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De novo DNA methylation in Arabidopsis thaliana is catalyzed by the methyltransferase DRM2, a homolog of the
mammalian de novo methyltransferase DNMT3. DRM2 is targeted to DNA by small interfering RNAs (siRNAs) in a process
known as RNA-directed DNA Methylation (RADM). While several components of the RADM pathway are known, a
functional understanding of the underlying mechanism is far from complete. We employed both forward and reverse
genetic approaches to identify factors involved in de novo methylation. We utilized the FWA transgene, which is
methylated and silenced when transformed into wild-type plants, but unmethylated and expressed when transformed
into de novo methylation mutants. Expression of FWA is marked by a late-flowering phenotype, which is easily scored
in mutant versus wild-type plants. By reverse genetics we discovered the requirement for known RdDM effectors AGO6
and NRPE5a for efficient de novo methylation. A forward genetic approach uncovered alleles of several components of
the RADM pathway, including alleles of cIsy71, ktfT and nrpd/e2, which have not been previously shown to be required for
the initial establishment of DNA methylation. Mutations were mapped and genes cloned by both traditional and whole
genome sequencing approaches. The methodologies and the mutant alleles discovered will be instrumental in further

studies of de novo DNA methylation.

Introduction

Cytosine DNA methylation is an ancient form of epigenetic
information found in all kingdoms of eukaryotes. Functions for
DNA methylation-mediated gene silencing include imprinting
and repression of transposable elements. In mammals, methyla-
tion occurs almost exclusively in the CG context. Maintenance
of the methyl-mark persists through function of the DNA meth-
yltransferase, DNMT1, whereas the initial, or de novo, meth-
ylation of unmodified DNA occurs through DNMT?3 activity.
The importance of DNA methylation for proper development is
underscored by embryonic lethality in knockout mice for either
type of methyltransferase."?
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The flowering plant Arabidopsis thaliana serves as a power-
ful model to analyze the function of DNA methylation since
it contains orthologs to both DNMT1 and DNMT?3, termed
METHYLTRANSFERASEL (MET1) and DOMAINS
REARRANGED METHYLTRANSFERASE 2 (DRM2),
respectively.®* Moreover, unlike mammals, Arabidopsis plants
that contain homozygous null mutations for either gene are
viable. In addition, Arabidopsis contains a third methyltransfer-
ase gene: the plant-specific CHROMOMETHYLASE 3 (CMT3).
Unlike mammals, plants are able to methylate cytosines in three
contexts: CG, CHG (where His A, C or T) and CHH. Although
there is a degree of redundancy, MET1 largely carries out CG
methylation, CMT3 performs CHG and DRM2 is the primary
CHH methyltransferase.’”
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sensitive enzyme Mspl and digestion was analyzed by Southern blot.

Figure 1. Schematic representation of the FWA screen approach. EMS mutagenized Col-0 plants were transformed with the FWA transgene. Prior to
transformation, any mutagenized line that exhibited a late-flowering phenotype was discarded. The first generation of FWA-transformed mutant
plants were screened for flowering time. All late-flowering lines were deemed potential de novo methylation mutants. As a secondary screen, late-
flowering lines were divided into three classes based on their phenotype at the MEA-ISR locus. Genomic DNA was digested with the methylation

The CHH context is of particular note because it lacks inher-
ent symmetry across the DNA strand. Whereas methylation in
symmetric contexts can be recognized as hemimethylated DNA
on both daughter strands of DNA after replication and therefore
be maintained passively,® maintenance of asymmetric methyla-
tion must operate via an active signal. In the last decade a flood
of studies have implicated a 24-nucleotide species of siRNAs
as guiding DRM2 in a process known as RNA-directed DNA
Methylation (RdADM).”*°

In addition to maintaining pre-existing CHH methylation,
RdDM via DRM2 is needed to establish DNA methylation on
unmethylated sequences, such as an incoming (FLOWERING
WAGENINGEN) FWA transgene.'"? FWA is a maternally
imprinted homeodomain transcription factor. In vegetative tissue
FWA is silenced as a result of methylation in its promoter and 5'
UTR."*" Heritable unmethylated fwa-1 epialleles are dominant
and ectopic expression causes a late-flowering phenotype. RADM
mutant plants are incapable of de novo methylating FWA upon
transformation, thus flower late.

