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1. Summary

In diverse eukaryotes, small RNA products of Dicer-like (DCL) proteins regulate mRNA
stability or translation, and direct chromatin modifications to genomic regions, phenomena
collectively known as RNA silencing. In plants, different types of small RNAs generated
from double-stranded RNA, called short interfering RNAs (siRNAs), mediate RNA-directed
DNA methylation (RdDM) to endogenous repeats and defense against viruses. Here, |
studied the biogenesis and function of siRNAs from two types of tandem repeat: the 180
bp and 5S rDNA arrays of Arabidopsis thaliana. Furthermore, | analyzed siRNAs derived
from two DNA viruses -- Cabbage Leaf Curl Virus (CaLCuV) and Cauliflower Mosaic Virus
(CaMV) -- in Arabidopsis. Using a reverse genetics approach, | found that accumulation of
specific size classes of ~20-24 nt siRNAs depends on particular Arabidopsis DCLs and
also HEN1, which methylates siRNA 3’-ends. Upstream of these steps, biogenesis of
tandem repeat-derived siRNAs required the RNA polymerase IV (Pol 1V) pathway, known
to include NRPD1a and RDR2. 5S rDNA methylation was reduced in mutants deficient for
NRPD1a, RDR2 or the chromatin remodeling factor DDM1, but not in strains deficient for
four Arabidopsis DCLs. Genetic crosses showed that DDM1 and the Pol IV pathway play
distinct but intertwined roles in 5S rDNA methylation: analysis of a strain deficient for both
DDM1 and DCL3 suggests that siRNA function in cytosine methylation is most crucial
when CpG-methylation maintenance is impaired. Integrating my data with reports on 5S
rRNA gene regulation, | propose a dynamic model to describe RdADM affecting the 5S
rDNA arrays. A similar mechanism might regulate genes that impact growth in
Arabidopsis, since double mutants deficient for DDM1 and the Pol IV pathway showed
reduced fresh weight. Unlike endogenous siRNAs, viral siRNA accumulation did not
require upstream components of known RNA silencing pathways, such as RDR2 or RDR6.
However, RDR-independent mechanisms leading to viral siRNA biogenesis may include:
(i) overlapping sense / antisense transcription about the circular viral DNA, and (ii) folding
of the CaMV 35S RNA transcript leader. Supporting the latter hypothesis, CaMV-infected
plants accumulate siRNA from three “hotspots”, all matching the structured leader.
Furthermore, DCL1 -- thought to excise microRNAs from stem-loop hairpin precursors --
appears to mediate production of ~21 nt siRNAs from the leader or related dsRNA. In
general, my results are consistent with a “branched” pathway model for siRNA biogenesis,
in which substrates from various sources can be funneled through the same DCL and

HEN1 steps, before the siRNA products are incorporated into specialized effectors.






2. List of abbreviations

A. thaliana
AGO
bp
BSA
CaLCuV
CaMV
cDNA
Col-0
DCL
d23
d24
d34
d234
s19m
c19m
DEPC
dpi
dsDNA
dsRNA
EDTA
EMS
GABI
HMW
LMW
miRNA
nt
ODZGO
PCR
PTGS
gqPCR
RdDM
RDR
RARP
RISC

Arabidopsis thaliana, or the model organism Arabidopsis
Argonaute-like protein
Base pair
Bovine serum albumin
Cabbage Leaf Curl Virus
Cauliflower Mosaic Virus
Complementary DNA
Columbia-0 ecotype of A. thaliana
Dicer-like protein
dcl2 dcl3
dcl2 dcl4
dcl3 dcl4
dcl2 dcl3 dcl4
dcl1-8 dcl2 dcl3 dcl4 (sinl-2 based quadruple dcl-mutant)
dcl1-9 dcl2 dcl3 dcl4 (caf based quadruple dcl-mutant)
Diethylpyrocarbonate
Days post-inoculation
Double-stranded DNA
Double-stranded RNA
Ethylenediamine tetraacetic acid
Ethyl methanesulfonate-induced mutation
“Genomanalyse im biologischen System Pflanze” T-DNA insertion
High molecular weight
Low molecular weight
microRNA
Nucleotide
Optical density measured at the 260 nm wavelength
Polymerase Chain Reaction
Post-transcriptional Gene Silencing
Quantitative RT-PCR
RNA-directed DNA Methylation
Putative RNA-dependent RNA polymerase in Arabidopsis
RNA-dependent RNA polymerase activity

RNA-induced silencing complex



RITS

RT
RT-PCR
SAIL
SALK
SiRNA
SMRNA
SSRNA
T-DNA
ta-siRNA
TAIR ID#
TGS

Tris
Tris-HCI
WT
VIGS

RNA-induced Transcriptional Silencing (complex)

Room temperature

Reverse transcription polymerase chain reaction

Syngenta Arabidopsis Insertion Library T-DNA insertion
Salk Institute T-DNA insertion

Short interfering RNA

Small RNA (includes siRNAs and miRNAs)

Single-stranded RNA

Agrobacterium tumefaciens mediated T-DNA insertion mutant
trans-acting siRNA

The Arabidopsis Information Resource identification number
Transcriptional Gene Silencing
Tris(hydroxymethyl)-amino-methane
Tris(hydroxymethyl)-amino-methane hydrochloric acid

Wild type (Col-0, unless otherwise stated)

Virus-induced Gene Silencing



3. Introduction

Small RNAs (smRNAs) specify targets of a wide range of RNA silencing processes in
eukaryotes (Parker and Barford, 2006). RNA silencing refers to phenomena in which
double-stranded RNAs (dsRNAs) or stem-loop hairpin RNAs are processed by a family of
RNase Il proteins into ~20-25 nt smRNAs, which guide different effector complexes to
cleave specific RNA transcripts, block productive mRNA translation or direct chromatin
modifications to specific DNA regions (Matzke et al., 2001; Baulcombe, 2004; Meins et al.,
2005). For example, smRNA-directed heterochromatin formation around repetitive DNA is
thought to maintain genome integrity in fission yeast, plants and animals (O'Donnell K and
Boeke, 2007; Zaratiegui et al., 2007). In plants and mammals, this can involve cytosine
methylation of DNA repeats (Bender, 2004; Matzke et al., 2005; Aravin et al., 2007). RNA
silencing also mediates a general virus defense in plants and invertebrates (Lecellier and
Voinnet, 2004; Wang et al., 2006), and regulates expression of developmentally important
genes in plants and animals (Bartel, 2004; Meins et al., 2005; Poethig et al., 2006).
Because it targets specific nucleic acid sequences, RNA silencing has important
agricultural, clinical and research applications (Grunweller and Hartmann, 2005; Watson et
al., 2005).

