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Abstract
The NLR-receptor RPP7 mediates race-specific immunity in Arabidopsis. Previous screens for
enhanced downy mildew (edm) mutants identified the co-chaperone SGT1b (EDM1) and the
PHD-finger protein EDM2 as critical regulators of RPP7. Here, we describe a third edm mutant
compromised in RPP7 immunity, edm3. EDM3 encodes a nuclear-localized protein featuring an
RNA-recognition motif. Like EDM2, EDM3 promotes histone H3 lysine 9 dimethylation
(H3K9me2) at RPP7. Global profiling of H3K9me2 showed EDM3 to affect this silencing mark at
a large set of loci. Importantly, both, EDM3 and EDM2 co-associate in vivo with H3K9me2marked chromatin and transcripts at a critical proximal polyadenyation site of RPP7. Our results
highlight the complexity of plant NLR gene regulation and establish a functional and physical
link between a histone mark and NLR-transcript processing.

Introduction
Disease resistance (R) genes that encode immune receptor proteins are critical for plant
immunity against pathogenic microorganisms. R genes were originally defined based on their
ability to induce race-specific disease resistance leading to incompatible host/pathogen
interactions. Functional R alleles are typically genetically dominant and encode receptors that
mediate recognition of pathogen proteins encoded by genetically dominant avirulence (AVR)
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alleles (Flor, 1971). Most R genes encode NLR proteins with a nucleotide binding site (NB) and
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C-terminal leucine-rich repeats (LRR) (Jacob et al., 2013, Jones et al., 2016). In Arabidopsis
thaliana (Arabidopsis) many of these NLR proteins contain either a coiled coil (CC) or a Toll
interleukin-1 receptor (TIR) domain (Meyers et al., 2003) at their N-terminus.
Pathogen AVR genes are fast-evolving and encode polymorphic effector proteins, that are

secreted to the apoplast or the interior of plant cells. Their virulence functions are to interact
with host proteins to attenuate host immune responses or otherwise enhance pathogen fitness
in the host environment (Abramovitch et al., 2006, Chisholm et al., 2006, Dangl and McDowell,
2006). However, secreted effectors can be recognized by specific NLR immune receptors
through direct receptor/ligand interactions or indirect detection of the effector’s virulence
function (Dangl and McDowell, 2006). Such recognition elicits a powerful set of immune
responses collectively referred to as effector-triggered immunity (ETI), which often culminates
in programmed death of plant cells at the infection site (termed the hypersensitive response or
HR). ETI typically protects plants against disease resulting in incompatibility between host and
pathogen.
Proper homeostasis of NLR activity is critical for the function of these immune receptors (Li et

al., 2015). Gene dosage experiments have demonstrated that NLR protein levels must be above a
certain threshold to robustly activate defense signaling (Bieri et al., 2004, Holt et al., 2005). On
the other hand, mutations that either constitutively activate NLR proteins or result in elevated
NLR transcript or protein levels can lead to embryo lethality, spontaneous cell death and/or
stunted plant growth, due to ectopic activation of immune responses (Shirano et al., 2002,
Mackey et al., 2003, Xiao et al., 2003, Palma et al., 2010). In some cases, reduction of plant
fitness has been associated with naturally occurring R gene alleles (Tian et al., 2003, Korves and
Bergelson, 2004, Karasov et al., 2014). Finally, the phenomenon of hybrid necrosis can be
caused by aberrant genetic interactions involving NLR-genes in hybrid genomes. Imbalanced
activity of NLRs in such hybrid contexts can result in autoimmunity-related phenomena, such as
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spontaneous HR (Bomblies et al., 2007, Bomblies and Weigel, 2007). Similar effects are often
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observed in transgenic plant lines overexpressing certain NLRs (Stokes et al., 2002, Li et al.,
2015).
These phenomena illustrate that the activity and expression of R proteins must be strictly

controlled, to ensure efficient immunity without spurious fitness costs. Accordingly, R genes,
and their encoded proteins, are tightly regulated at multiple levels. Post-translational
mechanisms are known to control NLR protein levels and activity (Hubert et al., 2003, Bieri et
al., 2004, Schulze-Lefert, 2004, Holt et al., 2005, Cheng et al., 2011). Besides this, control of NLR
transcript levels is important for their function (Mohr et al., 2010). For example, transcript
levels of RPP7 strictly correlate with levels of immunity conferred by this Arabidopsis NLR-gene
(Tsuchiya and Eulgem, 2011, Tsuchiya and Eulgem, 2013b). Such dose-dependency is further
supported by the incomplete dominance exhibited by some NLR genes, which are unable to
confer full levels of immunity, when present only in one copy (Reignault et al., 1996, McDowell
et al., 1998, van der Biezen et al., 2002, Holt et al., 2005). Complex interplay of several control
mechanisms affecting transcription, co/post-transcriptional processing and transcript turn-over
can balance base levels of NLR transcripts and allow for dynamic adjustments in certain
biological situations (Lai and Eulgem, 2017).
Race-specific interactions between different accessions of Arabidopsis and distinct isolates of

the pathogenic oomycete Hyaloperonospora arabidopsidis (causal agent of Arabidopsis downy
mildew; formerly Peronospora parasitica) have served as a successful model system to study R
gene-mediated immunity (Holub, 2001, Holub, 2008, Anderson et al., 2015). Several racespecific, incompatible interactions for this pathosystem have been established and are widely
used (Holub et al., 1994, Tör et al., 1994, Holub, 2008). In some cases, the Arabidopsis R genes
and H. arabidopsidis AVR genes governing the outcome of the respective plant/pathogen
interactions have been cloned (Bittner-Eddy et al., 1999, Allen et al., 2004).
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The CC-NB-LRR gene RPP7 of the Arabidopsis accession Columbia (Col) is known to mediate
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particularly strong disease resistance against the Hiks1 isolate of H. arabidopsidis (referred to
hence at Hpa-Hiks1) (McDowell et al., 2000, Eulgem et al., 2007).

In order to identify

Arabidopsis genes required for RPP7-mediated immunity, screens have been performed using
Hpa-Hiks1 for enhanced downy mildew (edm) susceptibility mutants in Col. Besides numerous
mutant rpp7 alleles, mutations were identified in genes encoding the general NLR co-chaperone
SGT1b (EDM1) and the histone-binding PHD finger protein EDM2(Tör et al., 2002, Eulgem et al.,
2007).
A large body of literature now supports roles of Arabidopsis SGT1b and some of its orthologs

in other species as co-chaperones controlling protein stability of several NLRs. While details of
its involvement in RPP7 regulation are unknown, SGT1b acts as a positive regulator of RPP7mediated immunity (Tör et al., 2002).
EDM2 is a nuclear protein featuring 2½ repeats of an atypical PHD finger motif, several acidic