Several aspects of the RADM process remain a mystery. For
example it is unclear what downstream effectors contribute to
the silent state following de novo methylation. Additionally, it
is uncertain how a 24 nt siRNA-loaded ARGONAUTE4 physi-
cally targets DRM2 to specific loci. However, perhaps the most
compelling question is how RADM machinery is able to recog-
nize particular unmethylated DNA sequences. Although repeti-
tive elements such as transposons are associated with small RNAs
and DNA methylation, there is no known sequence specificity or
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secondary structure that is-a hallmark of recruitment, let alone
an endogenous factor that serves to respond to invasive DNA."

In order to further clarify the process of the initial estab-
lishment of methylation, we employed both forward and
reverse genetic screens taking advantage of the FWA late-flow-
ering phenotype. In the first forward mutagenesis screen spe-
cifically designed to discover mutations that block the initial
establishment of methylation, a broad picture of the RA(DM
pathway emerged. We utilized both traditional and emerging
whole-genome sequencing approaches to identify mutations
from the screen. Of particular note, the recently described
SUPPRESSOR OF TY INSERTION 5-LIKE (SPT5-LIKE)/
KOW  DOMAIN-CONTAINING TRANSCRIPTION
FACTOR 1 (KTFI1)'" and CLASSYI (CLSY1)" genes were
discovered by our approaches to be required for initial estab-
lishment of methylation.

Results and Discussion

A forward screen to discover de novo methylation mutants.
In an effort to increase our knowledge of de novo methylation
in Arabidopsis, we took an unbiased approach to screen for
mutations that block the establishment of DNA methylation
(Fig. 1). This was accomplished by transforming plants with an
FWA transgene and screening for mutants that block the estab-
lishment of silencing of FWA and therefore produce a late flower-
ing phenotype. Columbia-0 (Col-0) seeds were treated with ethyl
methanesulfonate (EMS) and roughly 900 mutagenized M1 lines
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alleles: drd1-10is a Gly—Asp missense and drd1-11 is a Gly—>Glu missense.

Figure 2. Characterization of mutant lines, and mutation identification. (A) MEA-ISR Southern blot phenotype for nine de novo mutant lines. Seven
lines were sub-categorized MEA-ISR eliminated and two as MEA-ISR reduced. The allele resulting in each mutant phenotype is indicated. (B) Protein
models for each mutation identified from the screen. The mutation is denoted above the model. drd1 is the only gene for which we obtained multiple

were allowed to self-pollinate to produce individual M2 families.
Due to concerns that unrelated flowering time mutations would
mimic the FWA hypomethylation phenotype, approximately
110 M2 lines that exhibited late Howering were discarded. The
remaining M2 lines were transformed with the FWA transgene
and the first generation of Basta-resistant transformants (T'1s) was
screened for late flowering plants. Roughly 300 T'1 lines displayed
a late-flowering phenotype upon transformation. The large num-
ber of late-flowering plancts is likely due to liberal thresholds used
to score the phenotype, incomplete silencing of FWA that occurs
even in wild-type plants, natural variation and the segregation
of flowering time mutants in a host of genes. RT-PCR from leaf
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material confirmed that FWA was expressed above wild-type levels
in 128 lines.