Our current understanding of RNA silencing emerged from molecular genetic and
biochemical experiments in different eukaryotic systems that pointed to a evolutionarily
conserved, core mechanism (Tijsterman et al., 2002; Voinnet, 2003). In contrast to most
animal systems, plants possess a particularly wide array of silencing modules, which can
be grouped into functionally distinct smRNA biogenesis pathways (Herr and Baulcombe,
2004; Meins et al., 2005). This introduction briefly charts discoveries that laid a foundation
for the RNA silencing paradigm, and then describes protein families whose members are
required for steps in the core mechanism. Three endogenous RNA silencing pathways of
Arabidopsis are then described. Particular attention is given to the role of repeat-
associated smRNAs in genomic DNA methylation, which is the first topic of my
dissertation. Finally, the relevance of RNA silencing pathways to virus-derived smRNA

biogenesis is covered, which is the second focus of my work.



3.1. Early RNA silencing discoveries

RNA silencing was discovered by experiments with transgenes in plants. Introducing
multiple transgenes driven by the same promoter into a plant line frequently triggered
silencing of the transgenes, which was correlated with methylation of their promoters
(Matzke et al., 1989; Park et al., 1996). This effect, which was linked to reduced
transcription of the transgenes , was later called transcriptional gene silencing (TGS).
Although DNA-DNA interactions would suffice to explain homology-dependent DNA
methylation, experiments with viroids in tobacco indicated that RNA could target cytosine
methylation to homologous DNA sequences in the plant nucleus (Wassenegger et al.,
1994).

In independent experiments, Napoli et al. (1990) and van der Krol et al. (1990)
introduced a chalcone synthase (CHS) transgene into petunia plants by Agrobacterium-
mediated transformation. CHS is required for the biosynthesis of anthocyanin pigments, so
they expected that its overexpression would result in deeply pigmented flowers. Instead
the plants developed purple-white variegated and white flowers. This phenomenon, called
co-suppression, was due to inhibition in trans of the accumulation of transgene and
endogenous gene encoded CHS mRNAs. Co-suppression of CHS in petunia and related
phenomena in plants often resulted from increased degradation of mRNA, or post-
transcriptional gene silencing (PTGS, de Carvalho et al., 1992; Ingelbrecht et al., 1994;
van Blokland et al., 1994). PTGS was found to reset post-meiotically, meaning that plants
showing a silent state produced embryos that regained expression of the transgene (Kunz
et al., 2001). In contrast, TGS and the associated DNA methylation was heritable through
multiple self-fertilized generations (Kilby et al., 1992; Park et al., 1996). In this dissertation,
| use the term RNA silencing to refer to both PTGS and TGS processes for which dsRNA
is essential (Meister and Tuschl, 2004).

Further silencing phenomena were uncovered by inserting specific sequences into
vectors that transiently express RNA in plants. For example, RNA silencing was shown to
limit replication of recombinant RNA viruses with homology to a plant transgene by
enhanced degradation of the viral RNA (Lindbo and Dougherty, 1992; Goodwin et al.,
1996). Then, the similarity between RNA silencing and natural defense against viruses
was noted (Covey et al., 1997; Ratcliff et al., 1997). Importantly, plant viruses were found
to encode proteins that suppress PTGS of transgenes (Anandalakshmi et al., 1998).
These silencing suppressors were found to be determinates of viral pathogenicity, which
suggested that viruses had evolved a counter-defense to evade RNA silencing (Brigneti et
al., 1998; Kasschau and Carrington, 1998).
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Conversely, viruses carrying portions of an expressed reporter transgene could
induce silencing of that gene, a technology known as virus-induced gene silencing (VIGS,
Ruiz et al., 1998). VIGS, and another transient system based on Agrobacterium infiltration,
allowed rapid assessment of the temporal and spatial dynamics of silencing (Schéb et al.,
1997; Voinnet et al., 1998; Jones et al., 1999). Local induction of silencing and grafting
experiments showed that silent cells elaborate a mobile silencing signal that can move
locally from cell-to-cell and systemically through the phloem (Palauqui et al., 1997; Voinnet
and Baulcombe, 1997; Crete et al., 2001).

Using four independent plant RNA silencing systems, Hamilton and Baulcombe
(1999) showed that both PTGS and VIGS correlated with the accumulation of ~25 nt
smRNAs complementary (antisense) to the targeted mRNAs. This discovery was
important on multiple levels: (i) the smRNAs were large enough to convey sequence
specificity; (ii) they were, in theory, small enough to facilitate their systemic spread in
plants; and (iii) they were reminiscent of 22 nt small temporal RNAs expressed in
Caenorhabditis elegans that were hypothesized to block translation of an endogenous
mRNA by base-pairing to its 3’-UTR (Lee et al., 1993; Wightman et al., 1993). Thereafter,
RNA isolated from uninfected, wild-type tobacco and Arabidopsis was shown to contain a
similar ~21-23 nt smRNA pool; this suggested the existence of smRNAs derived from
endogenous genes, which were down regulated by PTGS (Hutvagner et al., 2000).

In the late 1990’s, evidence came from both plants and animals for the role of long
dsRNAs in silencing. Fire et al. (1998) showed that introducing pure dsRNA molecules into
C.elegans induced sequence-specific silencing of genes homologous to that dsRNA — a
process the authors called RNA interference (RNAI). Furthermore, plant transgenes
containing a transcribed inverted repeat homologous to a promoter region induced
cytosine methylation and TGS of the corresponding antibiotic resistance gene (Mette et
al.,, 1999). This induction depended on the generation of an inverted repeat via
recombination in planta, which correlated with the biogenesis of smRNAs derived from the
inverted repeat (Mette et al., 2000). Equally, transcribed inverted repeats directed against
an mRNA or direct bombardment of plants with dsSRNA homologous to an mRNA, induced
efficient PTGS of the corresponding target (Wesley et al.,, 2001; Klahre et al., 2002).
These and other experiments suggested that PTGS and TGS could be mechanistically
linked in some systems (Sijen et al., 2001; Fojtova et al., 2003).

