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Transgenerational epigenetic inheritance has been defined by the study of relatively few loci. We examined

a population of recombinant inbred lines with epigenetically mosaic chromosomes consisting of wild-type and CG
methylation-depleted segments (epiRILs). Surprisingly, transposons that were immobile in the parental lines
displayed stochastic movement in 28% of the epiRILs. Although analysis after eight generations of inbreeding,
supported by genome-wide DNA methylation profiling, identified recombined parental chromosomal segments,
these were interspersed with unexpectedly high frequencies of nonparental methylation polymorphism. Hence,
epigenetic inheritance in hybrids derived from parents with divergent epigenomes permits long-lasting epi-allelic

interactions that violate Mendelian expectations. Such persistently “unstable” epigenetic states complicate
linkage-based epigenomic mapping. Thus, future epigenomic analyses should consider possible genetic insta-

bilities and alternative mapping strategies.
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The term “epigenome” refers to the genome-wide distri-
bution of epigenetic marks such as DNA methylation,
histone modifications, and the presence of histone variants
(Jenuwein 2002). Specific combinations of these marks are
thought to determine the local chromatin structure that
affects transcription and genome stability (Jenuwein 2002).
In plants and mammals, DNA methylation is the best-
studied epigenetic modification. Its faithful propagation is
not only critical for proper development but also silences
transposable elements (Finnegan 1996; Miura et al. 2001;
Singer et al. 2001; Kato et al. 2003; Chan et al. 2005). Thus,
apart from a role in development, DNA methylation
protects genome integrity.

Methylation modifies cytosines preceding guanines
(MCG) and in plants METHYLTRANSFERASE 1 (MET1),
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a homolog of the mammalian Dnmtl, is required for
propagating ™CG patterns during DNA replication
(Finnegan 1996). Loss of MET1 leads to almost a complete
erasure of CG methylation and indirect losses of plant-
specific non-CG methylation (Saze et al. 2003). Loss of
MET1 also results in the suppression of DNA demethy-
lation activities, altered RNA directed de novo methyl-
ation, and the redistribution of other repressive marks
such as histone H3 dimethylation in Lys 9 and trime-
thylation in Lys 27 (Soppe et al. 2002; Tariq et al. 2003;
Mathieu et al. 2005, 2007), creating further epigenetic
variation. Thus, transgenerational inheritance of the
epigenome in plants is coordinated by the faithful
replication of ™CG patterns (Mathieu et al. 2007). Nota-
bly, loss of ™CG results in hypomethylated epi-alleles
that, at some loci, may be stably inherited over many
generations (Kakutani et al. 1996; Mathieu et al. 2007;
Vaughn et al. 2007). This is similar to inheritance of
epigenetic states of ribosomal DNA following inter-
crossed Arabidopsis accessions (Riddle and Richards
2002, 2005; Woo and Richards 2008). Despite consider-
able efforts to assemble epigenomic maps for sever-
al eukaryotes, including humans, the extent of stable
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transgenerational epi-allelic inheritance across the ge-
nome is not known.

We created a population of Arabidopsis thaliana inbred
lines with random distribution of epi-alleles derived from
the wild-type and a met1-3-null mutant (Saze et al. 2003)
to assess the feasibility of integrating phenotypic and
epigenomic data into a quantitative genetics framework,
as recently proposed (Johannes et al. 2008). met1-3 was
crossed to the isogenic wild type to create an F, of unique
epigenetic variants. To immediately restore stable trans-
generational inheritance of segregating DNA methyla-
tion polymorphisms, only MET1 homozygous F, plants
were propagated by self-pollination and single-seed de-
scent. Inbreeding of these lines resulted in a population of
epigenetic recombinant inbred lines referred to as “epi-
RILs.” The stability and inheritance of epi-alleles was
analyzed in these epiRILs, as well as the impact of the
induced epigenetic variation on phenotypic variation and
genome stability.

Results

Generation of the metl-3 epiRIL population

F, individuals from a selfed F; hybrid of a wild type and
a homozygous met1-3 mutant (both Col-0 ecotype) were
expected to inherit various patterns of wild-type- and
metl-3-derived epi-alleles that recombined during F,
meiosis (Fig. 1). A group of 96 METI F, plants was
propagated further to allow transgenerational inheritance
of the novel epi-allele combinations. Each selected F,
plant was selfed and one random individual from 100 F;
plants was forwarded to the next generation. Single-seed
descent was applied until the seventh generation, when
seeds of nine random F, plants were bulk harvested to
give the Fg for phenotyping and DNA analysis (Fig. 1).
For parental epi-alleles (referred to as wild-type-like or
met-like) not subjected to selection and inherited in a
Mendelian fashion, the frequency of heterozygosity (re-
ferred to as “epi-heterozygosity”) should decline by 50%
in each subsequent epiRIL generation, resulting in <2%
probability of epi-heterozygosity at any chosen locus by
the F; (Fig. 1). Due to loss of fitness, only 68 of the 96
epiRIL lines were advanced to the Fg, which may reflect
selection against demethylated epi-alleles at loci influ-
encing plant fitness.