As mentioned previously, all known mutants that block de
novo methylation are components of RADM. Therefore, to
identify an assay for confirming and classifying our mutants,
we searched for an endogenous locus that has an siRNA-
dependent methylation state that can be examined with rela-
tive facility. The MEDEA-INTERGENIC SUBTELOMERIC
REPEATS (MEA-ISR) are a set of tandem repeats down-
stream of the MEDEA gene that are targeted by DRM2.4
Using the Mspl restriction endonuclease, non-CG meth-
ylation at MEA-ISR was examined by Southern blot analysis.
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Figure 3. Analysis of the dc/3 allele recovered from the screen. (A-C) Sodium bisulfite treatment and analysis of methylation state of (A) FWA endo-
gene (B) MEA-ISR and (C) FWA transgene. Y axis denotes percent methylation. (D) FWA flowering-time assay. Average number of leaves upon flowering

Wild-type plants display roughly a 1:1 ratio of methylated to
unmethylated bands. In strong mutants, such as null drm2
and ago4 alleles, non-CG methylation is virtually eliminated
(Fig. 2A). Weaker mutants, such as null mutations in dicer-
like 3 (dcl3)—the dicer protein most strongly associated with
RdDM—exhibit an intermediate banding pattern (Fig. 2A).
Thus, the 128 de novo methylation mutants were sub-classified
into three categories based on their MEA-ISR phenotype: MEA-
ISR normal (wild-type), MEA-ISR eliminated (phenocopy of
drm2) and MEA-ISR reduced (phenocopy of dc/3) (Fig. 1).

Based on the Southern blot phenotypes, seven lines fell into
the MEA-ISR eliminated class, and ten lines fell into the MEA-
ISR reduced class; the remaining 111 de novo mutant lines are
termed MEA-ISR normal. Mutations mapped in the first two
classes will be discussed.

Map based approach to discover mutations. In order to posi-
tionally clone the mutations that block de novo methylation, we
took advantage of the maintenance methylation defect in the
MEA-ISR eliminated and MEA-ISR reduced classes. Mutant
lines were outcrossed to Landsberg erecta (Ler) and individual
plants from segregating F2 populations were assayed for a MEA-
ISR Southern blot loss of methylation phenotype. We then uti-
lized a series of PCR based molecular markers to map each of
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the mutations. We included markers that are tightly linked to
the genes already known or suspected to affect de novo meth-
ylation in order to most efficiently identify the genes harboring
mutations.

Linkage analysis followed by sequencing led to the discovery
of seven mutations in six different genes that phenocopy drm2
(MEA-ISR eliminated class), and two mutations in two differ-
ent genes that phenocopy dc/3 (MEA-ISR reduced class) (Fig. 2A
and B, and described below). Allelism crosses with null T-DNA
alleles were used to confirm gene identities. Included in the
list are alleles of genes that heretofore have not been previously
shown to be required for the initial establishment of methylation:
KTFI and CLSY1.

Analysis of de novo methylation components upstream of
small RNA production. The species of small RNAs most fre-
quently associated with RADM are 24 nucleotides in length.”
Three components required to synthesize this class of siRNAs
were isolated in the screen: rdr2-6, dcl3-6 and clsyl-7. RNA-
DEPENDENT RNA Polymerase 2 (RDR2) likely produces
double-stranded RNA from transcripts generated by the plant-
specific RNA Polymerase IV (Pol IV).! Here, we identified an
allele of rdr2 that contains a premature stop codon well upstream

of the RNA-dependent RNA Polymerase (RdRP) domain
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Figure 4. Analysis of clsyT de novo methylation phenotype. (A) FWA flowering-time assay. (B) MEA-ISR Southern blot from two individual Col-0 plants and
two clsyT-8 plants to show the reproducibility of the weak phenotype. (C and D) Sodium bisulfite analysis of the FWA transgene (C) and endogene (D).