To elucidate the mechanism of RNA silencing, forward genetic screens for mutants
deficient in transgene silencing were carried out in Neurospora crassa, A. thaliana and C.
elegans (Cogoni and Macino, 1999; Tabara et al., 1999; Dalmay et al., 2000; Mourrain et

al., 2000). Concurrent biochemical and genetic work from animal systems found enzymatic
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activities and gene products that mediate key steps of RNAi (Zamore et al., 2000; Ketting
et al., 2001; Williams and Rubin, 2002). Among the genes were those encoding proteins
conserved in animals, plants, fungi and protists, showing that RNA silencing is an
evolutionary ancient mechanism with functions in many organisms (Fagard et al., 2000;
Cerutti and Casas-Mollano, 2006).

Throughout this dissertation, homozygous recessive mutants for an Arabidopsis
gene (e.g., DCL1) are designated by a lowercase italic gene symbol (e.g., dcll). However,
the notation (-/-) is used to simplify diagrams in which homozygous mutant plants are
compared to heterozygous and wild-type plants -- e.g., DCL1(-/), DCL1(+/-) and
DCL1(+/+).

3.2 Classes of proteins required for RNA silencing

3.2.1. RNA-dependent RNA polymerases

RNA-dependent RNA polymerases (RdRPs) in plants, N. crassa, C. elegans,
Schizosaccharomyces pombe (fission yeast) and other eukaryotes are thought to produce
dsRNA silencing intermediates from single-stranded RNAs (ssRNAs) or amplify RNA
silencing signals (Smardon et al., 2000; Xie et al., 2004; Wassenegger and Krczal, 2006).
The first endogenous RdARP activity of a eukaryote was discovered in tomato (Schiebel et
al., 1993; Schiebel et al., 1998), which helped explain why a homologous protein, QDE-1,
is required for RNA silencing in N. crassa (Cogoni and Macino, 1999). Six genes identified
in Arabidopsis (RDR1 to RDR6) encode proteins similar to the tomato RdRP
(Wassenegger and Krczal, 2006). At least two of these genes, RDR2 and RDRG6, are
required for endogenous RNA silencing pathways (Dalmay et al., 2000; Mourrain et al.,
2000; Vazquez et al., 2004b; Xie et al., 2004). Similar findings were made in other
Embryophyta -- i.e., in land plants (Alleman et al., 2006; Talmor-Neiman et al., 2006).
Biochemical work established that N. crassa QDE-1 and S. pombe Rdp1 possess RdRP
activities in vitro (Makeyev and Bamford, 2002; Sugiyama et al., 2005), but similar
confirmation is lacking for the Arabidopsis proteins. C. elegans is the only animal known to
have a putative RARP gene (Smardon et al., 2000; Grishok et al., 2005; Lee et al., 2006).

3.2.2. Dicer RNase lll endoribonucleases

Dicers, which are RNase Ill type endoribonucleases, cleave dsRNA substrates into

smRNA duplexes in animals (Bernstein et al., 2001). Dicer products were studied in great
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detail using Drosophila cell extracts (Elbashir et al., 2001a). They are ~22 nt long and
have the following chemical and structural features: single phosphate groups on their 5’
ends, two to three nt 3’ overhangs, and free hydroxyl groups on their 3’ ends (Figure 1).
Several protein domains were identified by analyzing animal Dicers, including an RNA
helicase domain, a DUF283 (domain of unknown function), a PAZ domain, two RNase Il
catalytic domains, and a dsRNA binding domain (Bernstein et al., 2001; Meister and
Tuschl, 2004). All organisms that are competent for RNA silencing have at least one Dicer-
like (DCL) protein (Susi et al., 2004; Sontheimer, 2005).

Using the evolutionarily conserved domains as criteria, four Arabidopsis genes were
found to encode DCLs (Golden et al., 2002; Vazquez, 2006). DCL products processed
from perfect dsRNA are called short interfering RNAs (siRNAs), which are the sequence-
specifying molecules of PTGS / RNAI in eukaryotes (Fire et al., 1998; Hamilton and
Baulcombe, 1999; Zamore et al., 2000; Elbashir et al., 2001b; Tang and Zamore, 2004).
This distinguishes them from DCL products called microRNAs (miRNAs), which derive
from endogenous hairpin RNA precursors with stem sections containing mismatches
(Jones-Rhoades et al., 2006). Small temporal RNAs of C. elegans were the first example
of miRNAs, which have since been identified in various plants and animals (Ambros et al.,
2003; Jones-Rhoades et al., 2006). Different Arabidopsis DCL proteins have been
genetically linked to the biogenesis of endogenous siRNAs and miRNAs (Reinhart et al.,
2002; Schauer et al., 2002; Xie et al., 2004; Gasciolli et al., 2005; Bouche et al., 2006;
Henderson et al., 2006).

3.2.3. Argonaute proteins

Argonaute (AGO) proteins were named after the agol mutants of Arabidopsis (Bohmert et
al., 1998). They have characteristic N-terminal PAZ domains and C-terminal PIWI domains
(Carmell et al., 2002; Hunter et al., 2003). AGO proteins are key components of RNA-
induced Silencing Complexes (RISCs), which directly mediate RNA silencing effects
(Figure 1). During siRNA-programmed RNA degradation, RISC contains an AGO protein
bound to an siRNA strand, which guides cleavage of complementary mRNA targets
(Martinez et al., 2002; Baumberger and Baulcombe, 2005). Additionally, RISC-like
complexes are thought to direct histone modifications and/or DNA methylation to specific
DNA repeats (Motamedi et al., 2004; Pikaard, 2006). In fission yeast this is called the
RNA-induced Transcriptional Silencing (RITS) complex (Verdel et al.,, 2004).