domains, a motif related to replication foci domains (RFDs), a plant Ggamma-like-related (PGR)
domain, an N6-adenine methyltransferase-like domain conserved in EDM2-like plant proteins
(ELP domain), and a proline-rich C-terminal region (Eulgem et al., 2007, Tsuchiya and Eulgem,
2010a, Lei et al., 2013). EDM2 positively controls levels of RPP7 protein-coding transcripts,
which correlate with levels of immunity mediated by this NLR gene (Eulgem et al., 2007,
Tsuchiya and Eulgem, 2011, Tsuchiya and Eulgem, 2013b). In vitro the 2½ PHD finger module of
EDM2 can bind to histone H3 proteins that are simultaneously marked by post-translational
acetylation or mono-, di- or tri-methylation at lysine residues 4 and 9 (K4 and K9) (Tsuchiya
and Eulgem, 2014). We further found that EDM2 modulates H3K9me2 levels to control silencing
of transposable elements (TEs) (Tsuchiya and Eulgem, 2013a, Tsuchiya and Eulgem, 2013b).
Besides being compromised in RPP7-mediated immunity, mutants of EDM2 exhibit several
developmental phenotypes (Tsuchiya and Eulgem, 2010b). Trans-generational variability and
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instability of such phenotypes (Tsuchiya and Eulgem, 2013a) suggested roles of EDM2 in
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epigenetic processes.
EDM2 affects levels of RPP7 protein-coding transcripts by controlling alternative

polyadenylation (Tsuchiya and Eulgem, 2013b). EDM2 promotes high levels of H3K9me2 at a
transposon-associated proximal polyadenylation site in the first RPP7 intron and suppresses its
use, thereby repressing a non-coding transcript and promoting high levels of RPP7 transcripts
that encode the full-length NLR protein. We further showed that this EDM2- and H3K9me2dependent alternative polyadenylation mechanism is activated by H. arabidopsidis recognition
and dynamically adjusts RPP7 expression levels during the induction of immune responses.
Genome-wide profiling of edm2 mutants by bisulfite-seq showed EDM2 to globally suppress
levels of methylated cytosine in genic regions bordering heterochromatic repeats or
transposons (Lei et al., 2013).
Here, we report the map-based cloning of a third Hpa-Hiks1 susceptibility mutation in the

EDM3 gene. We show that EDM3 encodes a protein with an RNA recognition motif (RRM).
During the final stages of completion of this manuscript, Duan et al (2017) reported on the
identification of the RRM domain protein AIPP1, which is identical to EDM3, as a likely in vivointeractor of EDM2. Physical interactions between AIPP1 and EDM2 were demonstrated by
various assays and genome-wide effects of both regulators on cytosine-methylation were shown
to be similar. However, the absence of a clear biological phenotype of aipp1 mutants in the
report by Duan et al (2017) leaves the biological significance of AIPP1 and its interactions with
EDM2 unclear. We provide genetic evidence that the EDM3/AIPP1 gene is a critical contributor
to race-specific immunity of Arabidopsis against Hpa-Hiks1. We show that, like EDM2, EDM3
controls alternative polyadenylation of RPP7 immune receptor transcripts by suppressing
proximal polyadenylation at a transposon insertion site in the first RPP7 intron. Furthermore,
we found EDM3 and EDM2 to co-associate in vivo with RPP7 transcripts and chromatin at a
critical proximal polyadenylation site.
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Results
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Identification and characterization of the edm3-1 mutant
The edm3-1 mutant was identified in a screen of ~50,000 M2 mutant seedlings, derived from
6000 M1 Col-5 (glabrous-1 mutant of the parental Col-0 accession) plants subjected to fastneutron bombardment (Lehle seeds), for Hpa-Hiks1 susceptible individuals. We compared
levels of Hpa-Hiks1 susceptibility of edm3-1 to its resistant parent (Col-5), two wild-type HpaHiks1 susceptible ecotypes (Duc-1, Ksk-1), and the previously characterized rpp7-1 and edm2-1
mutants (McDowell et al., 2000, Eulgem et al., 2007). The enhanced disease susceptibility
mutant in the Ws-0 ecotype (Ws-eds1) was also included for comparison as a control known to
be strongly susceptible against various different H. arabidopsidis isolates (Parker et al., 1996).
Like rpp7-1 and edm2-1, edm3-1 plants supported sporulation of Hpa-Hiks1 at levels similar to
the two susceptible wild-type accessions and Ws-eds1, while Col-5 plants exhibited tight
resistance not allowing for detectable levels Hpa-Hiks1 sporulation (Table 1). Mutant
phenotypes of representative cotyledons are shown in Figure 1.
We further tested the mutants for susceptibility to the H. arabidopsidis isolates Cala2 and

Cand5, each recognized by different RPP specificities in Columbia (Sinapidou et al., 2004). All
three tested Col-5 mutants (rpp7-1, edm2-1 and edm3-1) were unaffected in resistance to HpaCala2 and Hpa-Cand5, like Col-5 allowing on average for the development of less than one
sporangiophore per cotyledon, while Ws-eds1 plants exhibited full susceptibility against both H.
arabidopsidis isolates (Table 1). Thus, like rpp7-1 and edm2-1, edm3-1 plants are clearly
compromised in a mechanism conferring race-specific disease resistance of the Col accession
against Hpa-Hiks1.
A prominent molecular phenotype associated with loss of RPP7 immunity in edm2 mutants is

a low ratio between levels of RPP7 full-length coding transcripts and the proximalpolyadenylated, non-coding ECL (exon 1-containing LTR-terminated) transcript produced at the
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RPP7 locus (Tsuchiya and Eulgem, 2013b). We observed in edm3-1 an equally low ratio between
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these two RPP7 transcript isoforms (Figure 2A). Consequently, in both mutants, the levels of
RPP7 coding transcripts are substantially lower than in Col-5 (Supplemental Figure 1).
We backcrossed edm3-1 plants to glabrate (trichome-bearing) Col-0 (GL1/RPP7) plants. F1

hybrids from crosses involving the mutant as the female and Col-0 as the male were glabrate,
indicating a successful out-cross rather than contaminant pollination. Reciprocal crosses for all
mutants were also tested at the F1 generation. No differences were observed between reciprocal
back-crosses for each mutant, with a mean sporulation of <1 sporangiophore/cotyledon in each
case (Supplemental Table 1). This level of sporulation, compared with the strict absence of
sporulation in Col-5, indicates that the edm3-1 mutation is recessive, but that heterozygotes are
slightly less effective in resistance to Hpa-Hiks1 than wild-type Col-5. Thus, the wild-type allele
is incompletely dominant. The analysis of segregation in the F2 generation yielded an observed
ratio of three resistant to one susceptible plants, confirming that the edm3-1 mutant phenotype
is caused by a single, recessive allele (p values >0.05 for expected 3 : 1 ratio; Supplemental Table
1). Similarities of the molecular, microscopic and macroscopic defense-related phenotypes of
the edm2 and edm3 mutants (Figure 1, 2A, Supplemental Figure 1 and Table 1) suggested that
both genes affect related steps in the regulation of RPP7 expression. The strong Hpa-Hiks1
susceptibility phenotype of edm3 demonstrates that this gene is essential for RPP7 resistance.

