+/+) (Fig 1A). The mopl mutation was introgressed into the B73 and Mo17
backgrounds for at least seven generations. The F1 plants and the two parental lines (B73 and
Mo17) were grown in the Ecology Research Center at Miami University (Oxford, Ohio), and 5-7
cm immature ears were collected for the subsequent whole genome bisulfite sequencing (WGBS),

RNA sequencing, and small RNA sequencing with two biological replicates.

Analysisof WGBS data

DNA was isolated from the 5-7 cm immature ears of the two parents (B73 and Mol17), WTF1
(M0o17/B73;+/+), and moplF1 (M0ol7/B73;mopl/mopl) using the modified CTAB method. The
quality of DNA was examined by Nanodrop. Library construction and subsequent WGBS were
performed by Novogene. The raw reads were quality controlled by FastQC. The remaining clean
reads from B73, WTFL1, and moplF1 were mapped to the B73 reference genome (v4) using
Bismark under following parameters (-n 2, -1 50, -N 1) [51, 52]. The clean reads from the Mol17
plants were aligned against the SNP replaced Mol17 genome sequences, which were generated by
taking the B73 reference sequences and replacing the nucleotides where a SNP identified by the
mai ze Hapmap3 project was present between the two inbreds [53]. Given that treatment of DNA
with bisulfite converts cytosine residues to uracil, but leaves 5-methylcytosine residues
unaffected, SNPsof Cto T and G to A (B73 to Mol7) were excluded from the analysis when
considering the B73 allele, and SNPsof T to C and A to G (B73 to M017) were excluded from
the analysis when considering the Mol7 alele [54]. We kept reads with perfect and unique
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matches for the two parents, and allowed one mismatch for the hybrids. PCR duplicates were
removed using Picardtools. Additional packages including Bismark methylation extractor,
bismark2bedGraph and coverage2cytosine under Bismark were used to extract the methylated
cytosines, and to count methylated and unmethylated reads [55, 56].

| dentification of DM Rs between parents

To identify DMRs between parents, we first filtered out the cytosines with less than three
mapped reads [57]. Next, the methylation level of each cytosine was determined by the number
of methylated reads out of the total number of reads covering the cytosine [58, 59]. The software
‘metilene’ was used for DMR calling between the two parents B73 and Mol17 [60]. Specially, a
DMR was determined as containing at least eight cytosine sites with the distance of two adjacent
cytosine sites <3001 'bp, and with the average methylation differencesin CG and CHG >0.4 and
in CHH >0.2 between the two parents [57]. These DMRs were furthered filtered by the estimated
false discovery rates (FDRs) using the Benjamini-Hochberg method [1]. We only kept FDRs
<0.01 for CG and CHG DMRs, and <0.05 for CHH DMRs[57].

Deter mination of TCM and TCdM in WTF1

To determine the methylation patterns of the parental DMRsin WTFL, we first calculated the
methylation levels at the parental DMRs in WTF1. Only DMRs with available datain all the
samples were included in the analysis. Fisher’s exact test was used to compare the methylation
levels of WTFL1 to the MPV (middle parent value, the average methylation of the two parents),
and the estimated FDRs were generated to adjust P values using the Benjamini-Hochberg
method [1]. DMRswith an FDR <0.05 between WTF1 and the MPV were retained as
significantly changed DM Rs during hybridization. These DMRs were classified into TCM,
which has asignificantly higher level of methylation in WTF1 than the MPV, and TCdM, which
has a sgnificantly lower level of methylationin WTF1.

To further determine whether the TCM and TCdM were affected by mopl mutation, we first
calculated the methylation levels of moplF1l at TCM and TCdM DMRs. For CG and CHG TCM
and TCdM, DM Rs with the changes in methylation levels between moplF1 and WTF1 <-0.4
or >0.4 were considered as significantly affected by the mutation. For CHH TCM and TCdM,
DMRs with the changes in methylation levels <-0.2 or >0.2 were considered as significantly

changed in the mutants.
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I dentification of the newly induced DMRsin WTF1

To identify the newly induced DMRsin WTFL1 that are not differentially methylated in the
parents, we used mpileup in the samtools package and SNPs between B73 and M 017 to obtain
the allele-specific reads from WTFL [61]. Next, these allele-specific reads were used to calculate
methylation levels as described above, and ‘metilene’ was used for DMR detection between the
two allelesin WTF1 [60]. The same cutoffs are used for defining new DMRs as for the detection
of parental DMRs. The methylation levels of these newly induced DM Rs were further compared
with the methylation levels of the two parents using Fisher’s exact test (FDR <0.05). The DMRs
that have similar methylation levels between the two parents but exhibit significantly different
methylation levels between the two allelesin WTF1 were defined as new DMRs. The illustration
isshown in A and S12B Fig.

Analysis of theinheritance of TCM and TCdM in BC1

We backcrossed WTF1 (M017/B73;+/+) and moplF1 (Mol7/B73;mopl/mopl) with B73
(Mol17/B73;+/+ x B73 and M017/B73;mopl/mopl x B73) to generate the BC1 generation. We
collected 5-7 cm immature ears from eight WTBC1 plants and eight mop1-derived-BC1 plants
for WGBS (Fig 1A). The methylation analysis for BC1 is the same as that for parentsand WTF1.
Next, we compared the methylation levels at the TCM and TCdM DMRs among WTBC1, mopl-
derived-BC1, WTF1, moplFl, and parents. The “intersect” function in BEDTools was used to
access all the cytosinesin BC1 that are at the TCM and TCdM DMRs, and these cytosines were
used to calculate the average methylation levels across all the BC1 individuals in those regions.
Asshown in Fig 8A,B, because we only sequenced the BC1 individuals derived from the
backcrosses of F1 and B73, we separated B73/B73 homozygous and B73/M 017 heterozygous
genotypes at each TCM in BC1 using samtools mpileup and the SNPs between B73 and Mo17
[53, 61], same as what we did for the determination of allele specific readsin F1.

Distribution analysis of DMRsin different genomic locations

To classify the DMRs in different genomic locations, we compared the locations of the DMRs
with gene and transposable element annotations, which were downloaded from MaizeGDB,
https://www.maizegdb.org/, using intersect function in BEDTools [62]. If one DMR is dropped

to two different types of annotation, we followed the order gene bodies, 2 kb upstream of genes,

2kb downstream of genes, TEs, and unclassified regions. DMRs in the 2 kb up and downstream
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regions of genes were further separated into those with and without TEs depending on whether

thereisa TE insertion in the 2 kb flanking regions.

Analysisof small RNA-seq data

The same genetic materials for B73 and Mol17, WTF1, and moplF1 were used for small RNA
seguencing with two biological replicates. The raw reads were quality controlled by FastQC. The
clean reads were aligned against the Rfam database (v14.6) to remove rRNAS, tRNAS, snRNAS,
and snoRNAs [56]. The remaining reads with the length of 18-26 nt were retained for further
mapping to the genomes. The reads from B73, WTF1, and mopl1F1 were mapped to the B73
reference genome (v4), and the reads from Mol17 were mapped to the SNP replaced Mol7
genome sequences using bowtie [52, 63], as was done for our methylation analysis. For the
parents, only perfectly and uniquely mapped reads were kept, and one mismatch was allowed for
the F1 hybrids. The small RNA values were adjusted to total abundance of all mature
microRNAS following the previous research to remove the artificial increase of 22-nt SRNAsin
mopl mutants caused by normalization [35]. The intersect module in BEDTools was used to
compare the mapping results (sam files) to the positions of DMRs to obtain the 24-nt small RNA
reads that arein the DMRs[62]. These 24-nt small RNAs were used to calculate the expression
of small RNAs of the DMRs. To access allele specific small RNA expression, samtools mpileup
and SNPs at small RNAs between B73 and M0o17 were used [61].

