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Summary
® Allopolyploidization, which entails interspecific hybridization and whole genome

duplication (WGD), is associated with emergent genetic and epigenetic instabilities that
are thought to contribute to adaptation and evolution. One frequent genomic consequence
of nascent allopolyploidization is homoeologous exchange (HE), which arises from
compromised meiotic fidelity and generates genetically and phenotypically variable
progenies.

Here, we used a genetically tractable synthetic rice segmental allotetraploid system to
interrogate genome-wide DNA methylation and gene expression responses and outcomes
to the separate and combined effects of hybridization, WGD and HEs.

Progenies of the tetraploid rice were genomically diverse due to genome-wide HEs that
affected all chromosomes, yet they exhibited overall methylome stability. Nonetheless,
regional variation of cytosine methylation states was widespread in the tetraploids.
Transcriptome profiling revealed genome-wide alteration of gene expression, which at
least in part associates with changes in DNA methylation. Intriguingly, changes of DNA
methylation and gene expression could be decoupled from hybridity and sustained and
amplified by HEs.

Our results suggest that HES, a prominent genetic consequence of nascent allopolyploidy,
can exacerbate, diversify and perpetuate the effects of allopolyploidization on epigenetic
and gene expression variation, and hence may contribute to allopolyploid evolution.

Key words: DNA methylation, homoeologous exchange, homolog copy number variation,

gene expression, segmental allopolyploidy, sustained epigenetic diversity
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Introduction

Polyploidization, or whole genome duplication (WGD), is a pervasive and evolutionarily
creative force that has shaped the evolution of all higher plants (Wendel, 2000; Van de Peer et
al., 2009; Jiao et al., 2011; Soltis & Soltis, 2012). Given sufficient time, each successful
WGD episode is followed by a whole-genome (or nearly so) diploidization process (Freeling
et al., 2015; Van de Peer et al., 2017; Zhao et al., 2017; Cheng et al., 2018; Wendel et al.,
2018). Thus, genomically, the evolutionary history of angiosperms entails a cyclic interplay
of WGD and diploidization, processes thought to enhance evolvability by generating genetic
variability and heritable phenotypic diversity (Soltis & Soltis, 2009; Schubert & Lysak, 2011;
Han et al., 2015; Wendel, 2015; Dodsworth et al., 2016; Soltis & Soltis, 2016; Mandakova &
Lysak, 2018). Relatively recent polyploids, i.e., neopolyploids and mesopolyploids, which
contain cytogenetically recognizable duplication(s) of whole chromosome sets (Schubert &
Lysak, 2011), account for about one-third of all extant vascular plant species (Mayrose et al.,
2011) and include many of our important crops (Renny-Byfield & Wendel, 2014), often
contain largely intact duplicated chromosome sets.

There are two major types of neopolyploidy, i.e., autopolyploidy, which is WGD of a
single species genome, and allopolyploidy, which frequently is WGD concomitant with
interspecific hybridization (Stebbins, 1947). Under natural settings, however, there is a
continuum of intermediates between these two poles, and many polyploids may be included
under the umbrella of segmental allopolyploidy (Stebbins, 1947; Grant, 1981; Ramsey &
Schemske, 2002; Wendel & Doyle, 2005; Spoelhof et al., 2017). Notably, segmental
allopolyploidy can fully recapitulate the genomic properties of allopolyploidy in the sense
that they contain both homologs and homoeologs (Wendel & Doyle, 2005), and in fact
sometimes the distinction between segmental allopolyploidy and allopolyploidy can be
blurred, for example in young tetraploid species of Tragopogon, e.g., T. miscellus (Chester et
al., 2012).

Early generations of allopolyploids are often associated with emergent genetic and
epigenetic instabilities (Wendel, 2000; Comai, 2005; Salmon et al., 2005; Adams, 2007; Chen,
2007; Otto, 2007; Doyle et al., 2008; Leitch & Leitch, 2008; Ainouche & Jenczewski, 2010;
Feldman & Levy, 2012; Madlung & Wendel, 2013; Diez et al., 2014; Song & Chen, 2015;
Wendel et al., 2016; Dion-Cote & Barbash, 2017; Ding & Chen, 2018). The most pervasive
and immediate genetic consequence of nascent polyploidy is disruption of normal meiosis
due to mismatches between the meiotic machinery of diploids that now must adapt to handle
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the abruptly doubled chromosome set (Hollister, 2015; Mercier et al., 2015; Bomblies et al.,
2016). Consequently, multivalents and univalents occur due to compromised pairing fidelity,
resulting in homoeologous exchanges (HESs) and aneuploidy (Pecinka et al., 2011; Higgins et
al., 2018; Lloyd et al., 2018). Conceivably, while most aneuploidies that cause deficiency
and/or chromosome-wide dosage imbalance will be rapidly purged due to lethality or lack of
fitness, many progenies with HEs may remain and be transgenerationally persistent due to the
frequent (Gou et al., 2018), though not everpresent (Zhang et al., 2011; Gong et al., 2014;
Lloyd et al., 2018), mutual functional compensation of homoeologs (Xiong et al., 2011,
Chester et al., 2012). HEs generate alterations of the otherwise 2:2 homoeolog ratio, and
hence may impact epigenetic stabilities (e.g., DNA methylation and histone modifications)
and gene expression due to inherent differences between homoeologs as well as de novo
alterations that arise following genome merger and doubling.