Phenotypic variation within the epiRIL population

Developmental variation within and between epiRILs
was observed during inbreeding; however, altered pheno-
types often arose stochastically and/or were unstable
(Supplemental Fig. 1). Moreover, such abnormalities were
generally difficult to stabilize by phenotypic selection.
Therefore, only traits that appeared stable in particular
epiRILs, including flowering time, plant growth, and
stress responses, were examined.

There was a bimodal distribution in flowering time,
with 26% of epiRILs exhibiting delayed flowering (Fig.
2A). Since SINE elements residing within the promoter of
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Figure 1. Construction of the epiRIL population, illustrated by
one pair of chromosomes. Parental chromosomes and their
segments are marked wild type (gray, WT, MM) and met1-3
(white, met1-3, mm). Eight generations of inbreeding (vertical)
are marked as F, to Fg (crossed circles at the left mark single-
seed descent). A bulk harvest of individuals at F; is marked by B.
Predicted levels of “epi-homozygosity” and “epi-heterozygosity”
at each generation are indicated on the right.

the flowering repressor FWA (FLOWERING WAGENIN-
GEN) are methylated in wild-type plants (Fujimoto et al.
2008) and demethylated in met1-3 (Saze et al. 2003),
causing ectopic FWA transcription and delayed flowering
(Soppe et al. 2000}, FWA methylation was examined in 11
late-flowering lines (Fig. 2A). Each line had a met-like fwa
epi-allele, consistent with stable inheritance of this met1-
3-derived trait. However, the proportion of epiRILs with
a late-flowering phenotype deviated from the 50%
expected for inheritance not subjected to selection pres-
sure; the wild-type early-flowering phenotype predomi-
nated (74%). To avoid phenotypic selection for early
flowering, seeds of all plants were allowed to mature
fully. Thus, the predominance of the wild-type-like phe-
notype suggests selection against demethylated loci, pos-
sibly linked to FWA.

For other characteristics, the phenotypic variation had
the continuous distribution observed for complex traits,
suggesting multiple epi-alleles with partial, quantitative
effects or with incomplete penetrance. The phenotypic
distributions were quantified (Supplemental Table 1). The
biomasses of 21-d-old plants showed significant differ-
ences (P < 0.05), with the growth of 85% of epiRILs being
retarded compared with the wild type; e.g., epil6 (Fig. 2B).
Repeated testing of a subset of lines showing large growth
differences supported the initial results (Supplemental
Fig. 2).

The epiRIL population was examined for resistance to
selected abiotic and biotic stresses. Although most epiRIL
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seeds germinated normally under standard conditions
(Supplemental Fig. 3), germination of 60% of the epiRILs
was delayed significantly compared with the wild type
under elevated salinity (Fig. 2C; Supplemental Fig. 3A-D).
Salt-sensitive lines forwarded to the Fy exhibited similar
responses (Supplemental Fig. 3E-H), confirming stable
inheritance of this trait.

In a screen for resistance to the biotrophic bacterial
pathogen Pseudomonas syringae pv. tomato (Pst), 34%
and 4% of epiRILs showed increased resistance or sus-
ceptibility, respectively (Fig. 2D). Heritability was con-
firmed in the Fy and F,o for one susceptible and four
resistant lines (Supplemental Fig. 4A,B), with epil6 and
epi64 being the most resistant and susceptible lines,
respectively. To compare the range of Pst resistance
within the epiRILs to that of Arabidopsis accessions,
the most resistant and susceptible accessions reported
amongst 127 accessions (Perchepied et al. 2006; Fan et al.
2008) were screened. Sf-1 and Nok-1 were the most
resistant and susceptible, respectively (Supplemental
Fig. 4C). Sf-1 and Nok-1 and selected Arabidopsis mu-
tants with altered pathogen resistance were then exam-
ined together with epil6 and epi64 (Fig. 2E; Supplemental
Fig. 4B). The differences between Sf-1 and Nok-1 (2.3 Logs
of cfu/em?) and epil6 and epi64 (1.3 Logs of cfu/cm?)
suggested that the range of epiRIL disease resistance
covers ~58% of the phenotypic variation within 127
Arabidopsis accessions.