Analysis of mMRNA-seq data

The mRNA from the same genetic materials were sequenced with two biological replicates. The
raw reads were quality controlled by FastQC, and the low-quality reads and the adapter
segquences were removed by Trimmomatic [64]. We mapped the cleaned reads of B73, WTF1,
and mopl1F1 to the B73 reference genome (v4) [52], and the reads from Mo17 to the SNP
replaced Mol7 genome that was generated by replacing the B73 genome with the SNPs between
Mol7 and B73 using Hisat2 with one mismatch [65]. Next, HT Seg-count was used to calculate
the total number of reads of each gene [66]. These values were |loaded to DESeg2 to identify
genes that were differentially expressed between WTF1 and parents, and between WTF1 and
moplF1 [67]. To determine allele specific expression of each genein F1, the mpileup functionin
samtools and SNPs between B73 and M 017 were used to access allele specific reads[61], which
were further used in DESeg2 to identify differential expression of the two alleles [67].
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Accesson Numbers
The raw and processed data of whole genome bisulfite, mMRNA and small RNA sequencing
presented in this study have been deposited in NCBI Gene Expression Omnibus under the

accession number GSE222155.

Supporting infor mation

S1 Fig. Whole genome levels of DNA methylation among par ents, hybrids and mutants.
The average methylation of the overall cytosine (total C), CG, CHG, and CHH on the whole
genome in parents, WTF1, and mopl1F1.

S2 Fig. CHH methylation isglobally increased in hybrids. Nine of the 10 maize chromosomes
are shown here. Methylation levels were measured in 1 Mb windows with 500 kb shift. Here
WTF1 indicates the sibling of moplF1. The shaded boxes represent pericentromeric region of
each chromosome.

S3 Fig. Thelength distribution of the DM Rsidentified between parents. (A) CG DMRs. (B)
CHG DMRs. (C) CHH DMRs. DMRs, differentially methylated regions.

4 Fig. Genomic distribution of unchanged (NC) parental DMRs. (A) CG DMRs. (B) CHG
DMRs. (C) CHH DMRs. (D) The types of TEs at the categories of 2 kb upstream of genes with
TEs and 2 kb downstream of genes with TEs A-C. 2 kb upstream of geneswith TEs
(transposable el ements) and 2 kb downstream of genes with TEs indicate both the DMRs and
TEs are located within the 2 kb of genes.

S5 Fig. Methylation changes at the unchanged (NC) DM Rs. HP, high parent (parent with
higher methylation). HA, high-parent alelein F1. LP, low parent (parent with lower
methylation). LA, low-parent allele in F1. Average means the average between the two parents,
or between the two allelesin WTF1 and moplFl. DMRs, differentially methylated regions.

S6 Fig. Genomic distribution of mopl-affected DMRs. (A) CG DMRs. (B) CHG DMRs. (C)
CHH DMRs. 2 kb upstream of genes with TEs (transposable elements) and 2kb downstream of
genes with TEs indicate both the DMRs and TEs are located within the 2 kb of genes. DMRs,
differentially methylated regions.

S7 Fig. The production of 24-nt small interfering RNAs (sRNAs) from gene bodies and
flanking regions. (A) Patterns of CHH methylation in and flanking genes. (B) The expression of
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24-nt SRNAs on gene bodies and flanking regions. TSS, transcription start site. TTS,
transcription termination site. TP10M = SSRNA reads/total unique mapped reads * 10,000,000.
S8 Fig. The high parent has significantly mor e 24-nt small interfering RNAs (SRNAS). HP,
high parent (parent with higher methylation). LP, low parent (parent with lower methylation).
DMRs, differentially methylated regions. RPKM, 24-nt SSRNA reads per kilobase (DMR length)
per million uniquely mapped reads. **, P < 0.01. Student’st test.

S9 Fig. Comparisons of 24-nt small interfering RNAs (SRNAs) at unchanged (NC), TCM
and TCdM DMRs. (A) NC DMRs. (B) TCM DMRs. (C) TCdM DMRs. HP, high parent (parent
with higher methylation). LP, low parent (parent with lower methylation). MPV, the middle
parent value. DMRSs, differentially methylated regions. TCM, trans-chromosomal methylation.
TCdM, trans-chromosomal demethylation. RPKM, 24-nt SIRNA reads per kilobase (DMR
length) per million uniquely mapped reads. **, P < 0.01, *, P < 0.05. Student’ st test.

S10 Fig. Expression of genesinvolved in the transcriptional gene silencing pathway.

S11 Fig. CHH methylation is associated with both suppressed and enhanced expression of
their flanking genes. (A) Two possible scenarios of the effects of CHH methylation on gene
expression. Here only shows the examples of Mol7 CHH TCM DMRs. (B) Expression values of
the 16 and 31 genes that are associated with suppressed and enhanced expression by flanking
CHH DMRs respectively between the two parents (B73 and M0o17). *, P < 0.05. Student’s paired
t test. (C) DNA methylation levels between the 16 and 31 CHH DMRs that are with suppressed
and enhanced expression of flanking genes. *, P < 0.05. Student’st test. (D) Gene length
including introns between the 16 and 31 genes. *, P < 0.05. Student’st test.

S12 Fig. Most new CG and CHG DM Rslose methylation, and most new CHH DM Rsgain
methylation in WTF1. (A) and (B) Two hypothetical models of new CG, CHG and CHH
DMRsinduced in WTFL. (C) Comparisons of CG, CHG and CHH methylation at DMRs
following the Modd A. (D) Comparisons of CG, CHG and CHH methylation at DMRs
following the Model B. HP/HA indicates high parent or high-parent allelein F1, and LP/LA
represents low parent or low-parent alelein F1. Average means the average between the two
parents, or between thetwo alelesin WTF1 and moplFl. DMRs, differentially methylated
regions.

S13 Fig. Newly induced CG and CHG DMRsarelargey located in transposable elements.
(A) and (B) Two hypothetical models of new CG, CHG and CHH DMRs induced in WTF1. (C)
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769  Number of B73 and Mol17 hyper DMRsin Model A. (D) Number of B73 and Mol17 hyper

770 DMRsin Modd B. (E) Thedistribution of CG, CHG and CHH DMRsin Moded A. (F) The
771 distribution of CG, CHG and CHH DMRsin Model B. 2 kb upstream of geneswith TEs

772 (trangposable elements) and 2kb downstream of genes with TEs indicate both the DMRs and TES
773 arelocated within the 2 kb of genes.

774  S14 Fig. No significant changesin small RNAs between the two par ents, and between the
775  hybridsand parents. (A) and (B) Two hypothetical models of new CHH DMRs induced in
776 ~ WTFL. (C) 24-nt small interfering RNA (siRNAs) of new CHH DMRsin Mode A. (D) 24-nt
777  SSRNAsof new CHH DMRsin Model B. (E) Ratios of 24 nt SRNAs of high parent to low

778  parent, and of high-parent allele to low-parent allele at the new CHH DMRsin Model A. (F)
779  Ratios of 24-nt SRNAs of high parent to low parent, and of high-parent allele to low-parent

780 aleleat thenew CHH DMRsin Modd B. HP, high parent (parent with higher methylation). LP,
781  low parent (parent with lower methylation). MPV, the middle parent value. **, P < 0.01,

782  Student’st test. DMRs, differentially methylated regions.

783  S15Fig. Inheritance of newly trigger ed methylation at CG and CHG TCM DMRsin the
784  backcrossed generation. (A) Hypothetical model of maintenance of B73 CG and CHG TCM
785  DMRs. Asterisk denotes the newly converted (methylated) allele. (B) Hypothetical model of
786  maintenance of Mol17 CG and CHG TCM DMRs. (C) Methylation changes of B73 CG TCM
787 DMRs. (D) Methylation changes of B73 CHG TCM DMRs. (E) Methylation changes of Mol17
788 CG TCM DMRs. (F) Methylation changes of Mo17 CHG TCM DMRs. DMRs, differentially
789  methylated regions. TCM, trans-chromosomal methylation. Homo, homozygous. Hetero,

790  heterozygous. WTBC1, M0ol17/B73;+/+ x B73. mopl-derived BC1, M017/B73;mopl/mopl x
791 B73.