Map-based cloning of EDM3
To determine the map position of the edm3 mutation, we generated an F2 population from a
cross of edm3-1 (in Col-5 background) to wild-type plants of the Landsberg erecta (Ler)
accession. Ler contains a functional allele of RPP7 (Tör et al., 2002), thus, edm3 was the only
locus segregating for Hpa-Hiks1 susceptibility in this cross. Using 278 Hpa-Hiks1 susceptible F2s
from this cross, we mapped EDM3 to an ~ 8 Mbp interval on the top arm of chromosome 1,
between the molecular markers nga59 and ciw12 (Lukowitz et al., 2000). Sequencing the
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genomes of edm3-1 and Col-5 by Illumina MiSeq followed by variant analysis uncovered only

Accepted Article

one mutation in edm3-1 affecting predicted coding sequences in the nga59-ciw12 interval: an
in-frame deletion of two codons (6 bp) in the first of two coding exons of At1g05970 (Figure 2B,
C and Supplemental Figure 2). In TAIR10, At1g05970 is annotated as expressing two transcript
isoforms (At1g05970-1 and At1g05970-2) encoding proteins of predicted molecular weights of
22.65 kDa and 22.91 kDa, respectively. Relative to isoform 1, isoform 2 contains two additional
codons (6 additional coding nucleotides) at the 5’ end of exon 2 (Supplemental Figure 2). Thus,
both proteins predicted to be encoded by this gene have identical N- and C-terminal portions
and differ only in the presence/absence of two amino acids in the central region (Figure 2C).
The edm3-1 mutation affects both isoforms.
To confirm that the mutation in At1g05970 causes the edm3 phenotype, we transformed

edm3-1 with T-DNA constructs (Figure 2D) harboring genomic fragments containing the entire
At1g05970 transcribed region, including intergenic sequences comprising 834 bp upstream
from its predicted transcription start site (construct pE3l::E3g) or 117 bp upstream from this
site (until next upstream gene At1g05980; construct pE3s::E3g). Wild-type levels of resistance
to Hpa-Hiks1 and RPP7-coding transcripts were restored to edm3-1 by both constructs
(Supplemental Figure 1). These two constructs also restored the wild-type ratio between RPP7
full-length coding transcripts and the proximal-polyadenylated, non-coding ECL transcript
(Figure 2A). The extent of this effect correlated well with levels of EDM3 transgene expression
in the respective complementation lines (Supplemental Figure 3). Transgenic rescue of these
two edm3 phenotypes demonstrate that At1g05970 is the EDM3 gene. At1g05970 is distinct
from the RPP7, SGT1b and EDM2 loci (At1g58602, At4g11260, and At5g55390, respectively). No
mutants with insertions in EDM3 are publically available.

This article is protected by copyright. All rights reserved.

Both EDM3 protein isoforms are localized to nuclei
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In order to determine the subcellular localization of EDM3 proteins, we stably expressed cDNA
constructs of its two isoforms as N-terminal GFP fusions (p2x35S::GFP-E3cds-1 and p2x35S::GFPE3cds-2; Figure 2D) in the edm3-1 mutant. Lines expressing either of the two isoforms exhibited
near wild-type levels of RPP7-coding transcripts and resistance to Hpa-Hiks1, indicating that
each isoform can complement the edm3-1 mutation and is able to execute functions of wild-type
EDM3 (Supplemental Figure 1). Using one line for each isoform (p2x35S::GFP-E3cds-1-1 and
p2x35S::GFP-E3cds-2-1), we found both types of EDM3-GFP fusion proteins to be clearly
localized to nuclei (Figure 3). We did not observe detectable levels of cytoplasmic localization of
either one of the tested GFP-EDM3 fusions, while the control line expressing only GFP exhibited
green fluorescence in both nuclear and cytoplasmic regions. The successful functional
complementation observed with both EDM3-GFP fusions indicated that the nucleus is the
authentic site of EDM3 localization and function.
Based on the predicted molecular weight of ~ 49 kDa for both tested GFP-EDM3 fusion

proteins, which is below the 60kDa free diffusion limit of nuclear pores (Wang and Brattain,
2007), and the lack of obvious nuclear localization signals in both EDM3 isoforms, we had
expected the GFP-fusions to be cytoplasmic and nuclear. Either cryptic nuclear localization
signals or tight associations with actively nuclear-targeted proteins may be responsible for the
strict nuclear localization we observed for both EDM3-GFP fusions.
The observation that both EDM3 isoforms as GFP fusions can functionally complement the

edm3-1 mutation is consistent with results we observed with other EDM3 isoform-specific
expression constructs (e.g. p35S::FLAG-E3cds1 or p35S::FLAG-E3cds2; Figure 2D), which also
restored wild-type levels of RPP7 function and expression in the edm3-1 mutant background
(Supplemental Figure 1). Thus, each of the two EDM3 isoforms seems to be sufficient for proper
RPP7 regulation.
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EDM3 promotes H3K9me2 at the proximal RPP7 polyadenylation site
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Our previous work demonstrated that EDM2 regulates RPP7 expression and function by
suppressing proximal transcript polyadenylation/termination at the 5’ LTR (long terminal
repeat) of the COPIA-R7 retrotransposon in the 1st RPP7 intron (Tsuchiya and Eulgem, 2013b).
Alternative polyadenylation at this site gives rise to the non-coding ECL transcript and,
consequently, reduces levels of full-length RPP7 coding transcripts. COPIA-R7 has recruited the
epigenetic transposon silencing mark H3K9me2 into the context of this area at RPP7, where it
suppresses

use

of

the

proximal

polyadenylation

site.

We

tested

by

Chromatin

Immunoprecipitation (ChIP) combined with quantitative real time PCR (q-PCR) whether levels
of H3K9me2 are reduced in edm3-1 at the COPIA-R7 5’LTR (Figure 4A, B), and found this to be
the case, similar to edm2 mutants. The transgenic pE3S::E3g-FLAG-1 line (Figure 2D), which
encodes both EDM3 isoforms fused to FLAG (here collectively referred to as EDM3-FLAG) in the
edm3-1 background, restored wild-type H3K9me2 levels in this area (Figure 4B). This line also
complemented defense-associated phenotypes of edm3-1 (Supplemental Figure 1). Reduced
H3K9me2 levels in edm3-1 at RPP7 intron 1/COPIA-R7 are consistent with the effect of EDM3 on
the ratio between RPP7 full-length coding transcript and ECL transcripts (Figure 2A), which we
showed previously to be H3K9me2-dependent. These observations further confirm close
functional interactions between EDM2 and EDM3.

EDM3 and EDM2 co-associate in vivo with RPP7 chromatin at the proximal
polyadenylation site
We previously showed by ChIP-qPCR that EDM2 associates in vivo with RPP7 chromatin
surrounding COPIA-R7 (Tsuchiya and Eulgem, 2013b). We also observed, by ChIP-qPCR with
pE3s::E3g-FLAG-1 plants a clear in vivo-association of EDM3-FLAG with the COPIA-R7 region of
RPP7 (Figure 4C). Highest levels of enrichment with immunoprecipitated chromatin were
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observed for region 5, which is immediately upstream of the proximal polyadenylation site at
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the COPIA-R7 5’LTR.