Inheritance of DNA methylation during epiRIL
inbreeding

In general, examination of the epiRIL phenotypes
revealed induction of variability that was stably heritable
for some traits and, therefore, the heritability of parental
DNA methylation during epiRIL inbreeding was exam-
ined. Stable propagation in the absence of selection of all
epi-alleles inherited from the parental lines within the
epiRIL population should result in a mean methylation
level for the epiRIL population equal to the mid-parent
level (or slightly above, due to MET1 selection in the F,).
The total 5-methyldeoxycytidine (™C) levels of the pa-
rental lines were 6.8 % and 2.2% for wild type and met1-3,
respectively (Fig. 3A), similar to recently published values
(Rozhon et al. 2008). Comparison of seven epiRILs at the
Fg generation to the parental lines revealed a bias toward
wild-type levels, averaging 80% of the ™C content of the
wild type (Fig. 3A). This may reflect either preferential
transmission of methylated chromosomal regions or de
novo methylation, as observed previously in metl-3
mutants (Zhang et al. 2006; Mathieu et al. 2007; Cokus
et al. 2008; Lister et al. 2008; Reinders et al. 2008). Given
that ™C is abundant at centromeric and pericentromeric
repeats (Pruitt and Meyerowitz 1986), preferential in-
heritance of methylation at these regions in the epiRILs
could explain the high ™C levels. Southern blots with
Hpall-digested DNA that assayed methylation of either of
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the cytosines in the CCGG recognition motif probed with
centromeric 180-base-pair (bp) repeats revealed near wild-
type ™C levels (Fig. 3B). This suggests favored trans-
mission of wild-type-derived centromeres or the efficient
remethylation of met1-3 centromeres during inbreeding.

Given such high levels of centromeric methylation, the
maintenance of epigenetic variation within euchromatin
of these epiRILs was investigated. Hpall sites that are
methylated in the wild type at the PHABULOSA (PHB)
locus (Bao et al. 2004) were examined (Fig. 3B; Supple-
mental Table 2 for all primers; Supplemental Fig. 5 for
restriction maps). Epi-allele segregation at PHB revealed
wild-type-like patterns (epi03, epi07, epil2, and epil5)
and hypomethylation (epil8 and epi44), indicating per-
sistence of hypomethylation in euchromatic regions de-
spite highly methylated centromeres (Fig. 3B). These
results are consistent with active remethylation of cen-
tromeric DNA rather than preferential transmission of
wild-type-like chromosomes. Noticeably, the epi49 meth-
ylation pattern did not correspond to either parent (Fig.
3B), indicating that hypermethylation can form trans-
gressive epi-alleles.

DNA methylation was also analyzed on chromosome 1
at the RAP2.1 promoter, which was shown previously to
be hypomethylated in met1-3 plants (Saze et al. 2003).
Here, 14 of 17 epiRILs (82%) had wild-type methylation
patterns and only one line had a met-like epi-allele (epi36)
(6%) (Fig. 3C). Moreover, epi26 and epi3l appeared to
carry both parental epi-alleles, suggesting epi-heterozy-
gosity at an unexpectedly high frequency (12%) (Fig. 3C).

The locus CMT3 was found previously to be differen-
tially methylated during met1-3 inbreeding (Mathieu
et al. 2007). As this locus resides on the same chromo-
somal arm as RAP2.1 (Fig. 3C), possible coinheritance of
parental epi-alleles was examined at these two loci. In
™CG analysis at Hpall sites, 10 (59%) and 6 (35%) epiRILs
were scored as wild-type-like or met-like, respectively;
epi05 (met-like) and epil 7 (wild-type-like) had faint wild-
type and met1-3 signals, respectively (Fig. 3C). These
signals may originate from a low epi-allele frequency
within the 10 bulked individuals examined (see the
Materials and Methods) or somatic epi-allelic instability.

942 GENES & DEVELOPMENT

A methylation pattern consistent with epi-heterozygos-
ity (epi06) was also detected at the CMT3 locus.

Together, these results confirm that parental epi-alleles
can be maintained within the epiRILs for eight gener-
ations and support independent assortment of epi-alleles
at these two loci within 6 lines (epi05, epi06, epi26, epi30,
epi31, epi37) and the possible linkage of wild-type-like
epi-alleles in 10 lines (epil3, epil7, epi20, epi22, epi23,
epi24, epi27, epid2, epid4, epi48) and met-like epi-alleles
in one line (epi36). However, the relative proportions of
parental epi-alleles were not 1:1 due to overrepresenta-
tion of wild-type-like epi-alleles (82% and 59% for
RAP2.1 and CMTS3, respectively). There was also a sur-
prising persistence of epi-heterozygotes.

Dynamic epi-allelic interactions within recombined
parental chromosomal segments

For any heritable phenotypic variation exhibited by the
epiRILs, the underlying genomic regions affecting the
phenotype should be associated with a particular epi-
allele (e.g., fwa in Fig. 2A) or a combination of epi-alleles.
However, given the identical DNA sequence of the
parental lines, classical genetic mapping of traits cannot
be performed and only DNA methylation-based mapping
is appropriate. Therefore genome-wide DNA methylation
profiling was performed to gain more information about
genomic methylation distribution in the epiRILs. We
examined the DNA methylation profiles of three random
epiRILs using bisulfite conversion and hybridization to
tiling microarrays as previously described (Reinders et al.
2008). Briefly, bisulfite modification of genomic DNA
results in cytosine-to-thymine transitions following PCR,
but methylated cytosines remain cytosines. Decreased
signal intensity of a specific 25-mer array feature upon
hybridization of the labeled PCR product to an Affyme-
trix tiling array reflects an increase in mismatches.
Therefore, only highly methylated DNA will conserve
sequence complimentarity to the array and produce
strong hybridization signals (Reinders et al. 2008). Impor-
tantly, such DNA methylation profiling does not differ-
entiate CG from non-CG methylation due to the 25-bp
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resolution, corresponding to the probe length on an array
feature. Therefore, the analysis only used the subset of
features described below that clearly distinguished pa-
rental epi-alleles.