792  S16 Fig. Inheritance of newly trigger ed methylation at CHH TCM DMRsin the

793  backcrossed generation. (A) Hypothetical model of maintenance of B73 CHH TCM DMRs.
794  Asterisk denotes the newly converted (methylated) allele. (B) Hypothetical model of

795  maintenance of Mol7 CHH TCM DMRs. (C) Methylation changes of B73 CHH TCM DMRs.
796 (D) Methylation changes of Mo17 CHH TCM DMRs. DMRs, differentially methylated regions.
797  TCM, trans-chromosomal methylation. Homo, homozygous. Hetero, heterozygous. WTBCL,
798  Mo17/B73;+/+ x B73. mopl-derived BC1, M017/B73;mopl/mopl x B73.

799 Sl Table. Thesummary of raw reads of different samples.
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S2 Table. The overall patterns of cytosine methylation in parents, WTF1, and mutant F1.
S3 Table. DMRsidentified between parents (B73 and M 017).

A Table. Number of changed DM Rsin the other two cytosine contexts at the mop1-
affected CG, CHG, and CHH DMRs.

S5 Table. Differentially expressed genesinvolved in the transcriptional gene silencing
pathway between parents.

S6 Table. Differentially expressed genesinvolved in the transcriptional gene silencing
pathway between MPV and F1.

S7 Table. Inheritance of CG and CHG TCM and TCdM in the backcr ossed generation
(BC1).

S8 Table. Inheritance of CHH TCM and TCdM in the backcr ossed generation (BC1).

Acknowledgements
We are grateful to Nathan M Springer and Karen M. McGinnis for critical reading of the
manuscript. We thank Ohio Supercomputer Center for providing us with the computational

resources to perform the analysis.

Author contributions

Conceptualization: Beibel Liu, Damon Lisch, Meixia Zhao.
Data curation: Beibei Liu, DiyaYang, Dafang Wang.
Funding acquisition: Dafang Wang, Meixia Zhao.
Investigation: Beibei Liu, DiyaYang, Meixia Zhao.

M ethodology: Beibei Liu, Diya Y ang, Chun Liang, Meixia Zhao.
Project administration: MeixiaZhao.

Resour ces: Damon Lisch, Meixia Zhao.

Software: Beibel Liu, Mexia Zhao.

Supervision: Belbel Liu, Meixia Zhao.

Validation: Beibei Liu, Meixia Zhao.

Visualization: Beibei Liu, Meixia Zhao.

Writing —original draft: Beibei Liu, Meixia Zhao.

27


https://doi.org/10.1101/2023.04.15.537008
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.15.537008; this version posted May 29, 2023. The copyright holder for this preprint (which

830
831
832
833

834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Writing —review & editing: Beibe Liu, Dafang Wang, Chun Liang, Janping Wang, Damon
Lisch, Meixia Zhao.

References

1. Zhang Q, Wang D, Lang Z, HeL, Yang L, Zeng L, et al. Methylation interactionsin
Arabidopsis hybrids require RNA-directed DNA methylation and are influenced by genetic
variation. Proc Natl Acad Sci U SA. 2016;113(29):E4248-56. Epub 2016/07/07. doi:
10.1073/pnas.1607851113. PubMed PMID: 27382183; PubMed Central PMCID:

PM CPM C49611609.

2. Lewsey MG, Hardcastle TJ, Melnyk CW, Molnar A, Valli A, Urich MA, et al. Mobile
small RNAs regulate genome-wide DNA methylation. Proc Natl Acad Sci U SA.
2016;113(6):E801-10. Epub 2016/01/21. doi: 10.1073/pnas.1515072113. PubMed PMID:
26787884, PubMed Central PMCID: PMCPM C4760824.

3. Erdmann RM, Picard CL. RNA-directed DNA Methylation. PLoS Genet.
2020;16(10):€1009034. Epub 2020/10/09. doi: 10.1371/journal.pgen.1009034. PubMed PMID:
33031395; PubMed Central PMCID: PMCPMC7544125.

4. Matzke MA, Kanno T, Matzke AJ. RNA-Directed DNA Methylation: The Evolution of a
Complex Epigenetic Pathway in Flowering Plants. Annu Rev Plant Biol. 2015;66:243-67. Epub
2014/12/11. doi: 10.1146/annurev-arplant-043014-114633. PubMed PMID: 25494460.

5. Matzke MA, Mosher RA. RNA-directed DNA methylation: an epigenetic pathway of
increasing complexity. Nat Rev Genet. 2014;15(6):394-408. Epub 2014/05/09. doi:
10.1038/nrg3683. PubMed PMID: 24805120.

6. Law JA, Jacobsen SE. Establishing, maintaining and modifying DNA methylation
patternsin plants and animals. Nat Rev Genet. 2010;11(3):204-20. Epub 2010/02/10. doi:
10.1038/nrg2719. PubMed PMID: 20142834; PubMed Central PMCID: PMCPM C3034103.

7. Li Q, Song J, West PT, Zynda G, Eichten SR, Vaughn MW, et a. Examining the Causes
and Consequences of Context-Specific Differential DNA Methylation in Maize. Plant Physiol.
2015;168(4):1262-74. Epub 2015/04/15. doi: 10.1104/pp.15.00052. PubMed PMID: 25869653;
PubMed Central PMCID: PMCPMC4528731.

8. Gent JI, Madzima TF, Bader R, Kent MR, Zhang X, Stam M, et al. Accessible DNA and
relative depletion of H3K9me2 at maize loci undergoing RNA-directed DNA methylation. Plant
Cell. 2014;26(12):4903-17. Epub 2014/12/04. doi: 10.1105/tpc.114.130427. PubMed PMID:
25465407; PubMed Central PMCID: PMCPM C4311197.

9. Li Q, Gent JI, Zynda G, Song J, Makarevitch I, Hirsch CD, et al. RNA-directed DNA
methylation enforces boundaries between heterochromatin and euchromatin in the maize genome.
Proc Natl Acad Sci U SA. 2015;112(47):14728-33. Epub 20151109. doi:
10.1073/pnas.1514680112. PubMed PMID: 26553984; PubMed Central PMCID:

PMCPM C4664327.

10.  Stroud H, Do T, Du J, Zhong X, Feng S, Johnson L, et al. Non-CG methylation patterns
shape the epigenetic landscape in Arabidopsis. Nat Struct Mol Biol. 2014;21(1):64-72. Epub
2013/12/18. doi: 10.1038/nsmb.2735. PubMed PMID: 24336224; PubMed Central PMCID:

PM CPM C4103798.

11.  GreavesIK, Eichten SR, Groszmann M, Wang A, Ying H, Peacock WJ, et al. Twenty-
four-nucleotide sSIRNAs produce heritable trans-chromosomal methylation in F1 Arabidopsis

28


https://doi.org/10.1101/2023.04.15.537008
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.15.537008; this version posted May 29, 2023. The copyright holder for this preprint (which

874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

hybrids. Proc Natl Acad Sci U SA. 2016;113(44):E6895-E902. Epub 2016/11/03. doi:
10.1073/pnas.1613623113. PubMed PMID: 27791153; PubMed Central PMCID:

PM CPM C5098650.