(Fig. 2B), which therefore is likely a null allele. DCL3 is pro-
posed to process the RDR2 double stranded RNA product into
24-mer siRNAs.?"?? We identified a glutamate-to-lysine mis-
sense mutation in a highly conserved DCL3 residue in one of
the Ribonuclease IIT (RNAselll) domains (Fig. 2B). The allele
recovered in the screen appears to have a weaker effect on RADM
than a dc/3 null allele (Fig. 3A and B). This perhaps is due to the
fact that DCL3 contains two RNAselll domains, so while one
is impaired, the second retains its enzymatic activity (Fig. 2B).
Despite this, the mutation still affects de novo methylation of the
FWA transgene such that it causes significantly reduced trans-
gene methylation causing retarded flowering time compared to
the wild-type control (Fig. 3C and D). Genetic complementa-
tion with a null 4c/3 allele confirms that the missense in dc/3-6
causes the impaired methylation phenotype (Fig. 3A and B).
The values for FWA transgene methylation are much lower
than the endogenous copies, even in wild-type plants, due to
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incomplete methylation that is observed in the first generation
of transformants.

A third murtation in a gene required for siRNA synthesis is a
proline-to-leucine missense in c/syl-7 (Fig. 2A and B). CLSY1
is a member of a SNF2-like domain-containing class of proteins
that also contain a helicase domain near the carboxyl-terminus,
and structural modeling predicts a putative chromatin remodel-
ing function for the CLSY1 protein."” Genetic data suggests that
CLSY1 is required for proper localization of both NRPD1—
the largest subunit of Pol IV—and RDR2, suggesting it acts
upstream of both of these components.”” The mutation discov-
ered here is adjacent to both the putative ATP binding site and
DNA backbone binding residues within the SNF2-like domain
(Fig. 2B).” The proline is a conserved residue among Arabidopsis
chromatin remodeling proteins, and its mutation in c/syl-7 may
result in an altered structural conformation that affects either

or both of these functions. We found that a null ¢/sy7 T-DNA
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insertion mutant, which we termed c/sy/-8, did not completely
block de novo methylation, as assayed by FWA transformation
(Fig. 4A and C). Concordantly, the maintenance methylation
phenotype at the MEA-ISR locus was also incomplete, with
residual non-CG methylation present at the Mspl restriction site
(Fig. 4B). In order to confirm that CLSY1 is required for RADM
maintenance methylation, we examined the FWA endogene in
the mutant (Fig. 4D). Indeed, in ¢/syI the non-CG methylation is
sharply reduced. A possible explanation for the weaker phenotype
of ¢clsyl mutants compared to other components in the pathway
may be partial redundancy with another member of the subfam-
ily of SNF2-like proteins. A likely candidate is CLSY2, which
contains 81% sequence homology with CLSY1.

Analysis of de novo methylation components downstream
of siRNA production. Subsequent to biogenesis, 24-nt siRNAs
target RADM machinery to homologous DNA sequences for
DRM2-mediated methylation. Mutations in genes downstream
of siRNA production do not exhibit severe defects in small
RNA accumulation at many RdDM target loci; however, non-
CG methylation is sharply reduced or eliminated.”* The FWA
screening approach produced six alleles in five genes required for
de novo DNA methylation but not strictly required for siRNA
biogenesis: ago4-4, nrpel-13, drdl-10, drdI-11, drm2-3 and
kif1-5 (Fig. 2B).

Small RNAs associated with RdADM are primarily loaded
into AGO4.>2° AGO4 contains two conserved domains termed
PAZ and PIWI. The PIWI domain contains a triad of catalytic
residues (D660, D742 and H874) that are conserved in argo-
naute proteins in plants, humans and S. pombe, and have been
previously shown to be required for AGO4 slicer activity and
RADM.% An allele of ago4 identified from this screen contains
a splice donor mutation that causes a frame shift and eventual
premature stop downstream of amino acid 630 (Fig. 2B). Given
that the three catalytic triad residues all lie downstream of the
mutation, this allele likely renders the protein catalytically inac-
tive, explaining the strong de novo methylation phenotype and
the strong loss of methylation MEA-ISR phenotype (Fig. 2A).
AGO4 acts partially redundantly with its close family member
AGOG6 in maintenance DNA methylation, and the ag06-2
mutant shows a reduced MEA-ISR methylation phenotype
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(Fig. 5A).%” Therefore, we wanted to confirm that 2g06 similarly
affects de novo DNA methylation. Analysis of FWA-transformed
ago6-2 plants confirmed that indeed there is a late-flowering phe-
notype (Fig. 5C) (Note: the variation in flowering time for Col-0
+ FWA from different experiments is likely due to differences in
growth conditions).