13



( ssRNA transcripts

Sense/
antisense

RdRP
steps

Initiator

phase Hairpin RNA dsRNA
DCL
smRNA ® OH
\. duplex HO ® ~20-25nt
( AGO
Effector . .
phase Silencing effects

Translational Target RNA Chromatin
& repression cleavage modifications

Figure 1. The core RNA silencing mechanism. The core mechanism of RNA
silencing can be divided into two phases: During the initiator phase, partially or
perfectly dsRNA forms by one of three processes: a ssRNA folds into a hairpin,
sense and antisense transcripts anneal to form dsRNA, or a ssRNAis converted
into dsRNA by an RNA-dependent RNA polymerase (RdRP). Dicer-like (DCL)
proteins process these molecules into ~20-25 nt duplex products. In the
effector phase specific strands of these duplex smRNAs are integrated into
silencing effector complexes, including an Argonaute protein (AGO), to guide
translational repression of mMRNAs, cleavage of RNA transcripts, or covalent
histone modifications (and/or DNA methylation) to specific genomic regions.
The most evolutionarily conserved factors and steps are depicted in gray.
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Based on sequence similarity analysis, the Arabidopsis genome contains 10 genes
that encode AGO proteins (Fagard et al., 2000; Vazquez, 2006). Five of these genes,
AGO1, AGO4, AGO6, AGO7 and AGO10, have been linked to specific RNA silencing
processes (Morel et al., 2002; Hunter et al., 2003; Zilberman et al., 2003; Baumberger and
Baulcombe, 2005; Kidner and Martienssen, 2005; Zheng et al., 2007).

3.3. The core RNA silencing mechanism

The biochemical steps of RNA silencing can be divided into two phases: the initiator phase
resulting in smRNA biogenesis and the effector phase, which achieves sequence-specific
silencing effects (Figure 1). During the initiator phase, partially or perfectly dsRNA forms
by one of three processes: (i) a ssRNA precursor folds into a hairpin, (ii) complementary
sense/antisense transcripts anneal or (ii) an RNA-dependent RNA polymerase (RdRP)
uses a ssRNA template to synthesize a second, comlementary RNA strand. The resulting
hairpin RNA or dsRNA molecules are then processed by a DCL protein into duplexes of
~20-25 nt smRNAs. These short duplexes are subsequently bound by an AGO protein,
which mediates effector steps via RISCs (Collins and Cheng, 2005; Parker and Barford,
2006).

Based on their detailed phylogenetic analysis, Cerutti and Casas-Mollano (2006)
propose that a basic set of RNA silencing enzymes (RdRPs, DCLs and AGOs) arose after
the emergence of single-celled eukaryotes and before the advent of multicellular
organisms. According to their model, the vertebrate lineage kept RNA silencing (RNAI) but
lost the archetypical RARP that is conserved in plants, fungi, C. elegans and some protists
(Cerutti and Casas-Mollano, 2006). Embryophyta are extraordinary because they show all
major silencing effects, including RNA-directed DNA methylation (RdDM) and virus
defense (Matzke et al., 2005; Brodersen and Voinnet, 2006). This makes the genetic
model plant Arabidopsis an excellent organism in which to analyze different RNA silencing

systems and their interactions.

3.4. Endogenous RNA silencing pathways in Arabidopsis

Studies of silencing, its suppression by viruses and the pattern of smRNA accumulation in
deficiency mutants have identified several different routes for endogenous smRNA
biogenesis in Arabidopsis (Figure 2) (Vance and Vaucheret, 2001; Herr and Baulcombe,
2004; Meins et al., 2005; Vazquez, 2006). This work showed that subpopulations of the

~20-25 nt smRNAs cloned from Arabidopsis and other plants associate with functionally
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distinct, conserved RNA silencing pathways (Xie et al., 2004; Sunkar et al., 2005; Talmor-
Neiman et al., 2006).

3.4.1. The miRNA pathway

Arabidopsis miRNAs are excised from imperfectly paired regions in the stem of hairpin
RNA precursors and are predominantly 20-22 nt long (Park et al., 2002; Reinhart et al.,
2002; Ambros et al., 2003). They are thought to guide AGO1 to longer RNA transcripts,
which contain a reverse complement binding site (cognate RNAs), and direct AGO1-
mediated cleavage to the center of the pairing region (Figure 2A, Llave et al., 2002;
Vaucheret et al., 2004; Baumberger and Baulcombe, 2005). DCL1 and the dsRNA binding
protein Hyponastic Leaves 1 (HYL1) mediate miRNA biogenesis (Park et al., 2002;
Reinhart et al., 2002; Han et al., 2004; Kurihara and Watanabe, 2004; Vazquez et al.,
2004a; Kurihara et al., 2006). DCL1 is thought to process the miRNA precursor by two
endonucleolytic cuts to generate a miRNA/mMiRNA* duplex, where miRNA* is the duplex
strand not used to guide cognate RNA cleavage. Similarly to what was shown in animals,
the duplex is loaded on to AGO1, which stabilizes the miRNA, while the miRNA* strand is
thought to be degraded (Vaucheret et al., 2004; Baumberger and Baulcombe, 2005;
Matranga et al., 2005). The 3’-ends of miRNAs appear to be stabilized by methylation of
their 2’-hydroxyl groups, which is mediated by the protein HEN1 (Park et al., 2002; Boutet
et al., 2003; Yu et al., 2005).