DNA methylation in plants is a relatively stable and transgenerationally heritable
epigenetic mark, yet it also is known to be dynamic in its genomic distribution, undergoing
spontaneous epimutations and being subject to intrinsic and extrinsic perturbations (Zhang et
al., 2006; Schmitz et al., 2013; Kawakatsu et al., 2016; Niederhuth et al., 2016; Quadrana &
Colot, 2016; Takuno et al., 2016). Because plants do not set aside an early, clearly defined
germline (Grossniklaus, 2011; but see Lanfear, 2018), somatically acquired DNA methylation
modifications can be transgenerationally inherited, potentially contributing to adaptation and
evolution. Among the intrinsic causative factors that may drive DNA methylation evolution,
interspecific hybridization and WGD are perhaps the most pervasive. Indeed, studies in
diverse plant taxa, including Arabidopsis (Madlung et al., 2002), Spartina (Salmon et al.,
2005), Brassica (Song et al., 1995; Gaeta et al., 2007; Xu et al., 2009), Tragopogon (Sehrish
et al., 2014) and Triticum-Aegilops complex (Shaked et al., 2001; Kenan-Eichler et al., 2011;
Zhao et al., 2011) have shown that allopolyploidization causes extensive changes in both
DNA methylation and gene expression (Adams, 2007; Song & Chen, 2015). However, the
possible distinct effects of hybridization, WGD and HE during allopolyploidization have not
hitherto been explored.

It was recently shown in allotetraploid rapeseed (Brassica napus) that significant and
nonadditive gene expression alterations can be traced to HEs (Lloyd et al., 2018). However, it
remains unclear if and to what extent changes in DNA methylation are correlated with HEs
and gene expression. A recent methylome study of a newly synthesized autotetraploid rice
demonstrated the occurrence of genome-wide DNA methylation, with a prominent type being
hypermethylation of class Il transposable elements (TEs) involving CHG and CHH contexts
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(Zhang et al., 2015), suggesting that changes in DNA methylation in newly formed
autopolyploids plays a role in genome stabilization (Zhang et al., 2015). It is not clear,
however, if DNA methylation changes contribute to enhanced evolvability in allopolyploids,

that is, whether methylation alteration generates heritable variation (Otto, 2007).

The two subspecies of cultivated Asian rice (Oryza sativa L.), indica and japonica, share
high homologous and syntenic genomes but also harbor substantial genetic and epigenetic
differentiation due to their distinct domestication histories and human selection under
different climatic and edaphic conditions (Civan et al., 2016; Choi et al., 2017; Choi &
Purugganan, 2018). High-quality genome sequences are available for the two laboratory
genotypes representing the two subspecies, cv. 9311 for subsp. indica and cv. Nipponbare for
subsp. japonica. Our previous studies have shown that segmental allotetraploids can be
readily produced using reciprocal F1 hybrids of the two cultivars (Xu et al., 2014). These
tetraploids at the immediate generations (SO and S1) already manifested unique transcriptome
profiles compared with those of both of their parental lines and the corresponding F1 hybrids,
due to distinct cis-/trans-regulations (Xu et al., 2014). Moreover, extensive expression
rewiring occurred at a set of selected gene loci in later generations of the tetraploids at the
population level, due to variation of homoeolog copy numbers among the individuals (Sun et
al., 2017). Together, this system provides a genetically tractable system to explore the
immediate genetic, epigenetic, gene expression and phenotypic consequences of
allopolyploidization, using advanced generation tetraploids derived from reciprocal F1
hybrids.

Here, we used this experimental system to interrogate genome-wide DNA methylation
and gene expression in response to the separate and combined effects of hybridization, WGD
and HEs. We demonstrate that the three factors have both counteracting and exacerbating
effects on changes of DNA methylation and gene expression in progenies of the rice
tetraploids, which acting together may contribute to adaptation, diversification and

evolutionary success.
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Materials and Methods

Plant materials

The rice segmental allotetraploids used in this study were the 5" selfed generation (S5) of
colchicine-doubled tetraploids from reciprocal F1 hybrids (N9 and 9N), created by crossing
rice cultivars Nipponbare (Oryza sativa ssp. japonica) and 9311 (O. sativa ssp. indica) (Xu et
al., 2014). The diploid Nipponbare, 9311, F1 hybrids (9N and N9) and four tetraploid
individuals (99NN-3, 99NN-7, NN99-4 and NN99-8) were used for all experiments. Rice
seeds were germinated in Petri dishes with distilled water at room temperature. After
germination, seedlings were transplanted into soil in the greenhouse, under a 16/8 hour and
26/20 ° C light/dark regime and a relative humidity of about 50%. Leaf tissues were collected
from 6-week-old seedlings when the 4™-leaves were fully expanded. For diploids, leaves
were harvested from 5 individuals as a pool. For parental lines and F1 hybrids, multiples
individuals (>10) for each line were used, while for tetraploids, leaves were harvested on a
per individual basis. Collected leaves were immediately frozen in liquid nitrogen. Genomic
DNA was isolated using a modified CTAB method (Doyle & Doyle, 1987). Total RNA was

isolated using Trizol (Invitrogen) according to the manufacturer’s protocol.

Data collection, processing and analysis

Purified DNA and RNA samples were sent to Beijing Genomics Institute (BGI, Shenzhen,
China) for whole genome resequencing, whole genome bisulfite sequencing (WGBS) and
RNA-seq. The bisulfite treatment, library construction, cluster generation, and
next-generation sequencing were carried out using standard protocols. Following sequencing
(HiSeqg-2000, lllumina), the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) was
used to evaluate sequence quality and filter out adaptors and low-quality reads (keeping reads
with >80% of bases having a quality score > than 20). Clean data have been deposited at the
SRA database (http://www.ncbi.nlm.nih.gov/sra/) with accession number PRINA514100.

Detailed experimental and analytical procedures were described in Methods S1.

Analyses of genomic composition

Whole-genome resequencing was used to analyze genomic compositions of the four
tetraploid individuals. The total sequencing yield was 82-173 million reads (Table S1). For
each sample, a minimum of 92% of the rice genome was covered by at least one read,
corresponding to 21- to 41-fold sequencing depth (Table S1). First, we assessed genomic

polymorphism between the parental cultivars, Nipponbare and 9311, representing the two O.
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sativa subspecies, indica and japonica. Compared with the Nipponbare reference genome
(MSU 7.0), 1,719,154 single nucleotide polymorphisms (SNPs) were detected in 9311, which
translate into 0.46% divergence between Nipponbare and 9311 at the nucleotide sequence
level (Table S2). Most single nucleotide substitutions are C/T and G/A transitions, which
together accounted for 71.9% of all SNPs. These SNPs were used to distinguish the two
subgenomes and estimate homoeologous exchanges (HES) in the tetraploids.