EDM3 and EDM2 also co-associate in vivo with RPP7 transcripts at the proximal
polyadenylation site
Both of the EDM3 isoforms contain an RNA Recognition Motif (RRM) (Figure 2C). To test if in
pE3s::E3g-FLAG-1 plants EDM3-FLAG can associate in vivo with RPP7 mRNA, we performed RNA
immunoprecipitation (RIP) coupled with qPCR. We observed a clear association of EDM3-FLAG
with transcript fragments containing the COPIA-R7 5’LTR region (Figure 4D, regions 4, 5, and 6),
but not RPP7 regions upstream or downstream from this. We also did not observe any
association of EDM3-FLAG with transcripts at the distal RPP7 polyadenylation site in the 9th
exon of this gene. Thus, EDM3-FLAG specifically associates with RPP7 transcripts at the
proximal RPP7 polyadenylation site. We further performed RIP-qPCR with HA-EDM2 using our
edm2-2/E2pro:HA-E2c complementation line (Tsuchiya and Eulgem, 2013b). Interestingly, we
found HA-EDM2 to exhibit a pronounced association with transcripts covering the same area
that associates with EDM3-FLAG (Figure 4E). As in the case of EDM3-FLAG, we did not observe
any association of HA-EDM2 with the distal RPP7 polyadenylation site area. Taken together, our
data demonstrate that EDM2 and EDM3 co-associate, in vivo, with RPP7 transcripts containing
the ECL exon2 area that includes the proximal polyadenylation site. The corresponding genomic
area is also marked by EDM2- and EDM3-dependent H3K9me2. The fact that EDM3 and EDM2
co-associate in vivo with RPP7 chromatin and transcripts is consistent with the direct
interactions between both proteins demonstrated by Duan et al (2017).
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Genome-wide effects of EDM3 on H3K9me2
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Profiling genome-wide effects of EDM3 on H3K9me2 by Chip-seq with edm3-1 plants and their
parental Col-5 background, we found a number of loci affected (303 genes and 66 transposons;
Supplemental tables 2 and 3). Surprisingly, the edm3-1 mutant displayed hyper-dimethylation
in the vast majority of affected genes (299 genes hyper-H3K9 dimethylated, 4 genes hypo-H3K9
dimethylated). Thus, EDM3 frequently has a suppressive role in controlling this mark in the
context of genes. This is in contrast to the situation at RPP7, where EDM3 promotes high levels
of H3K9me2. Gene Ontology analysis showed that genes exhibiting H3K9 hyper-dimethylation
in edm3-1 are particularly tightly associated with reproduction, cell cycle, DNA metabolism as
well as organization of chromosomes, organelles and cellular components (Figure 5A). Figure
5B shows H3K9me2 and transcript patterns at RPP7/COPIA-R7. In addition to our ChIP-seq data,
we included published RNA-seq results from the EDM3-deficient aipp1-1 line (Duan et al., 2017)
for this figure. Relative to its wild-type background (Col-5) edm3-1 plants exhibit a clear
reduction of H3K9me2 levels in the RPP7 intron 1 area templating for ECL exon 2 as well as the
5’ portion of COPIA-R7. Deficiency of EDM3 in aipp1 results in a substantial transcript
accumulation in the ECL-templating area and strongly reduced levels of transcripts downstream
from the proximal polyadenylation site. These observations are fully consistent with our data
shown in Figures 2A, Supplemental Figure 1A and Figure 4B, showing EDM3 to promote high
H3K9me2 levels at the proximal RPP7 polyadenylation site and suppressing use of this
transcript termination site. Besides RPP7, transcript and/or H3K9me2 levels of 62 additional
NLR genes are affected in edm3 mutants (Supplemental Table 4).
Taken together our results show that effects of both EDM2 and EDM3 are nearly identical at

RPP7. Besides affecting RPP7, EDM3 has global roles in suppressing H3K9me2.
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Enhanced proximal polyadenylation/termination activity at RPP7 is correlated with
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increased 2-phospho-serine RNA polymerase II occupancy
We further determined occupancy levels of the actively elongating form of RNA polymerase II
(RNAPII), which is phosphorylated at the ser-2 position of the C-terminal domain (CTD) of its
largest subunit Rpb1. Performing ChIP with a antibody specifically recognizing 2-phosphoserine CTD/Rpb1 we found occupancy levels of this form of RNAPII to be clearly increased
(compared to their respective wild-type backgrounds) in edm2-1, edm2-2, edm3-1 and suvh456
plants at various sites surrounding the proximal RPP7 polyadenylation site (Figure 6). Thus,
levels of 2-phospho-serine RNAPII correlate well in the examined region with the levels of
transcript expression, which are also higher in in edm2-1, edm2-2, edm3-1 and suvh456 plants
compared to their parental wild type backgrounds (Figure 5B; Tsuchiya and Eulgem, 2013b).
We also tested 2-phospho-serine RNAPII occupancy at RPP7 exons 6 and 9, which are far
downstream from the proximal polyadenylation site at COPIA-R7. However, levels of 2-phosphoserine RNAPII were undetectable in this part of the gene. This may reflect that transcript levels
in these areas are very low in both, wild type plants and the tested mutants (Figure 5B;
Tsuchiya and Eulgem, 2013b). A mechanistic explanation for enhanced 2-phospho-serine
RNAPII occupancy at the proximal RPP7 polyadenylation site in edm2-1, edm2-2, edm3-1 and
suvh456 plants may be pausing or slowing-down of transcription due to increased processing
activity by the polyadenylation machinery at this site. More extensive use of the proximal
polyadenylation site in these mutants may slow down the process of pre-mRNA synthesis
resulting in greater density of 2-phospho-serine RNAPII.
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Discussion
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Race-specific pathogen resistance is a particularly fascinating aspect of plant innate immunity. It
requires fast generation of structural diversity among host NLR receptor families, selection of
NLR variants suitable for recognition of new pathogen challenges and an evolutionary
maturation process to equip useful NLR gene variants with a repertoire of regulatory
mechanisms balancing their expression and optimizing their effectiveness. Unlike other
biological non-self recognition determinants, like T-cell receptors and antibodies, which are
critical for the success of vertebrate immune systems and optimized by a somatic clonal
selection process, new plant NLR variants do not develop within the life span of single
organisms, but evolve over the course of generations. Yet, NLR evolution often can keep up with
the fast pace of the evolution of AVR determinants in microbes despite the much longer
generation times of plants. Besides catering the needs for structural innovation and balanced
expression, fast NLR evolution also faces the challenge of equipping new immune receptors with
efficient links to pre-existing defense signaling circuitry.