Removal of nonspecific sequences from the >3.2 mil-
lion array features (Zhang et al. 2008) restricted the
analysis to >1.68 million features containing 8,531,303
cytosines. Methylation of ~5.26% of these cytosines
(Lister et al. 2008) distributed in proportion to the other
nucleotides within each 25-mer feature sequence would
give differential signals due to methylation changes with
a maximum of 71,800 features, representing the “meth-
ylome.” The results showed that 33,828 (47%), 37,327
(51%), and 39,775 (55%) of the expected features had
signals in epiOl, epil2, and epi28, respectively, distin-
guishing the epiRIL from one or both parents (see the
Materials and Methods; Supplemental Table 3). On aver-
age, only 3% of 6554 control features without cytosines
were significantly different from the parental lines for any
epiRIL, compared with an expected error rate of 5%.
Thus, ~50% of the methylome represented on the array
was detected as differentially methylated in these epi-
RILs.

For signal differences to be informative with respect to
the parental origin of chromosomal regions, it is neces-
sary to assign them confidently to one of the parents.
Approximately 33% of the tiles (average of 12,450 tiles)
(Supplemental Table 3) detecting differences among the
epiRILs showed no differences between the parents and
were discarded; only the remaining 67% tiles with clear
parental origin were considered (average of 24,526 tiles
per epiRIL) (Supplemental Table 3). Within this subset,
>65% could be assigned confidently to one of the parents
(averaging 16,109 tiles) (Supplemental Table 3). Wild-
type-like signals predominated, varying from 38.4% to
59.7% and averaging 52.2% (12,773 tiles) (Fig. 4A; Sup-
plemental Table 3), whereas the proportion of met-like
varied from 26.4% to 5.6% between different epiRILs
(averaging 13.5%; 3336 of 24,526 total tiles) (Fig. 4A;
Supplemental Table 3). Given the appearance of novel,
transgressive methylation patterns and the unexpectedly
high frequency of epi-heterozygotes detected by Southern
blot analysis (Fig. 3B,C), it was anticipated that some
signals would not be assignable to their parental origins.
Indeed, the fraction of nonparental hybridization signals
(intermediate and transgressive) (see the Materials and
Methods for the class description) was significant (aver-
aging 34.3%; 12,773 tiles) and relatively constant among
the three epiRILs (Fig. 4A; Supplemental Table 3).

The methylation polymorphisms along the chromo-
somes were aligned for each epiRIL. The distribution
patterns of nonparental signals appeared random for all
chromosomes of each epiRIL, suggesting that nonparen-
tal epi-alleles were formed and inherited independently
of the parental origin (Fig. 4B; Supplemental Fig. 6). In
contrast, wild-type-like and met-like signals appeared in
reciprocal blocks, consistent with the visualization of
parental regions defined by meiotic recombination break
points. Interestingly, the parental chromosomal origins
were more clearly visualized by blocks of met-like signals

Unlocked Arabidopsis epigenome

than the wild-type-like signals (blue and red, respectively,
in Fig. 4B; Supplemental Fig. 6).

Since progressive remethylation via the RNA-directed
DNA methylation (RdADM) pathway (Mette et al. 2000;
Wassenegger 2000) may restore wild-type methylation
levels at selective targets during inbreeding (Teixeira
et al. 2009), the contribution to this process of small
RNAs (sRNAs) derived from each parent (Lister et al.
2008) was examined. The distribution of parental sSRNAs
in a metl-derived region of all three profiled epiRILs
(chromosome 4, 8.1-10.1 Mbp) (Fig. 4) across loci prone to
methylation changes was compared with random loci.
We observed preferential association of especially wild-
type sRNAs with epi-alleles prone to methylation
changes (Supplemental Fig. 7A) supporting previous
observations (Lister et al. 2008). This tendency, consis-
tent with the involvement of sSRNAs in remethylation of
hypomethylated epi-alleles during inbreeding (Teixeira
et al. 2009), was confirmed across the entire chromosome
4 (Supplemental Fig. 7B).

Methylation-sensitive PCR assays directed toward tar-
gets on chromosome 4 were used to validate the methyl-
ation profiling data. Eleven random loci encoding Hpall
sites were examined, for which profiling data suggested
hypomethylation in met1-3 relative to the wild type. The
results were consistent with the methylation profiling
data for all 11 loci across the entire chromosome (Fig. 4C).
Associations between inherited epi-allele states and tran-
script levels were investigated by comparing epiRIL
methylation profiling data with previously reported up-
regulated expression levels in met1-3 (Lister et al. 2008).
Within the three profiled epiRILs, the expression levels
for the five examined loci within the observed chromo-
somal segments corresponded to their parental origin
(Fig. 4D).