Previous studies have shown that AGO4 colocalizes with
NRPE], the largest subunit of the plant-specific RNA Polymerase
V+(Pol V) in the nucleus.?® Pol V-produces a transcript that is
necessary to recruit AGO4 to-chromatin of methylated loci.?’
Additionally, NRPE1 contains a hydrophilic (S/G/A/D/E/K-
rich) domain in its C-terminal that interacts with AGO4.283°
The interaction is dependent on conserved tryptophan-glycine/
glycine-tryptophan (WG/GW) repeats within NRPEL*® An
allele of nrpel arose from the FWA screen containing a prema-
ture stop codon at amino acid position 1693 (Fig. 2B). RT-PCR
analysis indicated that the 7rpel-13 mutant transcript is also sig-
nificantly reduced, possibly by nonsense-mediated mRNA decay
(data not shown). This is consistent with the strong loss-of-func-
tion mutant phenotype of this allele.

Because NRPEL! is required for de novo methylation, we
also performed FWA transformation on an allele of the recently
described Pol V-specific subunit NRPE52%* The nrpeSa-1
mutant indeed showed a partial late flowering phenotype after
transformation, showing that NRPES5a is also required for estab-
lishment of methylation (Fig. 5B). Consistent with this effect,
the nrpe5a-1 mutant also showed a partial maintenance methyla-
tion phenotype at MEA-ISR (Fig. 5A). A possible explanation for
why this mutant does not have as severe a methylation defect as
nrpel may be because of partial redundancy with its paralogs,
NRPE5b and NRPE5c.*

Pol V transcriptional activity is dependent on the SNEF2-
like putative chromatin remodeler DEFECTIVE IN RNA-
DIRECTED DNA METHYLATION 1 (DRDI1).»* Null
alleles of drdl display a severe decrease in non-CG methylation
at RADM target loci.*** Two alleles of drdl emerged from the
FWA screen, both of which exhibited a strong loss of methyla-
tion at MEA-ISR (Fig. 2A). drdl-11 contains a missense muta-
tion in a highly conserved glycine within the SNF2-like domain
(Fig. 2B). The second allele, drd1-10, is also a glycine missense;
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Figure 6. Molecular characterization of ktf1. (A) FWA flowering-time assay. (B-D) Sodium bisulfite analysis of MEA-ISR (B), FWA (C) and IGN5 (D). IGN5
is a third locus targeted by RADM machinery. (E) Small RNA blots showing the abundance of various small RNAs in different mutant backgrounds.
miRNA159 serves as a loading control. ktf7 mutant does not abolish 24 nt species of siRNAs, suggesting it is acting downstream of siRNA biosynthesis.

however, it occurs in a non-conserved reglon of DRDI/(Flg 2B)
This glycine is therefore either critical for the function of DRDI,
or it is possible that the mutation causes structural changes ren-
dering the protein non-functional.

WG/GW repeats, such as those contained in NRPE1, have
been shown to interact with argonaute proteins, forming a motif
termed the “AGO-hook.”*® Bioinformatic, biochemical and for-
ward genetic approaches all have converged on an Arabidopsis
AGO-hook-containing protein that is required for RADM.'6
The protein, named KTF1, also contains homology with the
yeast transcription elongation factor SPT5."® The FWA screen
approach produced an allele of 4#f1 that contains a premature
stop in amino acid 378 demonstrating its requirement for de
novo methylation, observed by late-flowering #WA transformants
(Fig. 6A). Additional analysis at endogenous loci indicates a sub-
stantial loss in non-CG methylation at DRM2-dependent sites in
the k#f1-5 mutant (Fig. 6B-D).