miRNA precursor genes, called MIRNA genes, can be annotated using the predicted
folding structure of their transcripts as one criterion (Jones-Rhoades and Bartel, 2004).
Diverse MIRNA genes are known in Arabidopsis, with experimental evidence for at least
64 gene families, whose miRNA products target dozens of developmentally important
mRNAs (Reinhart et al., 2002; Allen et al., 2004; Axtell and Bartel, 2005; Mallory and
Vaucheret, 2006). Thus, dcll null mutants appear to be lethal, and even hypomorphic
mutants have strong, pleiotropic phenotypes (Schauer et al., 2002). Although deep
evolutionary conservation was originally thought to be a characteristic of all MIRNAs
(Ambros et al., 2003; Axtell and Bartel, 2005), recent work has demonstrated that plants
from different taxa may express specific pools of miRNA that specify developmental

programs limited to those species (Rajagopalan et al., 2006; Kutter et al., 2007).
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Figure 2. Major RNA silencing pathways in
Arabidopsis. (A) miRNA biogenesis begins
with the folding of RNA polymerase Il (Pol Il)
transcripts into stem-loop hairpin precursors.
DCL1 is thought to process such precursors in
multiple steps to generate a ~21 nt
MiRNA*/miRNA duplex. The miRNA strand
would then guide AGO1 to cleave specific
transcript targets. (B) The frans-acting siRNA
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guided cleavage of specific non-coding Pol Il
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3.4.2. The trans-acting siRNA pathway

Most endogenous siRNAs in Arabidopsis are cleaved from long perfect dsRNAs. The
biogenesis of these dsRNAs requires the activity of either of two putative RARPs: RDR6
and RDR2 (Figure 2B/C). Multiple lines of evidence suggest that RDR6 and RDR2 act
upstream of siRNA biogenesis in their respective pathways (Vazquez et al., 2004b; Allen
et al., 2005; Yoshikawa et al., 2005; Pontes et al., 2006)

An important example is the evolutionarily conserved, non-coding transcript encoded
by TAS3 in Arabidopsis (Allen et al., 2005; Adenot et al., 2006; Fahlgren et al., 2006).
Remarkably, homologous TAS transcripts influence development in various Embryophyta
via the same RNA silencing mechanism (Axtell et al., 2006; Hunter et al., 2006; Talmor-
Neiman et al., 2006; Nogueira et al., 2007). Biogenesis of siRNAs from TAS3 and similar
genes apparently depends on miRNA-directed cleavage of primary TAS transcripts
(Figure 2B, Allen et al., 2005; Axtell et al., 2006). In Arabidopsis, the cleavage event is
thought to generate substrates for RDR6, whose dsRNA products are processed by DCL4
(Gasciolli et al., 2005; Xie et al., 2005; Yoshikawa et al., 2005). Certain ~21 nt siRNA
products of DCL4, defined by their “phase” within TAS transcripts relative to the miRNA
cleavage site, are then thought to associate with AGO1 or AGO7 and target specific
MRNAs for cleavage in trans (Figure 2B, Peragine et al., 2004; Vazquez et al., 2004b;
Allen et al., 2005; Baumberger and Baulcombe, 2005; Adenot et al., 2006).

In RDR6-deficient mutants, these trans-acting siRNAs (ta-siRNAs) fail to accumulate,
while the TAS transcripts themselves overaccumulate (Vazquez et al., 2004b). These data
are consistent with RDR6 acting as an RdRP on TAS ssRNA templates. Supporting this
model, mRNAs targeted by specific ta-siRNAs in the wild type, overaccumulate in
deficiency mutants dcll, rdr6, dcl4 and agol (Peragine et al., 2004; Vazquez et al., 2004b;
Xie et al., 2005).

3.4.3. RNA polymerase IV (Pol IV) and repeat-associated siRNAs

A recently discovered fourth class of Arabidopsis RNA polymerase, with catalytic subunits
similar to those of RNA polymerase |l (Arabidopsis_Genome_Initiative, 2000), has been
shown to have functions in RNA silencing (Herr et al., 2005; Onodera et al., 2005). Two
related RNA polymerase IV (Pol IV) complexes have been identified: Pol IVa containing
the subunits NRPD1a and NRPD2, and Pol IVb containing the subunits NRPD1b and
NRPD2 (Kanno et al., 2005b; Pontier et al., 2005; Pontes et al., 2006). Together, these

Pol IV complexes are required for the biogenesis of most endogenous siRNAs in
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Arabidopsis and are conserved in Embryophyta (Alleman et al., 2006; Kasschau et al.,
2007; Luo and Hall, 2007; Zhang et al., 2007).

Pol IV-dependent siRNAs frequently derive from DNA repeats. For example, 24 nt
siRNAs derived from a short-interspersed element (SINE), AtSN1, accumulate in wild-type
plants but not in the NRPD1a deficient mutant sde4 (Hamilton et al., 2002; Herr et al.,
2005). The same effect was observed in RDR2 deficient plants (Xie et al., 2004).
Importantly, the authors showed that the AtSN1 genomic DNA region is hypomethylated in
sde4 and rdr2 mutants (Hamilton et al., 2002; Xie et al., 2004). In another example, SINE-
like repeats in the promoter of the FWA gene are a source of 24 nt siRNAs (Lippman et
al., 2004). Deficiencies in NRPD1a or RDR2 lead to a late flowering phenotype that is
linked to hypomethylation and ectopic expression of FWA (Chan et al., 2004; Chan et al.,
2006a; Kinoshita et al., 2007). Similar siRNAs also arise from genes encoding the 5S
rRNA of Arabidopsis (Xie et al., 2004). In eukaryotes, these 5S rRNA genes are arranged
in large tandem repeat arrays (5S rDNA) that are transcribed by RNA polymerase Il
(Douet and Tourmente, 2007). Distinct 5S rDNA arrays are situated in pericentromeric
regions of Arabidopsis Chromosomes 3, 4 and 5, for a total of about 1000 repeat copies
(Cloix et al., 2000; Vaillant et al., 2007b).