Analyses of methylome

Whole-genome bisulfite sequencing (WGBS) was used to construct the methylomes, at single
base resolution, for each of the four tetraploids, each of the two F1 hybrids and the two

parents. A total of 49-66 million base pairs of sequencing yield was generated (Table S3).
Before alignment, SNPs between 9311 and Nipponbare in the reference genome (MSU 7.0)
were substituted with the corresponding degenerate bases. For each sample, a minimum of 83%
of both strands of the rice genome were covered by at least one read, equivalent to 18- to
27-fold depth of the genome coverage (Table S3).

Calculations of differentially methylated region (DMR) and differentially methylated
cytosine (DMC) were described in Methods S1. To explore whether the relative homoeolog
compositions in tetraploids would associate with DNA methylation alterations, we calculated
DMRs separately according to the proportional homoeolog compositions. This was done by
comparing genomic regions representing each of the five types of homoeolog compositions
separately, in each of the four tetraploids. Specifically, for regions of the two homozygous
types, i.e., homo-9 or homo-N, the corresponding parents (9311 or Nipponbare) were used as
controls to calculate DMRs, while for regions containing the three types of heterozygosity
(N:9 = 1:3, 2:2 or 3:1), the corresponding in silico “hybrids” constructed by mixing the
WGBS reads of Nipponbare and 9311 according to the corresponding homoeolog ratios were
used as controls to calculate the expected DMRs. F1 hybrids for both crossing directions

were also included in the comparisons.

Data availability

All raw reads of genome resequencing, methylomes and transcriptomes generated in this
study have been deposited in the public database of National Center of Biotechnology
Information under PRINA514100 (https://www.ncbi.nlm.nih.gov/sra/).
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Results

Genome composition of the segmental allotetraploids

Whole-genome resequencing revealed extensive homoeologous exchanges (HEs) in all four
tetraploid individuals of the 5™ selfed generation studied. These HEs were categorized into
five types of japonica-indica homoeolog composition: (i) 4 copies of Nipponbare and 0 of
9311 (designated homo-N); (ii) 3 copies of Nipponbare and 1 of 9311; (iii) 2 copies each of
Nipponbare and 9311; (iv) 1 copy of Nipponbare and 3 of 9311; and (v) 0 copy of
Nipponbare and 4 of 9311 (designated homo-9). We found tetraploids of the reciprocal
crosses, NN99-4 and NN99-8 vs 99NN-3 and 99NN-7, differed considerably in their
particular combinations of homoeolog ratios on every chromosome (Fig. 1a); thus, the two
sets of reciprocally generated synthetic allopolyploids are strikingly different in genomic
composition by the 5" selfed generation, having experienced different histories of HEs
(Table S4). Notably, however, this may simply be due to earlier segregation rather than
parent-of-origin effect (e.g., maternal or cytoplasmic effect), as documented earlier (Xu et al.,
2014). In contrast, the two synthetics within each of the two sets of reciprocals were quite
similar to each other, sharing the vast majority of their HEs, notwithstanding their evident
distinctions (Fig. 1b, c; Table S4); these differences reflect either segregating heterozygosity
and/or still ongoing HEs despite their sibling relationship. Consequently, there is only a small
proportion (< 12%, 44.38 out of 372.63 Mb) of genomic regions where all four allotetraploids
shared the same genomic composition, or history of HEs (Fig. 1d), emphasizing the genetic
diversity that rapidly arises from this process; examples of shared fixation of HEs include the
upper half of chromosome 2 and the middle of chromosome 6 (Fig. 1a). Notably, although
there are few regions fixed for the same HEs among all four lines, the extent of homozygosity
within each of the lines was high (Fig. le; Table S4); regional homozygosity (i.e., homo-N or
homo-9) ranged from 48% to 63%, indicating that about half of these tetraploid genomes
have been homogenized to either the Nipponbare or 9311 genome, with the remainder being
still in a heterologous state. We also noted that the composition of the Nipponbare parent
(homo-N) was approximately equivalent among lines (ranging only from 26-28%), whereas
the genomic fraction homozygous for the 9311 parent (homo-9) was more variable (22-36%),
thus yielding tetraploid lines that vary overall in their relative parental composition from
approximately equal (both 99NN lines) to biased (both NN99 lines) (Fig. 1e; Table S4).
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Patterns of localized DNA methylation changes in the segmental allotetraploids
recapitulate epigenetic divergence between the parental subspecies

Whole-genome bisulfite sequencing (WGBS) identified ~14.6 - 25.8 million methylated
cytosines ("Cs) from the total WGBS-reads across the samples, of which > 40% are in the
CG context, while 29% and 31% are in CHG and CHH contexts, respectively (Fig. S1; Table
S3). This context-partitioning ratio is broadly in line with previous methylome profiling
results in rice (Zemach et al., 2010; Chodavarapu et al., 2012; Li et al., 2012; Hu et al., 2014;
Deng et al., 2016). The overall levels of genome-wide methylation in all three contexts in the
tetraploids are not markedly different from each other nor from those of the diploid F1
hybrids and parents (Fig. 2a; Fig. S2, S3). Statistically, however, methylation levels along the
length of protein-coding genes, genes annotated as transposons or retrotransposons, i.e.,
TE-genes, class | TEs (retrotransposons) and class Il TEs (transposons) are all significantly
different in each of the three contexts in most of the pairwise comparisons (Table S5 and S6).
This suggests that although both hyper- and hypo-methylation alterations occurred widely in
the tetraploids in a locus-specific manner, this was insufficient to alter overall methylation
levels, with hyper- and hypo-methylation largely offsetting each other.