In this context it is remarkable that, in addition to numerous rpp7 alleles, our extensive

screens for Hpa-Hiks1 susceptible Col mutants uncovered only genes contributing to RPP7
expression and protein stability. While SGT1b seems to control as a co-chaperone RPP7 protein
stability, EDM2 and EDM3 participate in a mechanism controlling RPP7 transcript processing, as
does another component of the EDM2/EDM3 complex, the RRM-containing protein ASI1/IBM2
(Saze et al., 2013, Wang et al., 2013, Duan et al., 2017; and see below). The fact that, at this point,
the only single mutants found to strongly suppress RPP7-mediated immunity bear defects in
regulators of this gene’s expression and its product’s stability highlights the importance of these
steps as particularly critical for function of this NLR.
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Similarly, complex mechanisms of regulation have been documented for other NLR genes,
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such as SNC1, the transcription of which is controlled by the activating histone marks H3K4me3
and H2Bub1, and seems to be counterbalanced by small RNA-mediated mechanisms (Li et al.,
2007, Yi and Richards, 2007, Xia et al., 2013, Zou et al., 2014). Alternative splicing has also been
implicated in SNC1 expression control (Xu et al., 2012). Furthermore, SNC1 is negative regulated
at the translational level (Wu et al., 2017). Thus, SNC1 regulation involves complex integration
of various mechanisms of expression control operating at multiple levels.
RPP7 expression provides an example for a different control mechanism, which involves

alternative transcript polyadenylation and is dependent on the transposon silencing mark
H3K9me2. This mechanism has been recruited into the RPP7 gene context by insertion of the
COPIA-R7 retrotransposon and is responsive to defense induction (Tsuchiya and Eulgem,
2013b). We previously showed that the histone binding protein EDM2 is a key regulator of
alternative polyadenylation at RPP7. Now, the map-based cloning of EDM3/AIPP1 and
characterization of loss-of-function mutants of this gene by our group and Duan et al (2017) has
implicated its product, an RRM domain containing protein, as another regulator of RPP7
alternative polyadenylation. Importantly, Duan et al. (2017) demonstrated that EDM3/AIPP1
can bind to EDM2 along with another RRM-containing protein, ASI1/IBM2, and that both
EDM3/AIPP1 and ASI1/IBM2 are necessary for production of full-length RPP7 transcripts.
ASI1/IBM2 (Anti-Silencing 1/ Increase in Bonsai Methylation 2) contains a Bromo-

Adjacent Homology domain and, like EDM3, an RRM domain (Wang et al., 2013; Saze et al.,
2013). Similar to EDM2, it was also shown to be required for the synthesis of full-length mRNAs
at genes containing heterochromatic repeats/transposons within long introns. Loss of
AS1/IBM2 function results in premature transcript termination at these heterochromatic
regions. Besides RPP7, its targets include IBM1. The IBM1 histone H3 demethylase serves as a
global anti-silencing factor suppressing in genic regions heterochromatin-associated marks,
such as methylated cytosine in CHG contexts as well as H3K9me2. As in the case of RPP7,
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expression of full-length IBM1 transcripts requires besides ASI1/IBM2 also EDM2 and
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EDM3/AIPP1 (Wang et al., 2013; Lei et al., 2013; Saze et al., 2013; Duan et al., 2017). Given the
global anti-silencing function of IBM1, many of the effects observed in asi1/ibm2, edm2 and
edm3/aipp1 mutants may be of indirect nature and dependent on IBM1.

Our experiments on EDM3 extend the observations of Duan et al (2017) in several respects.
First, we illustrate the biological significance of EDM3 by showing that an edm3 loss of function
mutant is fully susceptible to Hpa-Hiks1, but not other tested Hpa isolates. We also observed
Hpa-Hiks1 susceptibility for an asi1/ibm2 mutant (not shown); thus EDM3/AIPP1 (as EDM2 and
likely ASI1/IBM2) are genetically essential for RPP7-mediated race specific resistance. At a
mechanistic level, we demonstrate a physical link between an H3K9me2/chromatin-associated
EDM2/EDM3 complex and RPP7 mRNA, thereby extending our understanding of this
unconventional mechanism of epigenetically-controlled transcript processing. We showed by
ChIP and RIP that under in vivo conditions both EDM2 and EDM3 are associated with H3K9me2bearing RPP7 chromatin and RNA templated by this genomic region. We could clearly localize
these interactions to an area harboring the proximal polyadenylation site of RPP7 at the 5’LTR
of COPIA-R7.
Based on the observations, we propose the following explanation for molecular events

controlling proximal polyadenylation of RPP7 transcripts: with its ability to bind to
combinations of transcription-activating and -repressing histone marks (Tsuchiya and Eulgem,
2014), EDM2 is recruited and bound to chromatin at the border between COPIA-R7 and the ECLtemplating area in intron 1 of RPP7, which contains the proximal polyadenylation site. This area
features high levels of the repressing mark H3K9me2, but also the activating marks H3K4me1
and H3K4me3 (Zhang et al., 2009; Supplemental Figure 4). EDM2 also promotes high levels of
H3K9me2 in this area, as levels of this mark are reduced in edm2 mutants (Tsuchiya and
Eulgem, 2013b). It is unclear if EDM2 directly facilitates dimethylation of H3K9, or if by binding
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to this mark, it simply protects it from being removed by other proteins (e.g. the H3K9
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demethylase IBM1) as a consequence of active transcription in this area. In any case, by directly
interacting with EDM3/AIPP1 (Duan et al., 2017), EDM2 may help recruiting this RNA binding
protein to the area surrounding the proximal RPP7 polyadenylation site. Association of both
EDM2 and EDM3/AIPP1 to the nascent RNA in this area ties RPP7 chromatin, EDM2,
EDM3/AIPP1 and premature transcripts in this area into one complex. This is consistent with
the association of both EDM2 and EDM3 with RPP7 chromatin and transcripts we observed by
ChIP and RIP (Figure 4). ASI1/IBM2 likely also resides in this complex, via binding to
EDM3/AIPP1 and RPP7 pre-mRNA (Saze et al., 2013, Wang et al., 2013, Duan et al., 2017).
While it is difficult to compare results based on different IP methods (ChIP and RIP) or results

from the same IP method, but involving different antibodies/epitope pairs (anti-HA/HA-EDM2
versus anti-FLAG/EDM3-FLAG), it is remarkable, that of all in vivo- associations we examined by
IP, the one between HA-EDM2 and transcripts bearing the 5’ COPIA-R7/RPP7 intron 1 border
region is particularly pronounced (Figure 4). While this does not prove direct binding of EDM2
to RNA covering this region, it strongly implies a tight association. The EDM2 protein has an
unusually complex architecture featuring, besides a histone H3 binding module of 2 1/2 atypical
PHD-fingers, the large uncharacterized ELP (EDM2-like proteins) domain with similarities to
the active sites of prokaryotic N6-adenine methyltransferases (Eulgem et al., 2007, Lei et al.,
2013, Tsuchiya and Eulgem, 2014). It has been proposed that EDM2 directly associates with
RNA and methylates adenine at its 3’ end (Duan et al., 2017), as this type of RNA methylation
has recently been implicated in the 3’ end formation of plant mRNAs (Bodi et al., 2012). While it
is unclear how a role in 3’ end generation of transcripts can contribute the suppression of
proximal polyadenylation at RPP7, the proposed dual role of EDM2 as a factor interacting with
both modified histone H3 and RNA is consistent with our results. RNA binding proteins are
known in many cases to associate with their targets as aggregates composed of multiple RNAbinding subunits, likely enhancing binding strength and specificity by binding cooperatively (He
et al., 2016). Collectively data from our studies and those of others suggest this also likely to
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apply to EDM2 together with ASI1/IBM2 and EDM3/AIPP1 (and possibly additional protein
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components) in the suppression of proximal transcript polyadenylation at RPP7. Future studies,
including quantitative in vitro RNA binding assays, will be needed to uncover molecular details
of this interesting mechanism.
Our epigenome profiling analysis and that of others (Duan et al., 2017) further imply that