3.4.4. DNA methylation and histone modifications mediated by the Pol IV pathway

Cytosine methylation of DNA is required for normal development in both plants and
animals, where it controls genomic imprinting and influences other important biological
processes (Bird, 2002; Chan et al., 2005; Goll and Bestor, 2005). DNA methylation is
associated with inhibition of promoter activity and may function to protect the genome from
transposable elements (Yoder et al., 1997; Hirochika et al., 2000; Weber and Schubeler,
2007). In plants, the methylation status of certain genes regulates their epigenetic state
(Takeda and Paszkowski, 2006; Henderson and Jacobsen, 2007): that is, a heritable but
potentially reversible state of gene activity not explained by changes in DNA sequence
(Meins, 1996; Pikaard, 2000). When “normal” epigenetic states are perturbed by a global
reduction in DNA methylation, epialleles can form that are linked to altered DNA
methylation and expression of particular genes (Finnegan, 2002; Yi et al., 2004).
Eukaryotic DNA is packaged into chromatin, which serves as a platform for
regulating access to the genome and modulating transcription (Wolffe, 1998; Berger,
2007). Covalent histone modifications, such as histone 3 lysine 9 dimethylation (H3K9),
are associated with condensed chromatin known as heterochromatin (Tarig and
Paszkowski, 2004; Peters and Schubeler, 2005). In Arabidopsis, the histone
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methyltransferase KRYPTONITE (KYP1), which mediates H3K9 dimethylation to AtSN1,
has a domain that is postulated to bind methylated DNA (Jackson et al., 2002; Johnson et
al., 2007). This suggests that DNA methylation is reinforced by H3K9 dimethylation via the
recruitment of KYP1 (Johnson et al., 2007) and is consistent with immunostaining and
chromatin-immunoprecipitation observations in mutants deficient for DNA methylation
(Soppe et al., 2002; Tariq et al., 2003). Conversely, cytosine methylation in the CpNpG
sequence context requires KYP1 and the H3K9 dimethylation mediated by that protein
(Jackson et al., 2002).

The Pol IV pathway directs DNA methylation and H3K9 methylation to genomic
repeats, such as AtSN1, the FWA promoter and 5S rRNA genes (Xie et al., 2004; Herr et
al., 2005; Onodera et al., 2005; Huettel et al., 2006). For the purposes of my dissertation,
however, | focused on DNA methylation mediated by the Pol IV pathway. Methylation of
cytosines in non-CpG sequences contexts is at least partly dependent on DRM2, a de
novo cytosine methyltransferase (Cao et al., 2003; Chan et al., 2006b). A function for
DRM2 in Pol IV-mediated methylation is suggested by the reduced accumulation of
repeat-associated siRNAs in the drml drm2 double mutant (Onodera et al., 2005).
Forward genetic screens have indicated, however, that multiple DNA methyltransferases
cooperate to achieve RdDM in non-CpG and CpG contexts (Malagnac et al., 2002;
Aufsatz et al., 2004; Matzke et al., 2005). RdDM is also facilitated by the SNF2-like protein
DRD1 (Kanno et al., 2004; Kanno et al., 2005a).

In a simplified model, Pol IVa produces or amplifies non-coding transcripts, which are
converted to dsRNA by RDR2 and cleaved into 24 nt siRNAs by DCL3 (Figure 2C) (Xie et
al., 2004; Onodera et al., 2005). These siRNAs would then guide silencing effectors,
involving Pol IVb and AGO4 proteins, to homologous sequences in the genome to mediate
RdDM (Zilberman et al., 2003; Kanno et al., 2005b; Pontes et al., 2006). Studies of the
immunological localization of components of the Pol IV pathway (Pontes et al., 2006) and
the cloning of smRNAs associated with AGO1 and AGO4 (Qi et al., 2006; Zhang et al.,
2007) support the hypothesis that 24 nt siRNAs arising from 5S rRNA genes and other
repeats are loaded on to an AGO4 effector complex.

Nonetheless, no experiment has directly shown that siRNAs guide an effector
complex to sequences within genomic DNA. One report suggests that nascent RNA,
rather than genomic DNA, is the proximate target of the Pol IVa protein in the nucleus
(Pontes et al., 2006). Furthermore, studies of centromeric heterochromatin formation in
fission yeast found that RITS targets nascent RNA transcripts from repeats, rather than
genomic DNA (Moazed et al., 2006). With the plant viroid system described earlier, 30 nt

of complementarity between viroid RNA and nuclear DNA were sufficient to mediate
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RdDM limited to the targeted region (Pelissier and Wassenegger, 2000). This ~30 nt
threshold is slightly longer than repeat-associated siRNAs but much shorter than DNA
looped around a single nucleosome, ~170 bp (Wolffe, 1998). This fact strengthens the
proposition, based on genetic experiments, that siRNAs can induce precise methylation of
genomic DNA targets (Pikaard, 2006), but would not exclude an intermediary role for non-
coding RNA transcripts.

Complicating the above described model, production of repeat-derived siRNAs
appears to depend on multiple, partially redundant DCLs in plants (Hamilton et al., 2002;
Xie et al., 2004; Gasciolli et al., 2005; Henderson et al., 2006; Margis et al., 2006). This
has functional significance for RADM in Arabidopsis: Henderson et al. (2006) showed that
methylation of AtSN1 was more strongly reduced in the dcl2 dcl3 dcl4 triple mutant than in
dcl3 alone. Other DNA repeat classes showed only moderate hypomethylation in multiple
dcl-mutants, however. Methylation of 5S rDNA repeats was not yet analyzed in multiple
dcl-mutant backgrounds, although it is reduced in mutants for upstream steps of the Pol IV

pathway, such as nrpdla or rdr2 (Onodera et al., 2005).

3.5. Maintenance of 5S rDNA repeat methylation in Arabidopsis

Once DNA methylation is established at a DNA repeat, its maintenance over cell divisions
and successive plant generations is not necessarily RNA silencing-dependent (Matzke et
al., 2005). Methylated cytosines in the CpG sequence context are maintained during DNA
replication by the methyltransferase MET1 (Vongs et al., 1993; Kankel et al., 2003; Saze
et al., 2003) acting in concert with the SWI2/SNF2-like chromatin remodeling factor DDM1
(Jeddeloh et al., 1999; Steimer et al., 2000). Maintenance of CpNpG site methylation
depends on the methyltransferase CMT3 (Bartee et al., 2001; Lindroth et al., 2001).
Mutations in MET1, DDM1 and CMT3 have each been shown to release silencing of
specific genes and transposable elements (Jeddeloh et al., 1998; Hirochika et al., 2000;
Bartee et al., 2001; Saze et al., 2003).