The overlapping distributions of methylation polymor-
phisms when a parental segment was shared between the
profiled epiRILs were also assessed. For example, the met-
like chromosome 4 segments (Supplemental Fig. 8A)
shared 16%, 33%, 29%, and 34% of the transgressive,
intermediate, met-like, and wild-type-like tiles, respec-
tively (Supplemental Fig. 8A). Very similar patterns were
detected within the met-like chromosome 2 region (Sup-
plemental Fig. 8A). Analysis within wild-type-derived
segments indicated high levels (>60%) of the expected
wild-type-like signals (Supplemental Fig. 8B), low levels
(average of 10%) of met-like signals, but surprisingly
similar levels of transgressive and intermediate patterns
compared with the met-derived segments (25% and 7%,
respectively). Since the levels of intermediate and trans-
gressive signals seemed to be independent of parental
origin (Supplemental Fig. 8C), these were probably estab-
lished or maintained independently of linkage-based in-
heritance of parental epi-alleles.

To further examine whether intermediate methylation
levels reflect reduced levels of methylation due to epi-
heterozygous states, as indicated above (Fig. 3C), or are
associated with novel methylation patterns, Southern
blot analysis was performed at a locus encoding a putative
Copiad5 retro-element (AT4G37705) for which the array
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Figure 4. Epigenomic mapping of DNA methylation polymorphisms. (4) Genome-wide DNA methylation polymorphism composition
(%) per epiRIL (for more detail, see Supplemental Table 3). (B) Distribution of signals along chromosome 4 for each of three epiRILs and
a simplified chromosome 4 map below indicating the centromere (black), the heterochromatic knob (pink), and the nucleolus organizer
region (yellow) (distances in Mbp shown at the bottom). The hybridization signals are color-coded as in A. (C) Validation of parental
methylation polymorphisms (color-coded as in A and displayed on the Ileft for each locus). PCR amplification was performed with
undigested (—) and Hpall-digested (+) DNA. (D) EpiRIL transcription patterns. Methylation profiling patterns are shown on the left (as in
C). The epiRIL transcripts were detected by RT-PCR and compared with the parental expression patterns. (WT) wild type; (met1) met1-
3. Actin2 and RT™ are displayed for each locus (RT~ reactions without reverse transcriptase using primers for centromeric repeats as

described before in Mathieu et al. (2007).

data indicated wild-type methylation levels in epiOl and
epi28 and an intermediate level in epil2 (Fig. 5A). Given
that the informative array feature containing an Hpall
site was adjacent to the 3’ LTR of the element, the
hybridization probe included the LTR (Fig. 5B). Due to
5" LTR cross-hybridization, this probe revealed a 9.4-kb
DNA fragment in wild type, epiOl, and epi28, and a 4.8-kb
fragment in met1-3 and epil2 (Fig. 5C). Probe hybridiza-
tion in the 3’ LTR region of Copia45 revealed a range of
Hpall fragments forming patterns reflecting the levels
and distribution of DNA methylation in this region (Fig.
5C). These patterns were used as molecular indicators to
examine the inheritance of DNA methylation in epil2 at
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this locus. Analysis of 10 individuals of epil2 at Fg
revealed variation in methylation patterns that persisted
during the inbreeding process (Fig. 5D). Fo progeny of four
random Fg individuals were analyzed to determine how
this variability is inherited. Surprisingly, the inheritance
of epi-allelic methylation patterns at this locus appeared
unstable, revealing a significant degree of stochastic
variability in Fy progenies (Fig. 5E). This variability and
the novel methylation patterns were not consistent with
the epi-heterozygosity. For example, in the Fy progeny of
epil2 #09, siblings 3 and 5 regained methylation at the
target Hpall site, whereas sibling 4 exhibited novel
methylation patterns due to further demethylation.
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These results are rather unexpected and illustrate the
rapid formation of novel methylation patterns.

In contrast to the presence of wild-type-like signals
within met-like regions, which can be explained by
RdDM, met-like signals interspaced within wild-type-
derived regions (Supplemental Fig. 8B) were somewhat
surprising, and implied that met-derived demethylated
regions impinge on wild-type epigenetic information
during the formation and/or inbreeding of mosaic epige-
nomes. Given the selection of the MET1 allele in the F,
generation, wild-type-derived regions were expected
flanking the MET1 locus within each epiRIL and were
apparent in the profiling analysis (Fig. 6A). Importantly,
the region adjacent to the MET1 gene provided a unique
opportunity to test the methylation status at loci that
were epi-heterozygous only during the F; generation.