Among lines, the largest numbers of differentially methylated cytosines (DMCs),
including both hyper- and hypo-DMC:s in all three contexts, were between the parental
cultivars, 9311 and Nipponbare (Fig. 2b; Table S7), in keeping with their status as different
subspecies (Chodavarapu et al., 2012). Interestingly, the lowest numbers of DMCs (both
hyper and hypo) in all contexts were in the two F1 hybrids in comparison with their parental
average (Fig. 2b; Table S7). This suggests largely stable inheritance of parental "Cs to the F1
hybrids with only minor de novo repatterning in the hybrid genome, also in line with a
previous study (Chodavarapu et al., 2012). In contrast, large numbers of DMCs, again in all
contexts, were detected in all four tetraploids compared with the parental averages (Fig. 2b;
Table S7), suggesting extensive locus-specific remodeling of DNA methylation in the
tetraploid genomic environment, albeit the overall conservation at the methylome scale.

Markedly more CG-DMC:s in the tetraploids were mapped to protein-coding genes than
to other regions, followed by those mapping to intergenic regions, with far fewer in TEs and
especially class Il TEs (Fig. 2c; Fig. S4). This result indicates that "CGs are largely stable in
TEs of the tetraploids. For CHG-DMC:s, all types of genomic regions except class Il TEs
showed similar numbers of DMCs (Fig. 2c; Fig. S4). Class 1l TEs showed a strikingly small
number of CHG-DMCs (Fig. 2c; Fig. S4), indicating their "CHG has been particularly stable
in the tetraploids. CHH-DMCs occurred uniformly in all genomic regions (Fig. 2c; Fig. S4).
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Intriguingly, all patterns of differentially methylated cytosines (DMCs) in the tetraploids vs
the parental mix (in silico “hybrids”) with respect to their context-partitioning and variable
abundance across the genomic features mirrored those seen between the parental subspecies
(Fig. 2c). This suggests commonality between allopolyploidy-induced immediate DNA
methylation alteration and that precipitated under different natural and artificial selections
between the rice subspecies.

Impact of genomic composition on DNA methylation variation in the segmental
allotetraploids

To explore whether relative homoeolog composition (Fig. 1a) might be associated with the
localized alteration of DNA methylation in the tetraploids (Fig. 2), we separately tabulated
differentially methylated regions (DMRSs) for each of the three sequence contexts, CG, CHG
and CHH, relative to the proportional homoeolog compositions. In all four tetraploids, we
identified a large albeit variable number of DMRSs, for all three sequence contexts, in
genomic regions harboring each of the five types of homoeolog composition relative to the
corresponding controls (Table S8). Remarkably, the two types of homozygous regions, i.e.,
homo-N and homo-9, were the most dramatically different in methylation relative to their
parental counterparts, showing 2-5 times as many DMRs as other genomic combinations (Fig.
3). This was true for all three sequence contexts, indicating that genomic composition plays a
major role in the genesis and/or maintenance of DMRs. F1 hybrids at these genomic regions
also showed a higher number of DMRs than those at heterozygous regions; this is because
their DMRs were also defined by comparison to one inbred parent only. Notwithstanding this
escalating factor causing more DMRs in the hybrids, the DMR numbers of the tetraploids are
still all substantially greater than those of the corresponding hybrids (Fig. 3). Heterozygous
regions (N:9 = 1:3, 2:2 or 3:1) also manifested DMRs in all three contexts but with much

smaller numbers than those of the homogenized regions (Fig. 3).

Contrasting inter-subgenomic DNA methylation interactions in hybrids and segmental
allotetraploids

The foregoing analyses of DNA methylation in the tetraploids and F1 hybrids were based on
total methylation levels without separating the two constituent subgenomes. Taking
advantage of the diagnostic SNPs identified from our whole-genome resequencing data, the
methylation levels of each subgenome in the hybrids and tetraploids could be separately
quantified using the overall methylome data. Similar to the results presented in the foregoing

sections, when compared with the corresponding diploid parents, subgenome DNA
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methylation levels in hybrids and tetraploids did not show conspicuous methylation
alterations from those of the corresponding parents, for all three contexts (Fig. S5).

We next investigated if and to which extent the original DMRs between the two parental
cultivars were inherited to, and new DMRs were generated de novo due to subgenomic
interactions in, the F1 hybrids and tetraploids. To avoid confounding factors, for this purpose
we only analyzed genomic regions with a balanced (2:2) homoeolog constitution, which
account for ca. 30% of the tetraploid genome (Fig. 1a). Thus, seven groups of inter-genomic
(between parents) or inter-subgenomic (in hybrids and tetraploids) DMRs for each sequence
context (CG, CHG or CHH) can be categorized: group 1 refers to DMRs between the parental
genomes; group 2 refers to DMRs between the subgenomes in the F1 hybrids; group 3 refers
to DMRs between the two subgenomes in the tetraploids; group 4 refers to DMRs common
between groups 1 and 2; group 5 refers to DMRs common between groups 1 and 3; group 6
refers to DMRs common between groups 2 and 3; and group 7 refers to DMRs common
between groups 1, 2 and 3.