12.  GreavesIK, Groszmann M, Ying H, Taylor M, Peacock WJ, DennisES. Trans
chromosomal methylation in Arabidopsis hybrids. Proc Natl Acad Sci U SA. 2012;109(9):3570-
5. Epub 2012/02/15. doi: 10.1073/pnas.1201043109. PubMed PMID: 22331882; PubMed
Central PMCID: PMCPM C3295253.

13. GreavesIK, Gonzalez-Bayon R, Wang L, Zhu A, Liu PC, Groszmann M, et al.
Epigenetic Changes in Hybrids. Plant Physiol. 2015;168(4):1197-205. Epub 2015/05/24. doi:
10.1104/pp.15.00231. PubMed PMID: 26002907; PubMed Central PMCID: PMCPMC4528738.
14.  ShenH, HeH, Li J, Chen W, Wang X, Guo L, et al. Genome-wide analysis of DNA
methylation and gene expression changes in two Arabidopsis ecotypes and their reciprocal
hybrids. Plant Cell. 2012;24(3):875-92. Epub 2012/03/23. doi: 10.1105/tpc.111.094870. PubMed
PMID: 22438023; PubMed Central PMCID: PMCPM C3336129.

15.  MaX, XingF, JaQ, Zhang Q, Hu T, Wu B, et a. Parental variation in CHG methylation
is associated with alelic-specific expression in eite hybrid rice. Plant Physiol.
2021;186(2):1025-41. Epub 2021/02/24. doi: 10.1093/plphys/kiab088. PubMed PMID:
33620495; PubMed Central PMCID: PMCPM C8195538.

16. Chodavarapu RK, Feng S, Ding B, Simon SA, Lopez D, Jia Y, et a. Transcriptome and
methylome interactionsin rice hybrids. Proc Natl Acad Sci U S A. 2012;109(30):12040-5. Epub
2012/07/11. doi: 10.1073/pnas.1209297109. PubMed PMID: 22778444; PubMed Central
PMCID: PMCPMC3409791.

17. HeG, Zhu X, Elling AA, Chen L, Wang X, Guo L, et al. Global epigenetic and
transcriptional trends among two rice subspecies and their reciprocal hybrids. Plant Cell.
2010;22(1):17-33. Epub 2010/01/21. doi: 10.1105/tpc.109.072041. PubMed PMID: 20086188;
PubMed Central PMCID: PMCPMC2828707.

18.  Barber WT, Zhang W, Win H, VaralaKK, Dorweiler JE, Hudson ME, et al. Repeat
associated small RNAs vary among parents and following hybridization in maize. Proc Natl
Acad Sci U SA. 2012;109(26):10444-9. Epub 2012/06/13. doi: 10.1073/pnas.1202073109.
PubMed PMID: 22689990; PubMed Central PMCID: PMCPM C3387101.

19. HeG, ChenB, Wang X, Li X, Li J, HeH, et al. Conservation and divergence of
transcriptomic and epigenomic variation in maize hybrids. Genome Biol. 2013;14(6):R57. Epub
2013/06/14. doi: 10.1186/gb-2013-14-6-r57. PubMed PMID: 23758703; PubMed Central
PMCID: PMCPMC3707063.

20. Li Q, Eichten SR, Hermanson PJ, Springer NM. Inheritance patterns and stability of
DNA methylation variation in maize near-isogenic lines. Genetics. 2014;196(3):667-76. Epub
2013/12/24. doi: 10.1534/genetics.113.158980. PubMed PMID: 24361940; PubMed Central
PMCID: PMCPM C3948799.

21.  Junaid A, Kumar H, Rao AR, Patil AN, Singh NK, Gaikwad K. Unravelling the
epigenomic interactions between parental inbreds resulting in an altered hybrid methylomein
pigeonpea. DNA Res. 2018;25(4):361-73. Epub 2018/03/23. doi: 10.1093/dnares/dsy008.
PubMed PMID: 29566130; PubMed Central PMCID: PMCPM C6105106.

22. Schmitz RJ, HeY, Valdes-Lopez O, Khan SM, Joshi T, Urich MA, et a. Epigenome-
wide inheritance of cytosine methylation variants in a recombinant inbred population. Genome
Res. 2013;23(10):1663-74. Epub 2013/06/07. doi: 10.1101/gr.152538.112. PubMed PMID:
23739894; PubMed Central PMCID: PMCPM C3787263.

29


https://doi.org/10.1101/2023.04.15.537008
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.15.537008; this version posted May 29, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

920 23.  Groszmann M, Greaves IK, Albertyn ZI, Scofield GN, Peacock WJ, Dennis ES. Changes
921 in24-nt SRNA levelsin Arabidopsis hybrids suggest an epigenetic contribution to hybrid vigor.
922  Proc Natl Acad Sci U SA. 2011;108(6):2617-22. Epub 2011/01/27. doi:

923  10.1073/pnas.1019217108. PubMed PMID: 21266545; PubMed Central PMCID:

924 PMCPMC3038704.

925 24.  Shivaprasad PV, Dunn RM, Santos BA, Bassett A, Baulcombe DC. Extraordinary

926  transgressive phenotypes of hybrid tomato are influenced by epigenetics and small silencing

927 RNAs. EMBO J. 2012;31(2):257-66. Epub 2011/12/20. doi: 10.1038/embqj.2011.458. PubMed
928 PMID: 22179699; PubMed Central PMCID: PMCPM C3261569.

929 25. Kenan-Eichler M, Leshkowitz D, Tal L, Noor E, Melamed-Bessudo C, Feldman M, et al.
930  Wheat hybridization and polyploidization results in deregulation of small RNAs. Genetics.

931  2011;188(2):263-72. Epub 2011/04/07. doi: 10.1534/genetics.111.128348. PubMed PMID:

932  21467573; PubMed Central PMCID: PMCPM C3122319.

933 26. Arteaga-Vazquez MA, Chandler VL. Paramutation in maize: RNA mediated trans-

934  generational gene silencing. Curr Opin Genet Dev. 2010;20(2):156-63. Epub 2010/02/16. doi:
935  10.1016/j.gde.2010.01.008. PubMed PMID: 20153628; PubMed Central PMCID:

936 PMCPMC2859986.

937 27.  Hoallick JB. Paramutation and related phenomenain diverse species. Nat Rev Genet.

938  2017;18(1):5-23. Epub 2016/11/01. doi: 10.1038/nrg.2016.115. PubMed PMID: 27748375.

939 28.  Schmitz RJ, Schultz MD, Lewsey MG, O'Malley RC, Urich MA, Libiger O, et al.

940  Transgenerational epigenetic instability is a source of novel methylation variants. Science.

941  2011;334(6054):369-73. Epub 2011/09/17. doi: 10.1126/science.1212959. PubMed PMID:

942  21921155; PubMed Central PMCID: PMCPM C3210014.

943 29.  GreavesIK, Groszmann M, Wang A, Peacock WJ, Dennis ES. Inheritance of Trans

944  Chromosomal Methylation patterns from Arabidopsis F1 hybrids. Proc Natl Acad Sci U SA.
945  2014;111(5):2017-22. Epub 2014/01/23. doi: 10.1073/pnas.1323656111. PubMed PMID:

946  24449910; PubMed Central PMCID: PMCPM C3918825.