Bisulfite sequencing 10 kb downstream from the MET1
gene, where the array data indicated that all three epiRILs
had intermediate patterns, supported non-wild-type
methylation in this region (Supplemental Fig. 9). Further-
more, we performed Southern blot analyses with Hpall-
digested DNA hybridized with additional probes located
in regions linked to MET1, which indicated array signal
deviated from wild-type values (Fig. 6B-D). Although the
results for a further 20 epiRILs showed predominant wild-
type-like patterns (85%—65%), met-like epi-heterozygous
and transgressive patterns were also detected in this

region (Fig. 6B). In particular, at loci ¢5-a and c¢5-b, but
not c5-c, transgressive patterns were detected that cannot
be explained by inheritance from either parental chromo-
some. Together, these results strongly suggest that epi-
genetic variation observed within the MET1 region that
was genetically selected at the F, generation originates
from the interaction of met1-3 and wild-type chromo-
somes in the F; hybrid.

To examine how these methylation patterns were sub-
sequently inherited, a transgenerational analysis was
performed using Hpall-digested pooled DNA from 10
siblings of the F3 to Fy generations for epil2 that ap-
peared wild-type-like and epi-heterozygous in the Fyg at
c5-b and c5-c, respectively (Fig. 6C). Intriguingly, novel
methylation patterns (indicated by two bands at 7.8 and
9.1 kb) were detected at the c5-b locus in early gener-
ations (Fig. 6C). At the c5-c locus, epil2 maintained epi-
heterozygosity in all generations tested, with variable
stochiometry between met-like and wild-type-like pat-
terns in the F7 to Foy (Fig. 6C). Further analysis of DNA
from 10 individual epil2 siblings of Fg showed unex-
pected epi-allelic variation between the plants. Six wild-
type-like individuals were detected at the ¢5-b locus and
three siblings had intermediate methylation patterns (Fig.
6D). Moreover, five wild-type-like, two epi-heterozygous
and three met-like patterns were detected at the c5-c
locus (Fig. 6D). Taken together, these results reveal
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Figure 6. Inheritance of DNA methylation within wild-type-
derived chromosome 5 region. (A) DNA methylation polymor-
phism distributions along chromosome 5 (color-coded as in Fig.
4A). The shared wild-type-derived chromosome 5 segments are
marked by the red box (15.5-22.2 Mbp) (see also Supplemental
Fig. 8B). Physical and genetic distances to the MET1 gene (Liu
et al. 1996) for analyzed flanking loci are provided below. (B)
Methylation polymorphisms in epiOl, epil2, epi28, and an
additional 17 epiRILs. Southern blots of Hpall-digested DNA
hybridized with probes for loci c5-a to c5-c¢ (details of probe
design are given in Supplemental Table 2). Asterisks color-coded
as for the methylation profiling indicate methylation patterns
differing from wild type. (C) Transgenerational Southern blot
analysis of DNA methylation patterns in epil2 (F5 to Fy). (D)
Southern blot methylation analysis of 10 individual plants of
epil2 at Fg.

astonishingly high levels of epigenetic variation inherited
both across the population and within individual epiRILs
that appear also at the wild-type-derived chromosomal
segments.

Genetic instability within the epiRIL population

Since the parental lines were genetically identical, except
at the MET1 locus, it was assumed that genetic polymor-
phisms could be neglected unless genomic instability or
transposon movements were induced during epiRIL pop-
ulation development. For example, the DNA transposon
CACTA was reported to transpose in ddm1, cmt3-7, and
cmt3-7/met1-1 double mutants (Miura et al. 2001; Singer
et al. 2001; Kato et al. 2003) but not in metl single
mutants. Nevertheless, the parental lines were examined
for possible CACTA transposition.
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Even though the parental met1-3 plant used to cre-
ate the epiRILs was a first-generation met1-3 homozy-
gote, given the previously reported transgenerational
epigenetic instabilities in met1-3 (Mathieu et al. 2007),
a fourth-generation met1-3 was also included as an
additional control for the inbreeding process. Southern
blots of DNA from the parental lines showed no trans-
position of CACI or CAC2 (Fig. 7A), the two active
CACTA elements previously reported (Miura et al.
2001). Unexpectedly, CACTA transposition was observed
in a significant proportion of epiRILs (28 %) (exemplified
in Fig. 7A; Supplemental Fig. 10). Additional Southern
blot analysis of progressive generations of epi07 revealed
accumulation of CACTA movements over the genera-
tions (Fig. 7B). Random F, plants of epi07 were examined
to test whether the induction of CACTA transposition
was gradual in all progeny or was activated in random
siblings. Southern blot analysis revealed stochastic trans-
position of CACTA within specific individuals (Fig. 7C).

A simple explanation for the observed transposon
activity is that transcription of a known epigenetic
regulator was altered in CACTA-active epiRILs, which
allowed its movement. However, there was no correla-
tion between mRNA levels of epigenetic regulators and
CACTA activity (Supplemental Fig. 11). Thus, the direct
involvement of these regulators in CACTA transposition
is doubtful and an alternative transposition regulatory
mechanism must be sought.