5S rDNA methylation in CpG, and to some extent in non-CpG, contexts is sensitive
to DDM1-deficiency (Vongs et al., 1993; Kakutani et al., 1995; Mathieu et al., 2003).
Contradictory models have been proposed for the relationship between DDM1-maintained
methylation and the Pol IV pathway. Lippman et al. (2003 and 2004) showed that the
accumulation of AtSN1 and tandem repeat-derived siRNAs is reduced in the DDM1-
deficient mutant, ddm1-2 (Vongs et al., 1993). This suggested that DDM1 and/or the
heterochromatic, methylated state of tandem DNA repeats is a precondition for siRNA

biogenesis. In contrast, Onodera et al. (2005) found that 5S rDNA repeat-derived siRNAs
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are over-expressed in ddm1-2. The later result favors a model in which DDM1 and/or DNA
methylation represses production of dsRNA precursors for repeat-associated siRNAs. In
both sets of experiments, metl mutants had the same effect as ddm1-2, indicating that
DNA hypomethylation rather than DDM1-deficiency per se was at issue (Lippman et al.,
2003; Onodera et al., 2005). This example illustrates the puzzling relationship between
siRNA accumulation and DNA methylation of genomic tandem repeats in plants.

The function of 5S rDNA methylation is uncertain, since the steady state level of 5S
rRNA is unaffected by hypomethylation (Mathieu et al., 2002). However, mutants deficient
for DDM1, MET1, CMT3, or AGO4, show release of silencing affecting “minor” 5S rRNA
genes (Vaillant et al., 2006; Vaillant et al., 2007a). These reports suggest that methylation
at CpG and CpNpG sites, which is mediated by the abovementioned proteins, regulates

the transcription of certain 5S rDNA repeat units.
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3.6. Plant virus infection

Viruses are nucleoproteins that multiply in living cells and have the ability to cause disease
(Agrios, 1997). There are approximately 450 species of plant-pathogenic viruses, many of
which reduce yields, increase sensitivity to frost and drought, or cause all out crop failure
(Hull, 2004; Soosaar et al.,, 2005). Symptoms of virus infection include leaf chlorosis,
necrosis, mosaic patterns and plant stunting (Hammond-Kosack and Jones, 2000). Severe
crop losses are caused by the RNA virus, Sugarcane mosaic virus (Potyviridae), and the
DNA viruses, Tomato vyellow leaf curl virus, Africa cassava mosaic virus (both
Geminiviridae), and Banana streak virus (Caulimoviridae), to name just a few examples
(Hull et al., 2000; Moriones and Navas-Castillo, 2000; Legg and Fauquet, 2004). Plant
virus infection and defense against viruses are therefore of great economic and social

import.

3.7. Plant defense responses to viruses

The defense response of plants to virus infection involves both specific host resistance (R)
genes and generalized host defense systems (Voinnet, 2001; Hull, 2004; Kang et al.,
2005). Most R genes encode nucleotide binding-leucine rich repeat (NB-LRR) proteins
that interact with pathogen-encoded effectors, known as avirulence proteins (Jones and
Dangl, 2006). Upon recognition of the avirulence protein, a signal transduction cascade
induces various basal defenses, including the accumulation of salicylic acid (SA) and
expression of pathogenesis-related proteins; this sometimes culminates in a type of
programmed cell death, known as the hypersensitive response (HR, Lam et al., 2001). For
example, an NB-LRR protein called Rx confers extreme resistance to Potato virus X (PVX)
by recognizing the viral coat protein (Bendahmane et al., 1995; Bendahmane et al., 1999).
However, PVX infection does not induce HR. On the other hand, the N gene of tobacco
encodes a protein that mediates recognition of the helicase domain of the tobacco mosaic
virus (TMV) replicase (Whitham et al., 1994; Erickson et al., 1999). The resulting HR limits
TMV infection to localized necrotic lesions (Hull, 2004). That said, the most general
defense response of plants to virus infection is the processing of viral dsRNA into siRNAs,
and targeted cleavage of viral genomic RNA or transcripts by silencing effectors (Lecellier
and Voinnet, 2004).
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3.8. RNA ssilencing as a defense against viruses in plants

Early in the 1990s, PTGS was found to limit the replication of recombinant RNA viruses
containing sequences homologous to transgenes in the host genome (Lindbo et al., 1993;
Goodwin et al., 1996). However, viral defense mediated by RNA silencing does not require
genomic host DNA homologous to the virus: a protected state can also be conveyed by
prior infection with a related RNA virus (Ratcliff et al., 1999). This is the likely mechanism
of cross-protection, whereby pre-inoculating a plant with a mild virus strain protects it from
subsequent inoculation by a related, severe strain (Valle et al., 1988; Voinnet, 2001; Hohn
et al., 2007). Such pre-established silencing states, while advantageous for preventing
severe disease, are not absolutely required for a successful defense response. RNA
silencing contributes to lessen the impact of viral diseases at early stages of infection,
which can forestall systemic infection and lead to asymptomatic new growth, sometimes

called ‘recovery’ (Voinnet, 2001; Baulcombe, 2004).

3.8.1 Suppressor proteins

Despite RNA silencing-based defense, plant viruses still establish robust infection in
susceptible hosts, in part by suppressing RNA silencing. Infection with different RNA and
DNA viruses can suppress PTGS affecting transgenes (Voinnet et al., 1999). This is
accomplished by proteins expressed by the virus, which are also determinates of viral
pathogenicity (Brigneti et al., 1998; Kasschau and Carrington, 1998). Suppressor proteins
are diverse in sequence and structure, but many of them bind short or long dsRNA
(Silhavy and Burgyan, 2004; Lakatos et al., 2006; Merai et al., 2006). Furthermore,
suppressor proteins inactivate multiple types and steps of RNA silencing (Anandalakshmi
et al., 1998; Beclin et al., 1998; Brigneti et al., 1998; Kasschau and Carrington, 1998; Di
Serio et al., 2001). An elegant case is the p19 protein of Carnation Italian ringspot virus
and other tombusviruses, which is a molecular caliper that selectively binds siRNAs based
on their duplex length (Vargason et al., 2003). In another example, the 2b protein of
Cucumber Mosaic Virus (CMV) was shown to block SA-mediated virus resistance, impair
the spread of intercellular silencing, and reduce accumulation of multiple size classes of
CMV-derived siRNAs (Ji and Ding, 2001; Diaz-Pendon et al., 2007).
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3.8.2 Virus infection in RNA silencing deficient plants