KTF1 does not appear to be required for the production of
24 nucleotide siRNAs at all RADM-targeted loci (Fig. 6E).!*"
This characteristic places it in the RADM pathway downstream
of Pol IV-RDR2 activity. Although KTF1 exhibits homology
to RNA Polymerase II (Pol II) elongation factors in other
eukaryotes, it does not appear to affect the accumulation of
Pol V transcripts showing that it is not required for Pol V tran-
scription.” However, KTF1 does interact with both AGO4 and
Pol V, and has RNA-binding capability.'*’® A potential func-
tion could be recruiting AGO4 to chromatin at sites of Pol V
transcription.
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Fmally, we lsolated a strong allele of the de novo methyltrans-
ferase DRM2; a splice donor mutation at amino acid 85 pre-
dicted to cause a frameshift and premature stop well upstream
of the DNA methyltransferase catalytic domain (Fig. 2B). The
allele caused FWA late flowering and a strong loss of methylation
at MEA-ISR. Although DRM2 is the methyltransferase targeted
by RdADM machinery, no previous RADM mutagenesis screen
has isolated a mutant allele of the gene.

Whole-genome sequencing can efficiently identify mutants
with weak phenotypes. Although MEA-ISR is a useful locus for
examining defects in RADM, we found that some late-flowering
mutants from our forward screen had only a very subtle pheno-
type at MEA-ISR as assayed by Southern blot analysis. Therefore,
scoring mutants in F2 mapping populations proved extremely
difficult. For example, in a population of 56 Col/Ler F2 plants
scored as being homozygous for the recessive 748 mutant, we
found that the area showing linkage on chromosome 3 never fell
below 25 ¢M, suggesting that some mutants were mis-scored and
that the population was contaminated with wild-type plants.
In order to map and clone 748 we therefore employed a whole-
genome sequencing approach.

First, we reduced our initial mapping population of 56
recombinants to 38 plants that exhibited homozygosity for
Col-0 specific PCR based molecular markers in a wide region
of chromosome three, to reduce the frequency of mis-scored
plants. The DNA from the set of 38 recombinants was then
pooled, and we performed paired-end shotgun sequencing
using Illumina GA II technology, giving 142 million high
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quality reads and 21.4 times coverage of the Arabidopsis
genome.

In order to locate regions that are enriched for Col-0 sequences,
we utilized the Mapping and Assembly with Short Sequences
(MASS) approach described by Cuperus et al.”” The region
exhibiting the highest enrichment for Col-0 SNPs fell in a 3 MB
window on chromosome three (Fig. 7A), with the highest peaks
between positions 8.25 and 8.8 MB. Within the 3 MB interval,
11 G-A or C-T mutations were identified, which are consistent
with EMS mutagenesis (Sup. Table 1). From these 11, 2 fell into
intergenic regions, one occurred in a miRNA, and the remaining
8 were in protein-coding genes.

One mutation occurred in NRPD/E2, a gene previously
reported to be involved in RADM."** The mutation discov-
ered here is an Arg-to-Gln missense mutation in the conserved
Rbp2_4 domain (Fig. 7C). NRPD/E2 is a paralog of NRPB2,
the second largest subunit of Pol II. It is shared by both Pol IV
and Pol V, and null mutations cause substantial loss in 24nt
siRNA accumulation and non-CG methylation.?*?* The allele
identified from the screen does not have as severe a phenotype
as a null allele at the MEA-ISR locus (Fig. 7B). In all likelihood,
this is due to the missense mutation impairing the protein func-
tion without rendering it completely inactive. A genetic comple-
mentation test confirmed that the mutation in the nrpd/e2 gene
does cause the MEA-ISR methylation phenotype in the 7248 line
(Fig. 7B). Its FWA flowering-time phenotype provides the first
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evidence that NRPD/E2 is required for the initial establishment
of DNA methylation.