947 30. Regulski M, Lu Z, Kendall J, Donoghue M T, Reinders J, LlacaV, et a. The maize

948  methylome influences MRNA splice sites and reveals widespread paramutation-like switches
949  guided by small RNA. Genome Res. 2013;23(10):1651-62. Epub 2013/06/07. doi:

950  10.1101/gr.153510.112. PubMed PMID: 23739895; PubMed Central PMCID:

951 PMCPMC3787262.

952 31. CaoS,WangL,HanT,YeW,LiuY,SunY, eta. Smal RNAs mediate

953 transgenerational inheritance of genome-wide trans-acting epialleles in maize. Genome Biol.
954  2022;23(1):53. Epub 2022/02/11. doi: 10.1186/s13059-022-02614-0. PubMed PMID: 35139883;
955  PubMed Central PMCID: PMCPMC8827192.

956 32. GentJl, EllisNA, Guo L, HarkessAE, Yao Y, Zhang X, et al. CHH islands: de novo
957  DNA methylation in near-gene chromatin regulation in maize. Genome Res. 2013;23(4):628-37.
958  Epub 2012/12/28. doi: 10.1101/gr.146985.112. PubMed PMID: 23269663; PubMed Central

959 PMCID: PMCPMC3613580.

960 33.  Alleman M, Sidorenko L, McGinnisK, Seshadri V, Dorweller JE, White J, et a. An

961 RNA-dependent RNA polymeraseis required for paramutation in maize. Nature.

962  2006;442(7100):295-8. Epub 2006/07/21. doi: 10.1038/nature04884. PubMed PMID: 168555809.
963 34. Woodhouse MR, Fredling M, Lisch D. The mopl (mediator of paramutationl) mutant
964  progressively reactivates one of the two genes encoded by the MuDR transposon in maize.

30


https://doi.org/10.1101/2023.04.15.537008
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.15.537008; this version posted May 29, 2023. The copyright holder for this preprint (which

965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Genetics. 2006;172(1):579-92. Epub 2005/10/13. doi: 10.1534/genetics.105.051383. PubMed
PMID: 16219782; PubMed Central PMCID: PMCPM C1456185.

35. NobutaK, Lu C, Shrivastava R, Pillay M, De Paoli E, Accerbi M, et al. Distinct size
distribution of endogeneous sIRNAs in maize: Evidence from deep sequencing in the mopl-1
mutant. Proc Natl Acad Sci U S A. 2008;105(39):14958-63. Epub 2008/09/26. doi:
10.1073/pnas.0808066105. PubMed PMID: 18815367; PubMed Central PMCID:

PMCPM C2567475.

36. ZhaoM, KuJC, LiuB, YangD, YinL, Ferel TJ, et a. The mopl mutation affects the
recombination landscape in maize. Proc Natl Acad Sci U SA. 2021;118(7). doi:
10.1073/pnas.2009475118. PubMed PMID: 33558228; PubMed Central PMCID:

PM CPM C7896300.

37.  Li Q, Eichten SR, Hermanson PJ, Zaunbrecher VM, Song J, Wendt J, et al. Genetic
perturbation of the maize methylome. Plant Cell. 2014;26(12):4602-16. Epub 2014/12/21. doi:
10.1105/tpc.114.133140. PubMed PMID: 25527708; PubMed Central PMCID:
PMCPMC4311211.

38. HeXJ, ChenT, Zhu JK. Regulation and function of DNA methylation in plants and
animals. Cell Res. 2011,;21(3):442-65. Epub 2011/02/16. doi: 10.1038/cr.2011.23. PubMed
PMID: 21321601; PubMed Central PMCID: PMCPM C3152208.

39.  Zilberman D, Gehring M, Tran RK, Ballinger T, Henikoff S. Genome-wide analysis of
Arabidopsisthaliana DNA methylation uncovers an interdependence between methylation and
transcription. Nat Genet. 2007;39(1):61-9. doi: Doi 10.1038/Ng1929. PubMed PMID:
1S1:000243136500018.

40.  Hollister JD, Gaut BS. Epigenetic silencing of transposable elements: A trade-off
between reduced transposition and deleterious effects on neighboring gene expression. Genome
Res. 2009;19(8):1419-28. doi: DOI 10.1101/gr.091678.109. PubMed PMID:
1S1:000268597600009.

41. Ricci WA, Lu Z, Ji L, Marand AP, Ethridge CL, Murphy NG, et a. Widespread long-
range cis-regulatory elements in the maize genome. Nat Plants. 2019;5(12):1237-49. Epub
2019/11/20. doi: 10.1038/s41477-019-0547-0. PubMed PMID: 31740773; PubMed Central
PMCID: PMCPM C6904520.

42.  QinJ MoR,LiH,NiZ, Sun Q, LiuZ. The Transcriptional and Splicing Changes
Caused by Hybridization Can Be Globally Recovered by Genome Doubling during
Allopolyploidization. Mol Biol Evol. 2021;38(6):2513-9. Epub 2021/02/16. doi:
10.1093/molbev/msab045. PubMed PMID: 33585937; PubMed Central PMCID:

PMCPM C8136492.

43. IshikawaR, Kinoshita T. Epigenetic programming: the challenge to species hybridization.
Mol Plant. 2009;2(4):589-99. Epub 2009/10/15. doi: 10.1093/mp/ssp028. PubMed PMID:
19825641.

44.  McClintock B. The significance of responses of the genome to challenge. Science.
1984,226(4676):792-801. Epub 1984/11/16. doi: 10.1126/science.15739260. PubMed PMID:
15739260.

45.  Josefsson C, Dilkes B, Comai L. Parent-dependent loss of gene silencing during
interspecies hybridization. Curr Biol. 2006;16(13):1322-8. Epub 2006/07/11. doi:
10.1016/j.cub.2006.05.045. PubMed PMID: 16824920.

46.  Gobel U, Arce AL, He F, Rico A, Schmitz G, de Meaux J. Robustness of Transposable
Element Regulation but No Genomic Shock Observed in Interspecific Arabidopsis Hybrids.

31


https://doi.org/10.1101/2023.04.15.537008
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.15.537008; this version posted May 29, 2023. The copyright holder for this preprint (which

1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Genome Biol Evol. 2018;10(6):1403-15. Epub 2018/05/23. doi: 10.1093/gbe/evy095. PubMed
PMID: 29788048; PubMed Central PMCID: PMCPM C6007786.

47.  Kakoulidou I, Johannes F. DNA methylation remodeling in F1 hybrids. Plant J. 2023.
Epub 2023/02/09. doi: 10.1111/tp;j.16137. PubMed PMID: 36752648.

48.  Martin GT, Seymour DK, Gaut BS. CHH Methylation Islands; A Nonconserved Feature
of Grass Genomes That |s Positively Associated with Transposable Elements but Negatively
Associated with Gene-Body Methylation. Genome Biol Evol. 2021;13(8). Epub 2021/06/20. doi:
10.1093/gbe/evabl44. PubMed PMID: 34146109; PubMed Central PMCID: PMCPMC8374106.
49.  Rodrigues JA, Zilberman D. Evolution and function of genomic imprinting in plants.
Genes Dev. 2015;29(24):2517-31. Epub 2015/12/19. doi: 10.1101/gad.269902.115. PubMed
PMID: 26680300; PubMed Central PMCID: PM CPM C4699382.

50. BatistaRA, Kohler C. Genomic imprinting in plants-revisiting existing models. Genes
Dev. 2020;34(1-2):24-36. Epub 2020/01/04. doi: 10.1101/gad.332924.119. PubMed PMID:
31896690; PubMed Central PMCID: PMCPM C6938664.

51.  Krueger F, Andrews SR. Bismark: aflexible aligner and methylation caller for Bisulfite-
Seq applications. Bioinformatics. 2011;27(11):1571-2. Epub 2011/04/16. doi:
10.1093/bioinformatics/btr167. PubMed PMID: 21493656; PubMed Central PMCID:
PMCPMC3102221.