effects of EDM3/AIPP1 are not limited to RPP7 and apply to a substantial portion of the
Arabidopsis genome. However, in the vast majority of cases, EDM3 appears to serve as a
suppressor of H3K9me2 and cytosine methylation. Besides RPP7, we found EDM3 only to
promote H3K9me2 in three genes, none of which is an NLR gene. Thus, as in the case of EDM2
(Tsuchiya & Eulgem, 2013a), the effect of EDM3 on H3K9me2 levels seems to be context
dependent. One possibility is that loci hypomethylated in the edm3 mutant are direct targets
(e.g. RPP7), while many of the hypermethylated loci may be indirect targets, that may be
secondarily affected by misregulation of IBM1 in this mutant.
Proximal polyadenylation at RPP7 is linked to the inclusion of an alternative exon (ECL

exon 2; Figure 4A) into mature transcripts. It is unclear whether this alternative splice event is
the cause or consequence of the early RPP7 transcript termination. The inclusion of ECL exon 2
may cause early termination by retaining the proximal polyadenylation site in RPP7 transcripts.
Alternatively, choice of the proximal polyadenylation site by the polyadenylation machinery
followed by transcript termination may determine the use of the ECL exon 2 splice acceptor site
(and inclusion of this exon), because no alternative downstream splice acceptor sites are
available. In any case, proximal RPP7 transcript termination is likely based on the preferred
choice of an upstream site (splice acceptor site or polyadenylation signal) over a downstream
alternative. EDM2 and EDM3 (as well as ASI1/IBM2) suppress use of the upstream alternative,
as loss of these regulators results in preferential proximal transcript termination.
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Such alternative transcript processing events have been associated with changes in RNAP II
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progression kinetics (Dujardin et al., 2013, Kornblihtt et al., 2013). Use of alternative upstream
sites can slow down the process of pre-mRNA synthesis; presumably a consequence of the
respective transcript processing processes. Such a scenario is consistent with our observation of
increased 2-phospho-serine RNAPII occupancy at the proximal RPP7 polyadenylation site,
which may reflect pausing or slowing-down of this enzyme in its progression along the DNA
template. Additional studies will be required to shed light on the mechanistic details of the
process of EDM2/EDM3-mediated and H3K9me2-dependent polyadenylation control we are
describing here. In any case, EDM2 and EDM3 are critical parts of an innovative mechanism
linking chromatin features to transcript processing.

Materials and Methods
Plant material and growth conditions
The Arabidopsis ecotype Columbia Col-0, Col-5 (glabrous-1 mutant of Col-0) Duc1 and Ksk1
were obtained from the Arabidopsis Biological Resource Center (ABRC, Ohio State University).
The Hpa-Hiks1 susceptible rpp7-1 (Tör et al., 2002), edm2-1, edm2-2 (Eulgem et al., 2007), edm1
(Tör et al., 2002) and Ws-eds1 (Parker et al., 1996) mutants have been described before. The
Col-0 suvh4/suvh5/suvh6 triple mutant (suvh456) was kindly provided by Dr. Judith Bender
(Brown University, Providence, RI). As for SGT1b/EDM1 and EDM2 mapping (Tör et al., 2002,
Eulgem et al., 2007), we used Hpa-Hiks1 susceptible F2s from a cross of the edm3-1 mutant (in
Col-5 background) and wild-type Ler for mapping.
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Map-based cloning of EDM3
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Crude mapping of EDM3 was performed using simple sequence length polymorphisms as
described (Lukowitz et al., 2000) with 278 Hpa-Hiks1 susceptible F2s from crosses of edm3-1 (in
Col-5 background) to wild-type plants of the Ler accession. For variant analysis, Col-5 and
edm3-1 seedlings were grown on half-strength Murashige and Skoog (1/2 MS) solid medium
containing 1% (w/v) sucrose in a growth chamber (16-h day, 8-h night, 22 °C; 100 μE m-2s-1) for
two weeks. DNA from the aerial part of seedlings were isolated using DNeasy Plant Mini Kit
(QIAGEN). Sequencing libraries were prepared using NEBNext UltraTM DNA library prep kit for
Illumina (E7370, New England Biolabs) according to the manufacturer’s instruction. Libraries
were sequenced on the Illumina Miseq generating 2×300 bp pair-end sequence reads.
Sequencing reads were mapped to the Arabidopsis genome (TAIR 10) using BWA (Burrows
Wheeler Aligner) and the variants were identified by the SAMtools software (version 0.1.19).

H. arabidopsidis Infection and staining
The growth condition, propagation and application of H. arabidopsidis isolates Hpa-Hiks1, HpaCala2 and Hpa-Cand5 were described previously (McDowell et al., 2000). Two-week-old
seedlings were spray-inoculated with spore suspensions (3- 5 × 104 spores/ml) using Preval
sprayers (Preval, Coal City, IL, U.S.A.). The extent of infections was determined at 7 dpi by
counting visual sporangiophores or Trypan blue staining. Trypan blue staining was performed
as previously described (McDowell et al., 2000).
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EDM3 genomic DNA preceded by either endogenous shorter or longer (117 bp or 834 bp) EDM3
promoter stretches and followed by 550 bp genomic sequence downstream from the stop codon
was cloned into pGWB1 using Gateway system (Invitrogen) to yield pE3s::E3g or pE3l::E3g,
respectively. Both vectors were introduced into Agrobacterium tumefaciens strain GV3101 and
transformed into edm3-1 plants by the floral dipping method (Clough and Bent, 1998). For
functional complementation with FLAG-tagged EDM3, EDM3 genomic DNA driven by its
endogenous shorter promoter was cloned into pEarleyGate302 vector (Earley et al., 2006), and
the resulting pE3s::E3g-FLAG vector was transformed into edm3-1 as described above. For
complementation of EDM3 driven by CaMV35S promoter, two EDM3 full-length cDNA isoforms
were first amplified by PCR-driven overlap extension (Heckman and Pease, 2007), and then
introduced into either pEarleyGate202 vector (FLAG-tagged) or pMDC43 (GFP-tagged) resulting
in p35S::FLAG-E3cds-1/-2 or p2x35S::GFP-E3cds-1/-2, respectively (Curtis and Grossniklaus,
2003, Earley et al., 2006). T3 homozygous plants with a single insertion locus were used for
experiments. All the primers used are listed in Supplemental Table 5.

Microscopy
Fluorescence was visualized using a Leica SP5 confocal microscope. Leaves were infiltrated with
1 ug/ml DAPI (4’,6-diamidino-2-phenylindole) solution prior to imaging.

RNA isolation and qRT-PCR Analysis
Aerial parts of 2-week-old plants were harvested from 1/2 MS solid plates and used for total
RNAs isolation. Total RNA was isolated using TRIzol reagent (Life Technologies) and treated
with TURBO DNA-freeTM kit (Ambion). Reverse transcription was conducted by Maxima reverse
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transcriptase (Thermo Scientific) with 100 pmol of oligo (dT)18 primers. Real-time RT-PCR was
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performed with the CFX Connect detection system (Bio-Rad) using iQ SYBR Green Supermix
(Bio-Rad). All the primers used for qRT-PCR are listed in Supplemental Table 5.