We used a Venn diagram to illustrate one example of the relationships among, and
proportions of, these seven groups of DMRs of each of the three sequence contexts (Fig. 4a),
while the relative proportions of hypo- vs hyper-methylation of all three contexts (CG, CHG
and CHH) in each of the seven groups of DMRs in the four tetraploids are illustrated in a
heatmap (Fig. 4b). These analyses led to the following major observations: First, there are
always more DMRs in group 1 than in group 2 in all three contexts (CG, CHG and CHH) and
for both DMR directions (i.e., Nipponbare > 9311 and Nipponbare < 9311), indicating that
hybridization eliminates a substantial number of DMRs of all types between the parental
subspecies. Second, most types of DMRs in group 3, especially those of CG-DMRs in the
Nipponbare > 9311 category and also those of CHG-DMRs in the Nipponbare > 9311
category, are markedly more numerous than those of the corresponding group 2, indicating
that the reduced inter-subgenomic differences in DNA methylation in the F1 hybrids was
re-augmented in the tetraploids, a conclusion further supported by the substantially reduced
numbers of DMRs of all types in group 4. Third, although both groups 5 and 6 DMRs of all
types contain smaller numbers than the other five categories, group 5 DMRs are uniformly
higher in number than those in group 6, indicating different inter-subgenomic interactions in
the F1 hybrids and tetraploids, as well as some common metastable genomic regions for
DNA methylation repatterning. Some representative DMRs are illustrated as IGV (integrative
genomic view) snapshots (Fig. 4c). Altogether, these results indicate that a major effect of
genome merger is to attenuate the original DNA methylation divergence that evolved during
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subspecies divergence, while a major role of WGD is to re-augment and exacerbate these
differences in DNA methylation, with HEs further diversifying and entangling these genetic
and epigenetic outcomes. This clearly points to contrasting inter-subgenomic DNA

methylation interactions in the hybrids vs the tetraploids.

Changes of gene expression in the segmental allotetraploids due to hybridization, WGD
and HEs, and their relationship to localized DNA methylation alteration

A recent study in allotetraploid rapeseed (Brassica napus) demonstrated that HES cause
significant changes in gene expression, proportional to homoeolog copy number (Lloyd et al.,
2018). Similarly, we reported that extensive homoeologous expression rewiring occurred in
progenies of the segmental rice allotetraploids, and that this was also largely dependent on
homoeolog copy numbers (Sun et al., 2017). These prior results, together with the finding
that differentially methylated genes are more likely to show differential expression than are
equally methylated genes in rice hybrids (Chodavarapu et al., 2012), prompted us to
investigate changes of gene expression in relation to the separate and combined effects of
hybridization, WGD and HEs in the tetraploids, and whether these changes are related to the
localized alterations of DNA methylation.

To address these questions, we profiled genome-wide gene expression of the tetraploids,
their parents and the corresponding F1 hybrids. We tabulated differentially expressed genes
(DEGS) in genomic regions that had a N:9 homoeolog ratio of 2:2, 4:0 or 0:4 in the
tetraploids, in comparison with expression levels of the genes in the corresponding parental
controls. As noted (Fig. 1b), these three types of homoeolog compositions occupied similar
proportions (each ca. 25-30%) in each of the four S5 tetraploids. The control for the analyses
of genes in genomic regions with a 2:2 ratio (i.e., no HEs) is an in silico “hybrid” constructed
by mixing the parental RNA-seq reads at a ratio of 1:1. Accordingly, DEGs are those that are
expressed at significantly higher or lower levels than in the 1:1 in silico “hybrid”. Controls
for genes in genomic regions with a 4:0 or 0:4 ratio are the corresponding inbred parents,
using normalized counts. To analyze the effects of hybridization alone vs hybridization
coupled with WGD and/or HEs, DEGs were also tabulated in the F1 hybrids using the in
silico “hybrid” with a 1:1 parental RNA-seq mixture as a control.

Our main results are summarized in Fig. 5, which showed that all three types of genomic
compositions manifested from >300 up to 10,00 DEGs across the tetraploids and F1 hybrids.
For genomic regions with a balanced homoeolog composition, more DEGs were found in

each of the four tetraploids than in the corresponding F1 hybrids, an observation that is most
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prominent for down-regulated DEGs (Fig. 5a; Table S9); this demonstrates that polyploidy,
even in the absence of HEs, has a marked effect on generating DEGs. This is consistent with
our previous result using the immediate generations (SO and S1) of this tetraploid rice system,
in which few HEs occurred but transcriptome profiles of tetraploids are significantly different
from those of the F1 hybrids (Xu et al., 2014). For genomic regions that have become fully
homozygous (4:0 or 0:4) in the tetraploids, F1 hybrids showed much higher numbers of
DEGs (Fig. 5b; Table S9) than did genomic regions with 2:2 constitutions in the tetraploids
(Fig. 5a). This is expected because the controls used to define the DEGs are different for the
two types of genomic regions: the in silico “hybrid” with 1:1 parental RNA-seq admixture is
the control for the 2:2 regions while the inbred parents are controls for the 4:0 or 0:4
homogenized regions. Notwithstanding this escalating factor in the hybrids, the numbers of
upregulated DEGs appeared less in the tetraploids than in the F1 hybrids (Fig. 5b, c; Table
S9). Similar numbers of downregulated DEGs were detected in homo-N region, but more
downregulated DEGs detected in homo-9 region in each of the tetraploid than those in
hybrids (Fig. 5 b, ¢; Table S9). Notably, the absolute numbers of DEGs in these genomic
regions were greater than those in the 2:2 genomic regions (Fig. 5b and c vs a; Table S9).
Collectively, these results suggest that the extent of gene expression changes in the fully
homogenized genomic regions in the tetraploids is no less than those remaining as balanced
heterozygotes (2:2), suggesting that HEs can substitute for and perpetuate the role of
heterozygosity in sustaining gene expression alteration in tetraploids, an observation that

mirrors the finding in allotetraploid rapeseed (Lloyd et al., 2018).