Discussion

Transgenerational heritability of epigenetic marks in
plants relies on the faithful propagation of DNA methyl-
ation at CG sites (Soppe et al. 2002; Tariq et al. 2003;
Mathieu et al. 2005, 2007) and mutants defective in this
process accumulate severe developmental abnormalities
during inbreeding (Kakutani et al. 1996; Mathieu et al.
2007). Therefore, it has not been possible so far to ex-
amine epigenetic variation generated by interfering with
maintenance of CG methylation at the population level
or to determine stability of its inheritance in many gener-
ations. Here we report a strategy of “epigenetic inbreed-
ing” that aims to stabilize Arabidopsis lines with mosaic
epigenomes consisting of chromosomal segments derived
from the wild-type and ™CG-depleted chromosomes.

For some traits, such as flowering time and stress re-
sponses, phenotypic classes were apparent and/or quantita-
tive differences were statistically significant. Furthermore,
some of these traits appeared to be inherited from the
met1-3 parent. These analyses provide the first insight
into the extent of phenotypic variability generated by
randomly combining epi-alleles and their interactions.
The phenotypic variability of the epiRILs was similar to
the range of variation among natural Arabidopsis ecotypes
occurring in response to Pseudomonas syringae infection,
suggesting that it is possible to implement epigenetic
breeding techniques to native alleles to expose phenotypic
variation buffered by epigenetic mechanisms. This could
be especially valuable for an organism with narrow genetic
diversity.
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Figure 7. Activation of CACTA transposition in epiRILs
revealed by Southern blot analyses of EcoRV-digested DNA
and probed as reported previously (Miura et al. 2001). (A) The
parental lines wild type, second, and fourth generation met1-3
(WT, m2, and m4, respectively) (left panel), and four random
epiRILs (right panel). (B) Transgenerational analysis (F5 to Fo) of
epi07 (see also Supplemental Fig. 10). (C) Stochastic onset of
CACTA transposition in epi07 siblings at the F4 generation.

However, CACTA transposition was observed in a sig-
nificant proportion of epiRILs, despite the fact that
CACTA is immobile in both parental strains. Therefore,
a fraction of these traits may reflect genetic, transposon-
induced variation. Yet, the frequencies of phenotypic
alterations in CACTA-active and CACTA-silent lines
are similar (Supplemental Table 1), and thus, CACTA
activity per se does not explain the high degree of
phenotypic variation observed within this population.

Although stable inheritance of parental methylation
patterns was detected, reflected best by the parental
chromosomal origins visualized within the methylation
profiles, epigenetic inheritance in the epiRILs at several
loci did not follow Mendelian predictions for random
segregation of alleles. Genome-wide methylation was
30% higher than the midparent value and overrepresen-
tation of wild type over met-derived epi-alleles was
observed (Fig. 3). This could be the result of selection
for methylation maintenance at loci contributing to
plant fitness and/or active de novo methylation and sup-
pression of the demethylation activities operating within
the epiRIL epigenomes, as reported previously for met1
mutants (Huettel et al. 2006; Mathieu et al. 2007). The
latter two mechanisms are also likely to be involved in

Unlocked Arabidopsis epigenome

establishing and maintaining the novel methylation
patterns detected at several loci (Figs. 3B, 5D,E, 6B-D).

The high level of epigenetic variability and epi-hetero-
zygosity that endured the inbreeding process is most
intriguing. Since this also applies to loci in the vicinity
of the MET1 gene selected at the F,, “epigenetic con-
versions” of the wild-type loci to met-like alleles seem to
be initiated already in the F; hybrid. Since passive loss of
DNA methylation due to MET1 haplo-insufficiency was
excluded previously (Saze et al. 2003), the mechanism
could involve active methylation/demethylation result-
ing from sRNA activities (Vazquez 2006; Mosher et al.
2008; Zheng et al. 2008). Alternatively, a paramutation-
like activity (Chandler and Alleman 2008), possibly
activated by epi-heterozygosity of the Fj, could lead to
in trans interactions of epi-alleles on homologous chro-
mosomes, resulting in altered methylation patterns. Yet,
these two processes do not adequately explain the sur-
prising persistence of epi-heterozygosity during inbreed-
ing by single-seed descent. We postulate that such
metastable epi-alleles either continue interacting, possi-
bly through newly acquired chromatin states or altered
epigenetic regulation (Nakayama et al. 2000; Hall et al.
2002), or they retain the intrinsic ability to alternate
between epi-allelic states. Similar activities may be in-
volved in the formation of transgressive methylation
patterns. Transmission of such a propensity to the prog-
eny would then explain the persistence of apparent epi-
heterozygosity and variation in nonparental methylation
patterns. Regardless of the molecular mechanisms, likely
involving well-established Arabidopsis epigenetic regu-
lators acting downstream from ™CGs, our results dem-
onstrate that epi-allele inheritance in epiRILs can
significantly deviate from Mendelian expectations.

One of the important questions remaining is whether
integrating epigenomic data into a quantitative genetics
framework could facilitate mapping of epigenetic quan-
titative trait loci (epi-QTL). Although epi-QTL mapping is
an exciting prospect, the frequent occurrence of dynamic
epi-alleles within parental chromosomal segments that
do not correspond to that parent may complicate this
process. This implies that linkage-based epi-QTL map-
ping may not be the most suitable, and that associative
studies may be more suited for this purpose. A better
understanding of the dynamic nature of epigenomes is
needed to resolve this issue.