52. JaoY, Pduso P, Shi J, Liang T, Stitzer MC, Wang B, et al. Improved maize reference
genome with single-molecule technologies. Nature. 2017;546(7659):524-7. Epub 2017/06/13.
doi: 10.1038/nature22971. PubMed PMID: 28605751; PubMed Central PMCID:
PMCPMC7052699 T.L. and A.H. are employees of BioNano Genomics, Inc., and own company
stock options. W.R.M. has participated in Illumina sponsored meetings over the past four years
and received travel reimbursement and an honorarium for presenting at these events. Illumina
had no role in decisions relating to the study/work to be published, data collection and analysis
of data, or the decision to publish. W.R.M. has participated in Pacific Biosciences sponsored
meetings over the past three years and received travel reimbursement for presenting at these
events. W.R.M. isafounder and shared holder of Orion Genomics, which focuses on plant
genomics and cancer genetics. W.R.M. isan SAB member for RainDance Technologies, Inc. All
other authors declare no competing financial interests.

53. Bukowski R, Guo X, LuY, Zou C, He B, Rong Z, et a. Construction of the third-
generation Zea mays haplotype map. Gigascience. 2018;7(4):1-12. Epub 2018/01/05. doi:
10.1093/gigascience/gix134. PubMed PMID: 29300887; PubMed Central PMCID:

PMCPM C5890452.

54.  LiT,YinL, Stoll CE, Lisch D, Zhao M. Conserved noncoding sequences and de novo
Mutator insertion alleles are imprinted in maize. Plant Physiol. 2023;191(1):299-316. Epub
2022/09/30. doi: 10.1093/plphys/kiac459. PubMed PMID: 36173333; PubMed Central PMCID:
PM CPM C9806621.

55. Liu B, Iwata-Otsubo A, Yang D, Baker RL, Liang C, Jackson SA, et a. Analysis of
CACTA transposase genes unveils the mechanism of intron loss and distinct small RNA
silencing pathways underlying divergent evolution of Brassica genomes. Plant J.
2021;105(1):34-48. Epub 2020/10/25. doi: 10.1111/tpj.15037. PubMed PMID: 33098166.

56. YinL, XuG, YangJ, Zhao M. The Heterogeneity in the Landscape of Gene Dominance
in Maize is Accompanied by Unique Chromatin Environments. Mol Biol Evol. 2022;39(10).
Epub 2022/09/22. doi: 10.1093/molbev/msac198. PubMed PMID: 36130304; PubMed Central
PMCID: PMCPMC9547528.

32


https://doi.org/10.1101/2023.04.15.537008
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.15.537008; this version posted May 29, 2023. The copyright holder for this preprint (which

1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100

1101

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

57. XuG, LyuJ, Li Q, LiuH, Wang D, Zhang M, et al. Evolutionary and functional
genomics of DNA methylation in maize domestication and improvement. Nat Commun.
2020;11(1):5539. Epub 2020/11/04. doi: 10.1038/s41467-020-19333-4. PubMed PMID:
33139747; PubMed Central PMCID: PMCPM C7606521.

58.  Schultz MD, Schmitz RJ, Ecker JR. 'Leveling' the playing field for analyses of single-
base resolution DNA methylomes. Trends Genet. 2012;28(12):583-5. Epub 2012/11/08. doi:
10.1016/}.tig.2012.10.012. PubMed PMID: 23131467; PubMed Central PMCID:

PMCPM C35237009.

59. Zhao M, Zhang B, Lisch D, Ma J. Patterns and Consequences of Subgenome
Differentiation Provide Insights into the Nature of Paleopolyploidy in Plants. Plant Cell.
2017;29(12):2974-94. Epub 20171127. doi: 10.1105/tpc.17.00595. PubMed PMID: 29180596;
PubMed Central PMCID: PMCPMC5757279.

60.  Juhling F, Kretzmer H, Bernhart SH, Otto C, Stadler PF, Hoffmann S. metilene: fast and
sensitive calling of differentially methylated regions from bisulfite sequencing data. Genome Res.
2016;26(2):256-62. Epub 2015/12/04. doi: 10.1101/gr.196394.115. PubMed PMID: 26631489;
PubMed Central PMCID: PMCPMC4728377.

61. Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, et a. Twelve years
of SAMtools and BCFtools. Gigascience. 2021;10(2). Epub 2021/02/17. doi:
10.1093/gigascience/giab008. PubMed PMID: 33590861; PubMed Central PMCID:
PMCPMC7931819.

62. Quinlan AR, Hall IM. BEDTools: aflexible suite of utilities for comparing genomic
features. Bioinformatics. 2010;26(6):841-2. Epub 2010/01/30. doi:

10.1093/bi oinformatics/btq033. PubMed PMID: 20110278; PubMed Central PMCID:

PMCPM C2832824.

63. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment
of short DNA sequences to the human genome. Genome Biol. 2009;10(3):R25. Epub 2009/03/06.
doi: 10.1186/ghb-2009-10-3-r25. PubMed PMID: 19261174; PubMed Central PMCID:

PM CPM C2690996.

64. Bolger AM, Lohse M, Usadd B. Trimmomatic: aflexible trimmer for Illumina sequence
data. Bioinformatics. 2014;30(15):2114-20. Epub 2014/04/04. doi:
10.1093/bioinformaticsg/btul70. PubMed PMID: 24695404, PubMed Central PMCID:

PM CPM C4103590.

65. KimD, Paggi M, Park C, Bennett C, Salzberg SL. Graph-based genome alignment and
genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol. 2019;37(8):907-15. Epub
2019/08/04. doi: 10.1038/s41587-019-0201-4. PubMed PMID: 31375807; PubMed Central
PMCID: PMCPMC7605509.

66. Putri GH, Anders S, Pyl PT, Pimanda JE, Zanini F. Analysing high-throughput
sequencing data in Python with HTSeq 2.0. Bioinformatics. 2022;38(10):2943-5. Epub
2022/05/14. doi: 10.1093/bioinformatics/btac166. PubMed PMID: 35561197; PubMed Central
PMCID: PMCPMC9113351.

67. LoveMI, Huber W, Anders S. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeg2. Genome Biol. 2014;15(12):550. Epub 2014/12/18. doi:
10.1186/s13059-014-0550-8. PubMed PMID: 25516281; PubMed Central PMCID:

PM CPM C4302049.

33


https://doi.org/10.1101/2023.04.15.537008
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.15.537008; this version posted May 29, 2023. The copyright holder for this preprint (which

1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Figurelegends

Fig 1. CHH methylation level isglobally increased in hybrids. (A) Genetic strategy to
construct wild type F1 (WTF1), mopl mutant F1 (moplF1), and backcrossl (BC1). (B) The
digtribution of CG, CHG, and CHH methylation on chromosome 5. Methylation levels were
measured in 1 Mb windows with 500 kb shift. The shaded boxes represent pericentromeric
regions. (C) Patterns of methylation in and flanking genes. (D) Patterns of methylation in and
flanking TEs.

DNA methylation levels were calculated in 50 bp windows in the 3 kb upstream and downstream
regions of the genes/transposable elements (TES). Each gene/ TE sequence was divided into 40
equally sized bins to measure the gene/TE body methylation. Bin sizes differ from gene/TE to
gene/ TE because of the different lengths of genes/TEs. The methylation levels of TEs were
orientated into proximal and distal ends depending on the flanking genes of TEs. Methylation for
each sample was calculated as the proportion of methylated C over total C in each sequence
context (CG, CHG, and CHH, whereH = A, T, or C) averaged for each window. The average
methylation levels were determined by combining two biological replicates for each genotype.