Chromatin Immunoprecipitation
Aerial parts of 2-week-old plants were harvested from 1/2 MS solid plates and used for
Chromatin Immunoprecipitation (ChIP) assays. ChIP was performed as descried previously
(Tsuchiya and Eulgem, 2013b) using anti-H3K9me2 (ab1220, Abcam), anti-H3 C-terminal
(61277, Active Motif), anti-FLAG M2 affinity gel (A2220, Sigma), RNAPII-S2 (Millipore, 04-1571)
and anti-HA (AB9110, Abcam) antibodied. All primers used for ChIP-qPCR are listed in
Supplemental Table 5.

RNA Immunoprecipitation
Aerial parts of 2-week-old plants were harvested from 1/2 MS solid plates and used for RNA
Immunoprecipitation (RIP) assays. Chromatin-RNA complexes isolation was performed as
descried for ChIP previously (Tsuchiya and Eulgem, 2013b) with several modifications. Briefly,
1 g aerial parts of 2-week-old plants were harvested and fixed in cross-linking buffer (1%
formaldehyde, 1 mM PMSF in PBS buffer, pH7.4) for 12 min at room temperature under
vacuuming. Cross-linking was quenched with 0.125 M glycine, and the materials were washed
three times with water, dried with towels, frozen, and stored at −80 °C until use. Chromatin was
extracted by grinding fixed tissues to powder in liquid N2, followed by homogenization in nuclei
isolation buffer (0.25 M sucrose, 15 mM Pipes (pH 6.8), 5 mM MgCl 2, 60 mM KCl, 15 mM NaCl, 1
mM CaCl2, 0.9% Triton X-100, 1 mM PMSF, 1% proteinase inhibitor mixture for plant cell and
tissue extracts (Sigma-Aldrich), 8 U/ml Ribolock RNase Inhibitor (Thermo Fisher Scientific)).
The homogenate was filtered through two layers of miracloth, and the filtrate was centrifuged
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for 20 min at 11,000 × g. The pellet was resuspended in nuclei lysis buffer (50 mM Hepes (pH
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7.5), 150 mM NaCl, 10 mM EDTA, 1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100, 1%
proteinase inhibitor mixture, 160 U/ml Ribolock RNase Inhibitor). The extracted protein-RNA
was sheared by sonication to ∼350- to 1000-bp fragments and centrifuged.
For chromatin immunoprecipitation, chromatin diluted with ChIP dilution buffer (50 mM

Hepes (pH7.5), 150 mM NaCl, 1 mM EDTA, 0.1% sodium deoxycholate, 1% Triton X-100, 1%
proteinase inhibitor mixture, 160 U/ml Ribolock RNase Inhibitor) was precleared with 60 μL of
Protein A-agarose (Roche) for 1 h at 4 °C. A fraction of the supernatants was saved and, after
cross-linking, TURBO DNA-freeTM kit treatment and reverse transcription, was used as input
control

in

qRT-PCR

measurement.

The

precleared

protein–RNA

complex

was

immunoprecipitated overnight at 4 °C with Protein A-agarose bound by anti-HA antibody or
anti-FLAG M2 affinity gel. After incubation, the beeds were washed six times with wash buffer
(20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM MgCl2, 0.5% Nonidet P-40, 5 mM DTT, protease
inhibitor cocktail tablets (Complete Mini, Roche), 40 U/ml Ribolock RNase Inhibitor) and twice
with TE buffer (10 mM Tris·HCl (pH 8.0), 1 mM EDTA); Elution buffer (100 mM Tris-HCl, pH8.0,
10 mM EDTA, 1% SDS, 800 U/ml Ribolock RNase Inhibitor) were added to individual samples
and incubated for 10 min at room temperature. Reverse crosslinking were performed by adding
0.3 M NaCl and 2 μg of proteinase K for 1 h at 65 °C. RNA was isolated using TRIzol reagent and
treated with TURBO DNA-freeTM kit (Ambion). Reverse transcription were conduced by Maxima
reverse transcriptase (Thermo Scientific) with 100 pmol Random Hexamers (Invitrogen).
Reverse transcription for No-RT controls were also performed with the same condition without
adding Maxima Reverse Transcriptase. qRT-PCR was performed with the CFX Connect detection
system (Bio-Rad) using iQ SYBR Green Supermix (Bio-Rad). All the primers used for qRT-PCR
are listed in Supplemental Table 5.

This article is protected by copyright. All rights reserved.

H3K9me2 ChIP-seq and Data analysis

Accepted Article

ChIP-seq libraries were prepared using NEBNext UltraTM II DNA library prep kit for Illumina
(E7645, New England Biolabs) according to the manufacturer’s instruction. Libraries were
sequenced on the Illumina NextSeq500 generating 75 bp signal-end sequence reads.
For

each

Chip-Seq library,

raw reads

quality was

first analyzed using FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and any base with a quality
score below 25 or N was trimmed using Sickle (https://github.com/najoshi/sickle). Trimmed
reads were then mapped to the A. thaliana genome (TAIR 10) using BWA 0.7.15-r1140 with
mem option default parameters (Li and Durbin, 2009). See Supplemental Table 6 for mapping
statistics. Uniquely mapped reads were further filtered for calculating H3K9me2 coverage in
transcripts, while unfiltered reads were used for calculating H3K9me2 coverage in transposable
elements. The number of reads mapped to each transcript was determined using BEDTools
v2.25.0 (Quinlan and Hall, 2010), and Spearman correlation coefficients were calculated
between biological replicates. To compare H3K9me2 level between Col-5 and edm3-1 samples,
none expressed transcripts with coverage value below 1 in all libraries were removed.
Transcripts representing differentially methylated regions were determined using DEseq2 in R
(Love et al., 2014) with a P-adjusted value of 0.05 and a 1.2 fold change. For genome browser
tracks, read coverage per nucleotide is calculated using BEDTools. Coverage values were then
normalized per million mapped reads for each library.
The Gene Expression Omnibus (GEO) accession number for ChIP-seq and variant analysis
sequencing data reported in this study is GSE108490.
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RNA-seq data analysis
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EDM3 RNA-seq data was obtained from (Duan et al., 2017) with the following accession
numbers, SRR5515902, SRR5515903, SRR5515906 and SRR5515907. Differentially expressed
transcripts were determined using DEseq2 (Love et al., 2014) with a P-adjusted value of 0.05
and a 1.2 fold change.
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Figure Legends

Figure 1. The Hpa-Hiks1 susceptibility phenotype of the edm3-1 mutant resembles that of
the rpp7 and edm2 mutants.
(A) Cotyledons of wild-type and mutant lines of the Col-5 accession 7 days post infection (dpi)
with Hpa-Hiks1. The rpp7-1, edm2-1 and edm3-1 mutants exhibit high levels of H. arabidopsis
sporulation. (B) Trypan blue-stained cotyledons of the same lines shown in (A) 7 dpi with HpaHiks1. Arrows are pointing to characteristic features. HR: hypersensitive response-associated
cell death; Sp: H. arabidopsis sporangiophore; Hy: H. arabidopsis hyphae. (A, B) shown are
typical results.