The results also raise interesting questions about the
rate of epigenetic evolution. Recent studies addressing
the natural variation of epigenetic diversity suggested
high stability of epi-alleles on an evolutionary scale,
especially for transposable elements (Vaughn et al.
2007; Zhai et al. 2008; Zhang et al. 2008). Here, we
show that this stability is fragile and can be lost rapidly
when patterns of CG methylation are altered. The impli-
cation is that the destabilization of an organism’s epige-
nome, perhaps by a spontaneous or induced down-
regulation of DNA methylation (e.g., by aza-cytidine),
will rapidly induce novel epigenetic diversity. Since
the MET1 gene has a documented gametophytic func-
tion and no functional redundancy (Kankel et al. 2003;
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Saze et al. 2003), its suppression or deficiency (also as
a heterozygote), which may occur in nature, would
significantly contribute to natural epigenetic variation.
This could confer adaptive benefits, as previously sug-
gested (Finnegan 2002; Kakutani 2002; Richards 2006,
2008), but could also be harmful due to loss of fitness.
Thus, there is still much to learn about the epigenetic
and phenotypic consequences once an epigenome has
been “unlocked.”

Materials and methods

EpiRIL population development

The F, population was derived from one self-fertilized F; plant
resulting from the cross of a wild-type ecotype Col-0 and a met1-
3-null mutant (Col-0 background) as the maternal and paternal
parents, respectively. The F, seeds were stratified (2 d) and grown
under long-day (LD) conditions (16 h light, 8 h dark, 22°C). F,
plants (n = 396) were genotyped at the MET1 locus, as previously
described (Saze et al. 2003). Individuals (n = 96) homozygous for
METT1 alleles were selected, grown to maturity, and seeds of each
plant were harvested. Aliquots of 100 seeds per plant were sown
and one random plant was transplanted after 10 d and advanced
to the next generation. This method of single-seed descent was
used up to the F, generation. At the F,, nine random plants per
line were advanced and their seeds were bulk harvested to create
the Fg seed stock used for analyses.

DNA extraction and methylation analysis

For the HPLC and Southern blot analyses, DNA was extracted
from leaf tissue using the Qiagen MaxiPrep kit (Qiagen), with the
following modifications. After the column was washed with
ethanol, it was spun again (15 min), dried at 37°C (45 min), and
eluted. Southern blots were performed as described previously
(Mathieu et al. 2007). Total ™C was determined as described
previously (Rozhon et al. 2008). DNA was extracted from two
biological replicates (10 siblings per replicate) and quantified
using high-performance cation-exchange chromatography. The
biological replicates for each epiRIL were then compared with
the wild type using a two-sample t-test (a = 0.05).

Bisulfite methylation profiling and microarray data analysis

Briefly, three biologically replicated DNA samples, each from
leaf tissue of 10 individuals, were profiled as described previously
(Reinders et al. 2008) with 200 ng of bisulfite-converted DNA
subjected to genome-wide amplification. The data were pro-
cessed as described previously (Zhang et al. 2008). With this
approach, 1,683,620 unique perfect match features were spatially
corrected and quantile normalized with all arrays together. Log,-
transformed signal intensity ratios were made between each
epiRIL to each parent using the previously reported parental data
(Reinders et al. 2008). Using the limma package (http://www.
bioconductor.org) within R (http://www.R-project.org), the em-
pirical Bayes method was used to calculate F-test statistics and
was corrected for multiple comparisons using the Benjamini
Hochberg method. The number of statistically significant com-
parisons at the 95% confidence level was determined for each
entry.

For signal differences to be scored as wild-type-like, the epiRIL
value had to be equal to the wild type and significantly different
from met1-3. Conversely, for the epiRIL signal to be scored as
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met-like, the epiRIL value had to be significantly different from
the wild type but equal to met1-3. If the epiRIL signal value was
between significantly different parental values, the epiRIL was
scored as intermediate. If the epiRIL signal value was signifi-
cantly greater than or lower than both parental values, the epiRIL
value was scored as transgressive.

The data described here have been submitted to the Gene
Expression Omnibus (GEO) at NCBI under accession number
GSE13438.

Methylation-sensitive cleavage amplification polymorphism
assays

After measuring DNA concentrations using a Nanodrop 1000
spectrophotometer (Thermo Scientific), 500 ng of genomic DNA
was digested in the presence or absence of methylation-sensitive
enzyme (20 pL final volume) according to the manufacturer’s
instructions. Digestions were incubated overnight at 37°C,
followed by a denaturing treatment (15 min at 65°C). Reaction
volumes were diluted to 100 pL with TE and equal DNA
amounts were used for each PCR assay, followed by electropho-
resis in a 1% agarose gel stained with ethidium bromide and
visualized under UV light.

RT-PCR analysis

RNA isolation and RT-PCR were as described previously
(Mathieu et al. 2007).
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