Fig 2. Parental CHH DM Rsarelargely located within 2 kb flanking regions of genes. (A)
Definition of B73 hyper DMRs (higher methylation in B73) and Mo17 hyper DMRs (higher
methylation in M017) between parents. Red, green, and blue dots represent CG, CHG, and CHH
methylation, respectively. (B) B73 has more CG and CHG hyper DMRs, and Mo17 has more
hyper CHH DMRs. (C) B73 has higher methylation levels at CG and CHG DMRs, and Mo17
has higher methylation levels at CHH DMRs. (D) CG and CHG DMRs were more overlapped
with each other than each one was with CHH DMRs. (E) The distribution of CG, CHG and CHH
parental DMRs. 2 kb up and downstream of genes overlapping TEs indicate the DMRs overlap
TEswithin the 2 kb flanking regions of genes. (F) The types of TEs in the categories of 2 kb up
and downstream of genes overlapping TEsin (E). DMRSs, differentially methylated regions.

Fig 3. Thelevels of CHH methylation of both high- and low-parent alleles areincreased at
TCM DMRsin the F1 hybrids. (A) Identification of TCM, TCdM, and unchanged (NC) DMRs
between WTF1 and parents. (B) Comparisons of CG, CHG and CHH methylation at TCM
DMRsin parents and WTF1. (C) Comparisons of CG, CHG and CHH methylation at TCdM
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1133 DMRsin parents and WTFL. HP, high parent (parent with higher methylation). HA, high-parent
1134  alelein F1. LP, low parent (parent with lower methylation). LA, low-parent allelein F1.

1135  Average means the average between the two parents, or between the two allelesin WTF1 and
1136  moplFl. DMRs, differentially methylated regions. TCM, trans-chromosomal methylation.

1137  TCdM, trans-chromosomal demethylation.

1138

1139  Fig 4. The mopl mutation primarily removes the methylation of CHH TCM DMRs. (A)
1140  Number of CG, CHG and CHH TCM DMRs affected by the mopl mutation. (B) Comparison of
1141 methylation levels at the mopl-affected CG, CHG, and CHH TCM DMRs. (C) Number of CG,
1142 CHG and CHH TCdM DMRs affected by the mopl mutation. (D) Examination of the

1143  methylation changesin the other two cytosine contexts at the mopl-affected CG, CHG, and CHH
1144 TCM DMRs. Thetop panel shows the methylation changesin CHG and CHH sequence contexts
1145  for the 99 mopl-affected CG TCM DMRs. The middle panel shows the methylation changesin
1146  CG and CHH sequence contexts for the 144 mopl-affected CHG TCM DMRs. The bottom panel
1147  shows the methylation changesin CG and CHG sequence contexts for the 1031 mop1-affected
1148 CHH TCM DMRs. HP, high parent (parent with higher methylation). LP, low parent (parent
1149  with lower methylation). MPV, the middle parent value. DMRs, differentially methylated

1150  regions. TCM, trans-chromosomal methylation. TCdM, trans-chromosomal demethylation.

1151

1152  Fig 5. Small RNAs produced from one parent are sufficient to trigger new methylation of
1153  theother allelein hybrids. (A) Two hypothetical models of small RNA biogenesisin F1 at
1154 CHH TCM. (B) Expression values of small RNAs in parents, WTF1 and moplFl1. TPM,

1155  transcripts per million uniquely mapped reads. The small RNA values were adjusted to total

1156  abundance of al mature microRNAs following the previous research [35]. (C) The abundance of
1157  24-nt SSRNAs at the mopl-affected CHH TCM DMRs. HP, high parent (parent with higher

1158  methylation). LP, low parent (parent with lower methylation). MPV, the middle parent value.
1159  RPKM, 24-nt SRNA reads per kilobase (DMR length) per million uniquely mapped reads. (D)
1160  Ratiosof 24-nt SRNAs of the high parent to the low parent, and of the high-parent allele to the
1161  low-parent allele at the mopl-affected CHH TCM DMRs. (E) Number of single nucleotides
1162  polymorphisms between TCM and TCdM. **, P <0.01, *, P <0.05, Student’st test. DMRs,
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differentially methylated regions. TCM, trans-chromosomal methylation. TCdM, trans-
chromosomal demethylation.

Fig 6. CHH methylation is associated with both suppressed and enhanced expression of
their flanking genes. (A) Two possible scenarios of the effects of CHH methylation on gene
expression. Only examples of Mo17 CHH TCM DMRs are shown. (B) Number of genes
identified based on the modelsin (A). The ratios of expression values of B73 to M0ol17 between
the parents and WTF1 were used to distinguish the scenarios. (C) Histone modification of 16
CHH TCM DMRs that are associated with the suppressed expression of flanking genes and 31
CHH TCM DMRsthat are associated with the enhanced expression of flanking genes. **, P <
0.01, Student’st test. (D) Gene properties of the 16 suppressed and 31 enhanced genes. **, P <
0.01, *, P < 0.05, Student’ st test. (E) Methylation changes in mopl mutants at the 31 CHH TCM
DMRs that are associated with the enhanced expression of flanking genes. **, P < 0.01,
Student’s paired t test. (F) Gene expression changes of the 16 suppressed and 31 enhanced genes
in mopl mutants. *, P < 0.01, Student’s paired t test. DMRs, differentially methylated regions.

TCM, trans-chromosomal methylation.

Fig 7. Newly triggered methylation at CG and CHG TCM DMRsin F1 plantsis maintained
in the next generation. (A) Hypothetical model of maintenance of B73 CG and CHG TCM
DMRs. Asterisks denote the newly converted (methylated) allele. (B) Hypothetical model of
maintenance of Mol17 CG and CHG TCM DMRs. (C) Methylation changes of homozygous B73
CG and CHG TCM DMRs. (D) Methylation changes of heterozygous B73 CG and CHG TCM
DMRs. (E) Methylation changes of homozygous Mol17 CG and CHG TCM DMRs. (F)
Methylation changes of heterozygous Mol7 CG and CHG TCM DMRs. DMRs, differentially
methylated regions. TCM, trans-chromosomal methylation. Homo, homozygous. Hetero,
heterozygous. WTBC1, M017/B73;+/+ x B73. mopl-derived BC1, M017/B73;mopl/mopl x
B73.

Fig 8. Initiation of the changesin the epigenetic state of trans-chromosomal CHH
methylation in maize does not require Mop1l. (A) Hypothetical model of maintenance of B73
CHH TCM DMRs. Asterisks denote the newly converted (methylated) alele. (B) Hypothetical
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1194 mode of maintenance of Mol7 CHH TCM DMRs. (C) Methylation changes of homozygous
1195 B73 CHH TCM DMRs. (D) Methylation changes of heterozygous B73 CHH TCM DMRs. (E)
1196  Methylation changes of homozygous Mo17 CHH TCM DMRs. (F) Methylation changes of

1197  heterozygous Mol7 CHH TCM DMRs. (G) Distribution and methylation levels of two examples
1198 of Mol7 CHH TCM DMRs. DMRs, differentially methylated regions. TCM, trans-chromosomal
1199  methylation. Homo, homozygous. Hetero, heterozygous. WTBC1, M0l17/B73;+/+ x B73. mop1-
1200 derived BC1, M017/B73;mopl/mopl x B73.