The mutant m6I also exhibited a reduced phenotype at
the MEA-ISR locus (Fig. 8C), and we utilized whole-genome
sequencing to both map and identify the gene affected in this
mutant, this time with no pre-selection by traditional mapping.
From a mapping population of 200 plants, we identified 42 that
displayed an apparent weak MEA-ISR methylation phenotype by
Southern blot. Pooled DNA from the 42 apparent recombinants
was sequenced in the same manner as described above, giving
33.5 times coverage of the genome. Depletion of Ler SNPs was
observed only on chromosome two (Fig. 8A), identifyingan 8 MB
region as the likely location of this mutation. Mutations were ana-
lyzed from this 8 MB region (Sup. Table 2), and the most likely
mutation to cause the phenotype was a Glycine-to-Arginine mis-
sense occurring at amino acid position 49 in NRPE1 (nrpel-12)
(Fig. 8B). Genetic complementation confirmed that indeed this
mutation causes the observed phenotype (Fig. 8C). The muta-
tion was caused by a G-to-A base change consistent with EMS
mutagenesis. Interestingly, out of 42 reads for this nucleotide,
38 were mutant and four were wild type, showing that roughly
10 percent of the pooled DNA was contaminated by wild-type
sequences due to mis-scoring of the weak mutant phenotype.
Importantly, the whole genome sequencing approach was able to
compensate for the mis-scoring of this mutant phenotype and
allow us to efficiently identify the affected gene. Identification
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Figure 8. Identification of nrpel mutant allele by a whole-genome sequencing approach. (A) Depletion in percentage of Ler specific single nucleotide
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(non-mutant) contaminants. The red dot indicates the physical location of NRPET. (B) Protein model of NRPET1. Asterisk denotes missense mutation
recovered from screen. (C) MEA-ISR Southern blot. The mutation discovered by the whole-genome approach has a weaker phenotype than the null

of this weak mutation would have been nearly impossible by a
traditional mapping strategy. Such results indicate the promise of
using a whole-genome approach to identify even weak mutants
with recombinant DNA from a relatively limited number of indi-
vidual samples.

Materials and Methods

Plant materials. We used the following Arabidopsis strains:
the wild-type WS, Ler and Col-0; the recessive nrpeSa-1
(FLAG_607D12) allele in the WS background; the recessive
ago4-1 allele in Ler background (See Zilberman et al.*); reces-
sive alleles ¢/syl-8 (SALK_018319), de/3-1 (SALK_005512),
drdIl-6 (See Kanno et al¥), drm2-2 (SALK_150863), ktf1-I
(SALK_001294),  nrpd/e2-2  (SALK_046208), nrpel-11
(SALK_029919) and rdr2-2 (SALK_059661) in the Col-0
background.

EMS mutagenesis, FWA transformation and flowering time
analysis. 10,000 Col-0 seeds were incubated in 0.3% EMS in a
volume of 15 mL for 12 hours. Roughly 900 M2 families were
then screened for flowering-time abnormalities. Any family con-
taining late flowering mutants were discarded. The remaining
lines were transformed with the FWA transgene. We performed
FWA transformation using an AGLO Agrobacterium tumefaciens
strain carrying a pCAMBIA3300 vector with an engineered

www.landesbioscience.com

version of FWA in which an EcoRI site was converted into a BglII
site. For selection, we sprayed the resultant T1 population with
a 1:1,000 dilution of Finale™. We measured flowering time of
resistant plants as the total number of leaves (rosette and cauline
leaves) developed by a plant.

Southern blotting. We performed Southern blotting at the
MEA-ISR and 723 loci as described in Johnson et al.*! and Cao
et al.? respectively.