We further analyzed the relevance of genomic composition for a set of tetraploid-specific,
expression-altered genes relative to both parents and hybrids. This set included 378
upregulated genes and 310 downregulated genes. The expression patterns of these genes are
illustrated as a heatmap (Fig. 5d). We found that for both upregulated and downregulated
genes, their distributions among the five genomic possibilities are not statistically different
from the expected ratios (Fig. 1) in the four tetraploids (Fig. 5e prop.test, p > 0.05). This
indicates that homoeolog proportion variation is not a prerequisite for the generation of
polyploidy-specific gene expression patterns; we note, however, that in contrast to genes
located in heterozygous regions, those in homogenized genomic compartments are more

likely to perpetuate transgenerationally.
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For genes with balanced homoeolog composition, lower proportions of Nipponbare
expression (i.e., higher 9311 subgenome expression) contribute more to tetraploid-specific
upregulation than the alternative situation (Fig. 5f). We further analyzed some of the up- or
down- regulated genes by locus-specific RNA pyrosequencing (pyro-seq). The highly similar
expression patterns between RNA-seq and pyro-seq (Fig. 5g) confirmed this expression
trend.

To explore the possible roles of DNA methylation alteration in differential gene
expression, we tabulated the distribution of DMCs of all three sequence contexts (CG, CHG
and CHH) in the DEGs vs those in non-DEGs. Given that TEs are major targets for DNA
methylation modification in plant genomes (Kawakatsu et al., 2016; Springer et al., 2016;
Song & Cao, 2017), and our observation that TE-genes and protein-coding genes manifested
variable abundance of DMCs in the three difference sequence contexts (Fig. 2c), we
separately analyzed the two groups of genes. Our major findings are illustrated in Fig. 6a,
which indicate that: (i) for protein-coding genes, DEGs contained significantly more CG- and
CHG-DMCs than those in non-DEGs across the gene, including gene bodies and their 5°- and
3’-adjacent 2 kb flanking regions in all four tetraploids, with the trend being most prominent
for CHG-DMC:s; (ii) for TE-genes, the same conclusion as for protein-coding genes can be
drawn, but in this case, the trend for the differences in CHG-DMCs between DEGs and
non-DEGs is even more conspicuous, although the differences in CG-DMCs are also clearly
larger than those for protein-coding genes; (iii) for both gene categories, the difference in
abundance of CHH-DMCs between DEGs and non-DEGs genes is not significantly different
(Fig. 6a).

We next investigated whether the proportions of DEGs that are also differentially
methylated (DMGs), designated as 1, are significantly greater than those that are not,
designated as 2 (Fig. 6b). Again, we tabulated protein-coding genes and TE-genes separately.
We found that: (i) for protein-coding genes, in both "CG and "CHG contexts, 1s are
significantly higher than 2s in three of the four studied tetraploids, while in the "CHH context,
the 1s are not significantly different from the 2s in any of the tetraploids (Fig. 6c); (ii) for
TE-genes, the 1s are not significantly different from the 2s in any of the tetraploids in the
MCG context, while the 1s are significantly different from the 2s in three tetraploids and one
tetraploid in the "CHG and "CHH contexts, respectively (Fig. 6d).
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Given that a large number of genes in homogenized regions (4:0 or 0:4) showed
differential expression relative to those of the corresponding parents (Fig. 5b, c), we further
tested whether these differentially expressed genes are enriched for DMGs in any sequence
context. We found that differentially expressed protein-coding genes of homo-N vs Nip were
significantly enriched for CG-DMGs and CHG-DMGs but not for CHH-DMGs. For the set of
DEGs of homo-9 vs 9311, only CG-DMGs were significantly enriched. For TE-genes,

CHG-DMG seems more significant for most comparisons (Fig. S6).

Overall, these results indicate that localized alteration of DNA methylation due to the
combined effects of hybridization, WGD and HE is an important contributing factor to
changes of gene expression in the tetraploids, and that this effect is greater for TE-genes than
for protein-coding genes. Among the three sequence contexts, the effect of "CHGs is much
stronger than that of "CGs for both protein-coding genes and TE-genes, but again, is more
prominent for the latter. Finally, "CHHs apparently have no appreciable effect on changed

expression of genes belonging to either gene category.

Discussion

Analogous to several salient cases of homoploid hybrid speciation (Salazar et al., 2010;
Leducq et al., 2016; Meier et al., 2017; Nieto Feliner et al., 2017; Lamichhaney et al., 2018),
allopolyploidization, when accompanied with rampant homoeologous exchanges (HEs), may
not only generate phenotypic novelty but also rapid diversity. This, together with the known
presence of multiple pairs of interacting incompatible loci that evolved in the two rice
subspecies (https://shigen.nig.ac.jp/rice/oryzabase/) and their different combinations in the
tetraploid progenies, may lead to adaptive radiation (Schumer et al., 2015). This is because
HEs, being products of meiotic recombination, are generated largely at random and assort
independently in progenies until every genomic region (but not the chromosome as a whole)
becomes homogenized to either of the progenitor homoeologs in a given tetraploid individual
(Gaeta & Chris Pires, 2010; Chester et al., 2012; Han et al., 2015; Wendel, 2015; Lloyd et al.,
2018). Conceivably, this feature of allopolyploidization should be most prominent when the
two hybridizing progenitors are diverged to only moderate extent, such that the nascent
allopolyploid genome represents a platform with a strong buffering capacity to allow

homoeologous chromosomes to pair and recombine during meiosis. This process and
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outcome are on full display in the present study, where the four segmental allotetraploid
individuals at the 5th selfed generation (S5) derived from WGD of reciprocal F1 hybrids of
the two rice subspecies, indica and japonica (Xu et al., 2014), are each distinctly different

from one another in genome composition, due to accumulated and still-ongoing HEs.

One key result of this study is the demonstration that in spite of the genome-wide
mosaicism and allelic variance in the segmental allotetraploids, their overall methylomes are
not dramatically different from those of the diploid parents or F1 hybrids. This conclusion is
consistent with results of the prior study on autotetraploid rice (Zhang et al., 2015),
suggesting that there is built-in homeostatic mechanism that maintains overall methylation
stability in plants.