1201
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Fig 1. CHH methylation level is globally increased in hybrids. (A) Genetic strategy to construct wild
type F1 (WTF1), mop1 mutant F1 (mop1F1), and backcross1 (BC1). (B) The distribution of CG, CHG, and
CHH methylation on chromosome 5. Methylation levels were measured in 1 Mb windows with 500 kb shift.
The shaded boxes represent pericentromeric regions. (C) Patterns of methylation in and flanking genes.
(D) Patterns of methylation in and flanking TEs.
DNA methylation levels were calculated in 50 bp windows in the 3 kb upstream and downstream regions
of the genes/transposable elements (TEs). Each gene/TE sequence was divided into 40 equally sized bins
to measure the gene/TE body methylation. Bin sizes differ from gene/TE to gene/TE because of the
different lengths of genes/TEs. The methylation levels of TEs were orientated into proximal and distal ends
depending on the flanking genes of TEs. Methylation for each sample was calculated as the proportion of
methylated C over total C in each sequence context (CG, CHG, and CHH, where H = A, T, or C) averaged
for each window. The average methylation levels were determined by combining two biological replicates

for each genotype.
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Fig 2. Parental CHH DMRs are largely located within 2 kb flanking regions of genes. (A) Definition of
B73 hyper DMRs (higher methylation in B73) and Mo17 hyper DMRs (higher methylation in Mo17) between
parents. Red, green, and blue dots represent CG, CHG, and CHH methylation, respectively. (B) B73 has
more CG and CHG hyper DMRs, and Mo17 has more hyper CHH DMRs. (C) B73 has higher methylation
levels at CG and CHG DMRs, and Mo17 has higher methylation levels at CHH DMRs. (D) CG and CHG
DMRs were more overlapped with each other than each one was with CHH DMRs. (E) The distribution of
CG, CHG and CHH parental DMRs. 2 kb up and downstream of genes overlapping TEs indicate the DMRs
overlap TEs within the 2 kb flanking regions of genes. (F) The types of TEs in the categories of 2 kb up and
downstream of genes overlapping TEs in (E). DMRs, differentially methylated regions.
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Fig 3. The levels of CHH methylation of both high- and low-parent alleles are increased at TCM DMRs in
the F1 hybrids. (A) Identification of TCM, TCdM, and unchanged (NC) DMRs between WTF1 and parents. (B)
Comparisons of CG, CHG and CHH methylation at TCM DMRs in parents and WTF1. (C) Comparisons of CG,

CHG and CHH methylation at TCdM DMRs in parents and WTF1. H

P, high parent (parent with higher

methylation). HA, high-parent allele in F1. LP, low parent (parent with lower methylation). LA, low-parent allele
in F1. Average means the average between the two parents, or between the two alleles in WTF1 and mop 7F1.
DMRs, differentially methylated regions. TCM, trans-chromosomal methylation. TCdM, trans-chromosomal

demethylation.
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CG, CHG and CHH TCM DMRs affected by the mop1 mutation. (B) Comparison of methylation levels
at the mop1-affected CG, CHG, and CHH TCM DMRs. (C) Number of CG, CHG and CHH TCdM
DMRs affected by the mop1 mutation. (D) Examination of the methylation changes in the other two
cytosine contexts at the mop 7-affected CG, CHG, and CHH TCM DMRs. The top panel shows the
methylation changes in CHG and CHH sequence contexts for the 99 mop 7-affected CG TCM DMRs.
The middle panel shows the methylation changes in CG and CHH sequence contexts for the 144
mop 1-affected CHG TCM DMRs. The bottom panel shows the methylation changes in CG and CHG
sequence contexts for the 1031 mop 7-affected CHH TCM DMRs. HP, high parent (parent with higher
methylation). LP, low parent (parent with lower methylation). MPV, the middle parent value. DMRs,
differentially methylated regions. TCM, frans-chromosomal methylation. TCdM, trans-chromosomal
demethylation.
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Fig 5. Small RNAs produced from one parent are sufficient to trigger new methylation of the other
allele in hybrids. (A) Two hypothetical models of small RNA biogenesis in F1 at CHH TCM. (B) Expression
values of small RNAs in parents, WTF1 and mop1F1. TPM, transcripts per million uniquely mapped reads.
The small RNA values were adjusted to total abundance of all mature microRNAs following the previous
research [35]. (C) The abundance of 24-nt siRNAs at the mop1-affected CHH TCM DMRs. HP, high parent
(parent with higher methylation). LP, low parent (parent with lower methylation). MPV, the middle parent
value. RPKM, 24-nt siRNA reads per kilobase (DMR length) per million uniquely mapped reads. (D) Ratios
of 24-nt siRNAs of the high parent to the low parent, and of the high-parent allele to the low-parent allele at
the mop1-affected CHH TCM DMRs. (E) Number of single nucleotides polymorphisms between TCM and
TCdM. **, P<0.01, *, P < 0.05, Student’s t test. DMRs, differentially methylated regions. TCM, trans-
chromosomal methylation. TCdM, trans-chromosomal demethylation.
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Fig 6. CHH methylation is associated with both suppressed and enhanced expression of their flanking
genes. (A) Two possible scenarios of the effects of CHH methylation on gene expression. Only examples of
Mo17 CHH TCM DMRs are shown. (B) Number of genes identified based on the models in (A). The ratios of
expression values of B73 to Mo17 between the parents and WTF1 were used to distinguish the scenarios. (C)
Histone modification of 16 CHH TCM DMRs that are associated with the suppressed expression of flanking
genes and 31 CHH TCM DMRs that are associated with the enhanced expression of flanking genes. **, P <
0.01, Student’s t test. (D) Gene properties of the 16 suppressed and 31 enhanced genes. **, P<0.01, *, P<
0.05, Student’s t test. (E) Methylation changes in mop1 mutants at the 31 CHH TCM DMRs that are associated
with the enhanced expression of flanking genes. **, P < 0.01, Student’s paired t test. (F) Gene expression
changes of the 16 suppressed and 31 enhanced genes in mop1 mutants. *, P < 0.01, Student’s paired ¢ test.
DMRs, differentially methylated regions. TCM, trans-chromosomal methylation.
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Fig 7. Newly triggered methylation at CG and CHG TCM DMRs in F1 plants is maintained in the next
generation. (A) Hypothetical model of maintenance of B73 CG and CHG TCM DMRs. Asterisks denote the
newly converted (methylated) allele. (B) Hypothetical model of maintenance of Mo17 CG and CHG TCM
DMRs. (C) Methylation changes of homozygous B73 CG and CHG TCM DMRs. (D) Methylation changes of
heterozygous B73 CG and CHG TCM DMRs. (E) Methylation changes of homozygous Mo17 CG and CHG
TCM DMRs. (F) Methylation changes of heterozygous Mo17 CG and CHG TCM DMRs. DMRs, differentially
methylated regions. TCM, trans-chromosomal methylation. Homo, homozygous. Hetero, heterozygous.
WTBC1, Mo17/B73;+/+ x B73. mop1-derived BC1, Mo17/B73;mop1/mop1 x B73.
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Fig 8. Initiation of the changes in the epigenetic state of trans-chromosomal CHH methylation in
maize does not require Mop1. (A) Hypothetical model of maintenance of B73 CHH TCM DMRs. Asterisks
denote the newly converted (methylated) allele. (B) Hypothetical model of maintenance of Mo17 CHH TCM
DMRs. (C) Methylation changes of homozygous B73 CHH TCM DMRs. (D) Methylation changes of
heterozygous B73 CHH TCM DMRs. (E) Methylation changes of homozygous Mo17 CHH TCM DMRs. (F)
Methylation changes of heterozygous Mo17 CHH TCM DMRs. (G) Distribution and methylation levels of two
examples of Mo17 CHH TCM DMRs. DMRs, differentially methylated regions. TCM, trans-chromosomal
methylation. Homo, homozygous. Hetero, heterozygous. WTBC1, Mo17/B73;+/+ x B73. mop1-derived BC1,
Mo17/B73;mop1/mop1 x B73.
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