Figure 2. EDM3 is At1g05970 and encodes an RRM domain protein.
(A) Ratios of RPP7 full-length coding transcripts and the proximal-polyadenylated non-coding
ECL transcript determined by quantitative real-time RT-PCR. Schematic representation of the
RPP7 area studied in experiments. Arrows represent regions amplified by qRT-PCR shown
below (Primers a and b for ECL transcripts; Primers c and d for RPP7 coding transcripts).
pE3s::E3g-1, -2 , -3 and pE3l::E3g-1, -2 , -3 are complementation lines expressing in the edm3-1
background EDM3 driven by either the endogenous shorter or longer EDM3 promoter (117 bp
or 834 bp, respectively; see also panel D of this figure.) (B) Annotation of genomic region at
At1g05970/EDM3. (C) Amino acid sequence of proteins encoded by At1g05970/EDM3. Blue:
RRM domain; red: amino acids deleted in both isoforms encoded in edm3-1 mutant; yellow:
amino acids present in EDM3 isoform 2, but not isoform 1, due to alternative splicing. (D)
Constructs used in transgenic edm3-1 plants for functional complementation and other
experiments described in this article. pE3l: endogenous upstream intergenic sequence
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comprising 834 bp upstream from predicted At1g05970 transcription start site (TSS); pE3s:
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endogenous upstream intergenic sequence comprising 117 bp upstream from predicted
At1g05970 TSS until next upstream gene; p35S: CaMV35S promoter; p2x35S: promoter
consisting of 2 tandem copies of CaMV35S enhancer; E3g: At1g05970 genomic sequence
comprising stretch from TSS until polyadenylation signal until stop codon; E3cds-1: coding
sequence of spliceform 1 of At1g05970;

E3cds-2: Coding sequence of spliceform 2 of

At1g05970; FLAG: coding sequence of FLAG-epitope tag fused in frame to At1g05970 coding
sequence; GFP: coding sequence of green fluorescent protein fused in frame to At1g05970
coding sequence; (B, D) Horizontal arrow symbol; TSS pointing in direction of arrow; white
boxes: Exons of genes in vicinity of At1g05970; dark grey boxes: exonic sequences common to
both At1g05970 splice forms; light grey boxes: exonic sequence specific for At1g05970 splice
form 2; black boxes: cDNA sequences representing the short or long EDM3 transcript isoforms;
red box: sequence encoding FLAG tag; green box: sequence encoding GFP.

Figure 3. Subcellular localization of EDM3 isoforms.
Confocal microscopy images of tissues from transgenic Col-0 plants expressing a CaMV35Spromoter::GFP construct (GFP) or transgenic edm3-1 plants expressing the p2X35S::GFP-E3cds-1
(GFP-E3cds-1) or p2X35S::GFP-E3cds-2 (GFP-E3cds-2) constructs (see also Figure 2D). White
arrowheads point to nuclear regions. Scale bar is 10 M. Selected GFP-fluorescing nuclei are
shown enlarged in white-framed squares in the lower left corners of some panels. Overlay:
merged GFP, DAPI and bright-field images.

Figure 4. RPP7 site-specific effects of EDM3.
(A) Schematic representation of the RPP7 area studied in experiments shown below. (B) Like
EDM2, EDM3 promotes H3K9me2 at a proximal RPP7 polyadenylation site. Levels of H3K9me2

This article is protected by copyright. All rights reserved.

were determined by ChIP-qPCR in Col-5, edm2-1, edm3-1 and the pE3s::E3g-FLAG-1
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complementation line. H3K9me2 levels were normalized to the total histone H3 levels. ACTIN8
(ACT8) served as a control locus. Error bars represent SEM for two biological replicates with
three technical replicates each. (C) EDM3-FLAG associates in vivo with RPP7 chromatin at the
proximal polyadenylation site at the COPIA-R7 5’ LTR. Enrichment of EDM3-FLAG at RPP7 in the
pE3s::E3g-FLAG-1 complementation line. Levels of EDM3-FLAG were calculated relative to each
area in Col-5. Error bars represent SEM for two biological replicates with three technical
replicates. (D, E) EDM3-FLAG and HA-EDM2 co-associate in vivo with RPP7 transcripts at the
proximal polyadenylation site at the COPIA-R7 5’ LTR. Levels of EDM3-FLAG or HA-EDM2 at
RPP7 were measured by RIP-qRT-PCR relative to each area in Col-5 or Col-0, respectively.
ACTIN2 (ACT2) served as a control locus. Error bars represent SEM for three biological
replicates with three technical replicates each. * and ** indicate P values <0.05 and <0.01
respectively, determined by Student’s t-test.

Figure 5. EDM3 affects genome-wide levels of H3K9me2.
(A) Gene Ontology (GO) term analysis with gene sets showing H3K9 hyper-dimethylation in
edm3-1

(p<0.05).

GO

term

analysis

was

performed

using

PANTHER

(http://www.geneontology.org) (B) Genome browser view of ChIP-seq and RNA-seq data at the
RPP7 locus. The y-axis represents coverage values (normalized per million mapped reads).
Schematic representations of the RPP7 locus with RNA transcript isoforms are shown at the
bottom. COPIA-R7 is labeled in red box. ECL: “Exon1-containing 5’LTR terminated” non-coding
transcript resulting from proximal polyadenylation/transcript termination at RPP7.
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Figure 6. EDM2 and EDM3 affect RNA Polymerase II progression rates at the proximal
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RPP7 polyadenylation site.
(A) Schematic representation of RPP7 area studied in experiments shown below.
(B, C) ChIP-qPCR with 2-P-ser-RNAP II-specific antibodies. Occupancy of genomic DNA with 2-Pser-RNAP II determined by ChIP-qPCR in Col-0, edm2-2, suvh456 and Col-5, edm2-1, edm3-1.
Levels of 2-P-ser-RNAP II were normalized to the total input. Error bars represent SEM for two
biological replicates with three technical replicates.

Tables

Table 1. Asexual reproduction of three H. arabidopsidis isolates (Hpa-Hiks1, Hpa-Cala2 and Hpa-Cand5)
in wild-type Arabidopsis accessions, a susceptible mutant control (ws-eds1) and Hpa-Hiks1 susceptible
Columbia (Col-5) mutants.

Hiks1

Cala2

Cand5

Arabidopsis
line

No.

Mean

SEM

No.

Mean

SEM

No.

Mean

SEM

Col-5

116

0.0

0.0

72

0.7

0.2

82

0.9

0.3

rpp7-1

144

17.9

0.4

78

0.2

0.1

138

0.8

0.2

edm2-1

124

17.7

0.4

96

0.4

0.1

84

0.1

0.0

edm3-1

138

16.1

0.5

86

0.5

0.1

80

0.2

0.1

Duc-1

78

17.2

0.5

40

0.0

0.0

64

19.8

0.1

Ksk-1

14

18.6

0.6

Ws-eds1

76

18.1

0.5

nt
70

19.9

nt
0.1

70

18.7

0.6

No.= number of cotyledons; Mean= mean of sporangiophores per cotyledon; SEM=standard error of the mean, nt= not tested
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