Bisulfite analysis. We performed sodium bisulfite sequencing
using EZ DNA Methylation Gold (Zymo Research) by following
the manufacturer’s instructions. Following amplication of bisul-
fite treated DNA, we cloned the resulting PCR fragments into
pCR2.1-TOPO (Invitrogen) and analyzed 15 to 22 clones per
sample. All primers are listed in Supplemental Table 3.

Whole genome mutation identification. Recombinant
mutants were pooled as described in the text. nrpd/e2-19 was
identified by methods described by Cuperus et al.?” nrpel-12 was
identified as follows:

A list of 258,838 high-quality known homozygous Ler SNPs
relative to Col-0 was composed by filtering:

ftp://ftp.arabidopsis.org/Polymorphisms/Ecker_ler.homozy-
gous_snp.txt (downloaded 2009-06-19).

All 163,907,331 raw reads from 7 lanes from one GA II RTA
SCS 2.4 55-cycle single end flow cell run were aligned with bow-
tie 0.10.1 (using qualities, allowing <2 mismatches in seed of first
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Figure 9. Model for de novo methylation. A repetitive invasive genetic element is marked in red. Pol IV together with CLSY1 generates a single
stranded RNA, which is made double stranded by RDR2, and diced into 24 nt siRNAs which are primarily loaded into AGO4. DMS3 and DRD1 act
upstream of Pol V, which creates a “scaffold” transcript that recruits AGO4 to chromatin. IDN2 binds to double stranded RNA, and may stabilize the
siRNA-Pol V RNA hybrid. Possibly through an intermediate protein or chromatin modification, DRM2 is recruited to de novo methylate the invasive
DNA. Proteins with stars have been shown to be required for FWA de novo DNA methylation.

28 cycles, and reporting all alignments of best stracum; additional
parameters: magerr = 60 without rounding, maxbts = 10,00,000,
tryhard) to the TIGR5 Col-0 reference genome with mitochon-
drion and chloroplast; the 88,181,158 reads with exactly one
alignment were retained.

Only the 4,842,337,521 read bases discretebasecalled A/C/
G/T with quality score 220 aligning to a genomic A/C/G/T
were retained, giving ~42.1-fold average pooled-strand coverage
of those genomic bases to which filtered alignments are possible.

All but 32 of the 258,838 known filtered Ler SNPs were
aligned to at least one read base. In the 8,705,359 base-pair link-
age region of interest (all chr2 bases from 11,000,001 onward),
~99.2% of genomic base-pairs were aligned to at least one read
base. Candidate mutant SNPs were taken to be genomic base-
pairs with at least one and 249% non-Col-0 observations, ordered
for priority by descending number of non-Col-0 observations. Of
the top 40, one in NRPE1 (#13 on the list) was the most likely
candidate, and was validated experimentally.

Conclusion

We present the first forward genetic screen that specifically
searches for mutations that block the establishment of methyla-
tion of an incoming transgene. The mutations that have been
characterized to date help to depict the components required
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for both de novo DNA methylation and RdADM maintenance
at endogenous loci (Fig. 9). In addition to this work, other
recent studies have reported genes that are required for RADM,
including INVOLVED IN DE NOVO 1/DEFECTIVE IN
MERISTEM SILENCING 3 (IDN1/DMS3),*4 INVOLVED
IN DE NOVO 2 (IDN2),* SU(VAR)3-9 HOMOLOG
2 (SUVH2), SU(VAR)3-9 HOMOLOG 9 (SUVHY)*"
HISTONEDEACETYLACE 6 (HDAG),***and DEFECTIVE
IN MERISTEM SILENCING 4/RNA DIRECTED DNA
METHYLATION 4 (DMS4/RDM4) (Fig. 9).“* Thus far,
all RADM mutations that have been tested, including all of
those in the current study as well as mutations in /DN2, DMS3,
SUVH2 and SUVHY affect FWA de novo DNA methylation.
These results strongly support the view that components of
the RADM DNA methylation maintenance pathway are also
components of the pathway that establishes de novo DNA
methylation.
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