A second key result of this study is that, notwithstanding the overall methylome stability
among the genomically divergent and recombinant allopolyploid rice lines, locus-specific
DNA methylation repatterning occurred extensively, and that this effect appears to be caused
by the combination of WGD and HEs, rather than by hybridization per se. In this aspect, we
note that several previous studies in a wide spectrum of plant taxa including A. thaliana
(Greaves et al., 2012; Yang et al., 2016; Zhu et al., 2017), rice (He et al., 2010; Chodavarapu
etal., 2012; Zhao & Zhou, 2012; Chen & Zhou, 2013), and maize (Springer & Stupar, 2007;
Zhao et al., 2007) have shown that DNA methylation may undergo extensive repatterning in
F1 hybrids. However, our results indicate that the effect of hybridization on DNA methylation
alteration pales when compared with that of WGD and HEs. One surprising dimension of our
results is that hybridization alone, to some extent, actually mitigates the original parental
DNA methylation divergence; that is, the two subgenomes of F1 hybrids become more
similar to each other in DNA methylation than are their parental subspecies. From a
mechanistic perspective, this implies that there is strong common trans control of
methylation in both subgenomes of the reciprocal rice diploid hybrids. In contrast to this
quantitative stability at the diploid level, the combined effects of WGD and HEs augment
DNA methylation differences between the subgenomes and generate genome-wide diversity
in methylation footprints. Importantly, we found the changing features of DNA methylation
in the tetraploids, including contextual partitioning of DMCs and their variable abundance
between TEs and genes, largely mirror those between the parental subspecies that have
evolved under differential natural and artificial selections (He et al., 2011; Molina et al., 2011,
Huang et al., 2012; Choi et al., 2017).
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We have previously shown that extensive homoeologous expression rewiring occurred in
the segmental rice allotetraploids, largely due to the variable copy numbers of homologs
resulting from HEs (Sun et al., 2017). This accords with the more recent finding in
allotetraploid rapeseed (Brassica napus), where it was also shown that HEs caused significant
changes in gene expression (Lloyd et al., 2018). The design of the present study, which
includes the exact diploid parents and F1 hybrids, enabled us to precisely partition gene
expression alteration as a function of the separate and combined effects of hybridization,
WGD and HEs, and to explore if localized alteration of DNA methylation is involved in the
process. One notable result of this analysis is that genomic regions with a 2:2
homolog/homoeolog constitution in the tetraploids manifested much greater numbers of
differentially expressed genes (DEGSs) than those in the corresponding F1 hybrids at the same
genomic regions. This indicates that the number of DEGs due to hybridization is enhanced by
WGD in the tetraploids even without invoking the effect of HEs, consistent with our previous
results using the immediate generations (SO or S1) of this tetraploid rice system when no HEs
occurred (Xu et al., 2014). More strikingly, the fully homogenized genomic regions (4:0 or
0:4) showed more or less the same numbers of DEGs as those at the 2:2 heterozygous regions,
suggesting that genomic homozygosity and chromosome mosaicism due to HEs do not
reduce the numbers of DEGs in the tetraploids.

We consider these results bear implications to further our understanding of allopolyploid
diversification and adaptation, in that potentially adaptive phenotypic variants related to
HE-generated DEGs can be fixed in each of the divergent progeny swarms derived from a
single allopolyploid. This realization, together with the massive inter-individual genomic
variation generated by HEs from the same allopolyploidization event, each with a patchwork
of regional genomic homozygosity, may provide fresh insight into genesis of the genomic
substrates for both natural and artificial selections. One additional, possibly relevant aspect of
this process, also shown here, is that localized repatterning of DNA methylation is a factor
contributing to the emergence of DGEs in the tetraploids. Finally, we demonstrate that
transposable elements (TES) plays a role in mediating the connection between altered DNA
methylation (primarily in the CHG context) and gene expression. These results are consistent
with the increasingly recognized importance of TEs in gene expression in the course of plant
evolution, especially in plants with large, complex and TE-embedded genomes (Ma &
Bennetzen, 2004; Lisch, 2013; Bennetzen & Wang, 2014; Springer et al., 2016; Song & Cao,
2017; Vicient & Casacuberta, 2017).
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Figure Legends

Fig. 1 Genome-wide distribution and proportion of the five types of japonica-indica
homoeolog composition in each of the four euploid segmental allotetraploids derived
from reciprocal F1 hybrids between Oryza sativa ssp. japonica (cv. Nipponbare) and ssp.
indica (cv. 9311).

(a) A circos plot depicting chromosome compositions (homoeolog ratios) in the four
tetraploids individuals, 99NN-3, 99NN-7, NN99-4 and NN99-8, along each of the 12 rice
chromosomes. Recombined and non-recombined segments between homoeologous
chromosomes are represented by Nipponbare (Nip) homoeolog copy numbers, which ranged
from 0 to 4 (y-axis). The green lines denote Nipponbare copy numbers using a 5 kb sliding
window; the black bold lines represent adjacent 5 kb windows with the same Nipponbare
copy number. (b-c) Heatmaps depicting the segment length of common japonica-indica
homoeolog compositions between the two tetraploids individuals of the same crossing
direction. (d) Heatmaps depicting the segment length of common japonica-indica homoeolog
compositions between two crossing directions. (e) Proportions of the five types of
japonica-indica homoeolog composition in each of the four euploid allotetraploid

individuals.

Fig. 2 DNA methylation differences among the diploid parents, reciprocal F1 hybrids
and segmental allotetraploids, both overall and across different genomic features (Also
see Figs. S1-S4).

(a) Overall methylation levels in diploid rice parents, reciprocal F1 hybrids and tetraploids.
(b) Distribution of differentially methylation cytosines (DMCs) detected in the comparisons
of Nipponbare (N) vs 9311 (9), and hybrids and tetraploids vs the in silico “hybrids” in CG,
CHG and CHH sequence contexts, respectively. (¢) Numbers of DMCs residing in different
genomic features, including protein-coding genes, TE-genes (genes annotated as transposons

or retrotransposons), transposons, retrotransposons and intergenic regions.

Fig. 3 Numbers of differentially methylated regions (DMRs) detected in each of the four
euploid tetraploids and both F1 hybrids in comparison with either parent, Nipponbare
(N) or 9311 (9), or with artificial mixtures of both parents (in silico “hybrids”).

For a given tetraploid or F1 hybrid, the numbers of DMRs were scored and tabulated for each

of the five types of genomic region defined by differential homoeolog compositions. Thus,
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for genomic regions with a homoeolog ratio of N:9 = 4:0 (homo-N) or N:9 = 0:4 (homo-9),
the DMRs were scored by comparing with the corresponding regions of either of the parents;
for genomic regions with a homoeolog ratio of N:9 = 1:3 or 2:2 or 3:1, the DMRs were
scored by comparing with in silico “hybrids” constructed by mixing the parental data in
proportion to the homoeolog ratios. DMRs were calculated separately in the CG, CHG and
CHH contexts.

Fig. 4 Parental inheritance and de novo generation of DMRs in subgenomes of F1
hybrids and tetraploids.

(a) Comparison of differentially methylated regions (DMRs) between diploid parents,
subgenomes in hybrids, and subgenomes in tetraploids for the same set of genomic regions
that had a balanced (2:2) homoeolog constitution in a given tetraploid which could be
classified into seven groups (defined in main text). Numbers in the Venn diagram illustrate an
example of the DMR counts for comparisons among parents, F1 hybrid 9N and tetraploid
99NN-3 in the cases where the Nipponbare parental genome had less methylation than that of
9311. (b) Counts of DMRs in all seven different groups as exemplified in (a). (c) Examples
of subgenomic methylation distribution in parents, F1 hybrids and tetraploids by the
integrative genomics viewer (IGV) snapshots. For each sample, there are two panels, “"C”
and “cov”’; the “""C” is methylation level with Y axes ranging from 0 to 1; the “cov” is read
coverage with Y axes ranging from 0 to 50. For 9N and 99NN-3, the Nipponbare and 9311
subgenomes are displayed separately, for example 9N|Nip mC is the methylation distribution

of Nipponbare homoeologs in 9N.

Fig. 5 Counts of differentially expressed genes (DEGs) and tetraploid-specific
upregulated and downregulated genes.

(a) Numbers of non-additively expressed genes with N:9 = 2:2 homoeolog compositions
between hybrids/tetraploids and the in silico “hybrids”. (b) and (c) Numbers of DEGs located
on homo-9 or homo-N regions in tetraploids, and DEGs from the respective regions in F1
hybrids, when compared to the corresponding regions of the inbred parents. (d) A heatmap
depicting expression patterns of a set of tetraploid-specific upregulated and downregulated
genes in comparison with parents and F1 hybrids. (e) Proportions of the five types of
homoeolog composition for the tetraploid-specific upregulated and downregulated genes. (f)
Box plots depicting subgenomic expression trends in tetraploids-specific up- or

downregulated genes with the N:9 = 2:2 homoeolog compositions. The middle horizontal
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lines represent the median, lower and upper edges of the box represent the 25th and 75th
percentiles, lines extending vertically from the boxes (whiskers) indicating variability outside
the upper and lower quartiles, and individual dots are outliers beyond the whiskers. (g)
Validation of the RNA-seq data-based subgenomic expression ratios by locus-specific

RNA-pyrosequencing.

Fig. 6 Relationship between differential methylation and differential expression in the
four euploid tetraploids (Also see Fig. S5).

(a) Distribution of DMCs along DEGs and non-DEGs (vs in silico “hybrids”) in the four
tetraploids (in rows) for protein-coding genes and TE-genes (genes annotated as transposons
or retrotransposons). (b) Expression and methylation classifications, where #1 (grey bar) =
X1/(X1 + Y1) denotes the proportion of differentially expressed DMGs (X1) out of total
expressed DMGs (X1 + Y1), and #2 (black bar) = X2/(X2 + Y2), denotes the proportion of
differentially expressed non-DMGs out of total expressed non-DMGs. (c-d) Comparison of
the percentages of DEGs (tetraploids vs in silico “hybrids”) with and without differential
methylation (DMGs and non-DMGSs) in protein-coding genes and TE-genes, respectively. (*p
values < 0.05 by prop.test)
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Supporting Information

Fig. S1 Proportion of methylated cytosines for each sample in the CG, CHG and CHH
contexts, respectively. (Refer to Fig. 2)

Fig. S2 Overall methylation levels of diploids and tetraploids along chromosome 1 in CG
(red), CHG (blue) and CHH (green), respectively. (Refer to Fig. 2.; window size is 100kb)

Fig. S3 DNA methylation pattern along protein-coding genes, TE-genes and TEs in three
sequence contexts, respectively. (Refer to Fig. 2)

Fig. S4 Profiles of differentially methylation cytosine (DMC). (Refer to Fig. 2)
Fig. S5 Subgenomic DNA methylation level. (Refer to Fig. 4)

Fig. S6 Comparison of differentially expressed DMGs (differentially methylated genes) and
non-DMGs. (Refer to Fig. 6)

Table S1 General information regarding the DNA resequencing data.
Table S2 SNP profiles of the parental lines, Nipponbare and 9311.
Table S3 General information regarding the DNA methylome data.

Table S4 P values from pairwise comparison (prop.test) for five types of homoeolog
composition in four tetraploid individuals.

Table S5 DNA methylation profiles of the diploid parents, reciprocal F1 hybrids and
segmental allotetraploids.

Table S6 P values from pairwise Wilcoxon rank sum tests for different genomic features with
respect to CG, CHG and CHH methylation.

Table S7 Summary of DMCs in pairwise comparisons.
Table S8 Summary of DMRs in hybrids and tetraploids vs in silico hybrid.

Table S9 Counts and comparisons of differentially expressed genes (DEGS) located on
different homoeolog composition regions to the corresponding hybrids or inbred parents.

Method S1 Supplemental methods for sequencing and data analysis.
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