Another indication that RNA silencing mediates plant defense against viruses came from
the study of mutants deficient for siRNA biogenesis pathways. For example, rdré mutants
infected with CMV showed overaccumulation of viral genomic RNA compared to the
infected wild type (Mourrain et al., 2000). Interestingly, the tobacco ortholog of RDRE6 is
required for systemic transgene silencing across tissue grafts. This systemic signal is
possibly a component of plant virus defense that protects the shoot apical meristem from
infection (Schwach et al., 2005). Work with single mutants for Arabidopsis DCL genes
showed that dcl2 was hypersusceptible to infection with Turnip Crinkle Virus (TCV, Xie et
al., 2004). This apparently results from suppression of DCL4 function by the TCV coat
protein, p38, leaving mainly DCL2 to compensate for DCL4 deficiency in infected wild-type
plants (Deleris et al., 2006). Similar studies showed that triple and quadruple dcl-mutants
are hypersusceptible to CMV infection (Bouche et al., 2006; Fusaro et al., 2006; Diaz-
Pendon et al., 2007). Hypersusceptibility was also observed in henl and agol mutants
infected with CMV (Morel et al., 2002; Boutet et al., 2003). Together, these studies
indicate that RDR6, DCL2, DCL4, HEN1 and AGO1 all contribute to the RNA silencing-

mediated defense of Arabidopsis against RNA virus infection.

3.8.3 Engineered virus resistance

The introgression of natural R genes into crop plants is one strategy to generate virus-
resistant plants (Soosaar et al., 2005). However, this approach is limited to viruses for
which R genes are known. Previous studies of recombinant viruses inspired the
application of RNA silencing to engineer crops resistant to various wild-type viruses: for
example, transgenic plants expressing dsRNA homologous to the virus. This research
yielded, amongst others, rice resistant to Rice yellow mottle virus, Vigna mungo plants
resistant to Mungbean yellow mosaic virus, and cassava plants resistant to Africa cassava
mosaic virus (Pinto et al., 1999; Pooggin et al., 2003; Zhang et al., 2005a). The natural
integration and selection of viral DNA sequences in plant genomes might also be a form of
RNA silencing-based virus resistance (Hull et al., 2000; Mette et al., 2002). Understanding
the multiple mechanisms of viral dsRNA and siRNA biogenesis will be important for
improving virus resistance in such plants (Sudarshana et al., 2007; Vanderschuren et al.,
2007).
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3.9 Viruses as tools to study RNA silencing in Arabidopsis

3.9.1. Virus induced gene silencing (VIGS)

VIGS constructs are important experimental tools for studying RNA silencing (Lu et al.,
2003; Dalmay, 2005). They are typically recombinant RNA viruses that contain sequences
homologous to a host-encoded mRNA; infection with these constructs induces cleavage
and degradation of the targeted messenger (Pantaleo et al., 2007). TGS can also be
initiated by VIGS directed against a transgene promoter, although this approach is rarely
taken (Al-Kaff et al., 1998; Jones et al., 2001). Many studies have used VIGS to silence
GFP transgenes, or host genes whose deficiency causes bleaching (Kjemtrup et al., 1998;
Ruiz et al., 1998; Jones et al., 1999; Dalmay et al., 2000; Deleris et al., 2006; Dunoyer et
al., 2007; Gammelgard et al., 2007). This allows a visual evaluation of the extent of VIGS,
and facilitates a genetic analysis of the process (Dalmay, 2005).

Similar to transgene-induced silencing, VIGS can spread cell-to-cell and
systemically (Voinnet, 2005). The exact nature of the underlying silencing signal is
unknown, but local cell-to-cell spread of transgene silencing correlates with DCL4-
dependent, 21 nt siRNA expression (Dunoyer et al.,, 2005). Long-range, cell-to-cell
movement of transgene silencing requires RDR6, which is otherwise coupled to DCL4 in
the biogenesis of endogenous 21 nt siRNAs (Himber et al., 2003; Xie et al., 2005;
Yoshikawa et al., 2005). It is speculated that RDR6 mediates a relay amplification of the
silencing signal (Himber et al.,, 2003). Forward genetic screens recently showed that
NRPD1a and RDR2 are required for the intercellular spread of RNA silencing induced by
inverted repeat transgenes, but not for production of siRNAs from those silencing inducers
(Dunoyer et al., 2007; Smith et al., 2007). However, the function that NRPD1a and RDR2
have in this form of RNA silencing does not extend to VIGS mediated by an RNA virus
(Dunoyer et al., 2007).

3.9.2. Production of virus-derived siRNAs

As was observed for endogenous siRNAs, multiple size classes of viral siRNAs
accumulate in virus infected plants (Hamilton et al., 2002). Viral siRNAs cloned from plants
infected with the RNA viruses Cymbidium ringspot tombusvirus (CymRSV) or Tobacco
mosaic virus (TMV-Cg) were predominantly ~20-22 nt in length (Molnar et al., 2005;
Kurihara et al., 2007). This range of size classes was also observed by blot hybridization
of low molecular weight RNA from plants infected with various RNA viruses (Bouche et al.,
2006; Deleris et al., 2006; Fusaro et al., 2006; Diaz-Pendon et al., 2007). Recently, ~21-22
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nt siRNA classes whose biogenesis required DCL2 and DCL4 were implicated in VIGS
and in plant defense against RNA virus infection, as mentioned above (Xie et al., 2004;
Deleris et al., 2006; Diaz-Pendon et al., 2007).

It is not clear whether VIGS and virus-derived siRNA biogenesis follow pathways
similar to those of endogenous RNA silencing. The trans-acting siRNA and Pol IV
pathways require an RDR step before the DCL-dependent production of siRNAs (Figure
2B/C). Dalmay et al. (2000) noted that viral RARPs may complement RDR-deficiency,
meaning that viral siRNA biogenesis would be autonomous of host RDRs. In spite of this,
RDRG6 appears to facilitate virus defense and VIGS in plants, based on the phenotype of
infected rdr6 mutants (Mourrain et al., 2000; Muangsan et al., 2004). Furthermore,
Arabidopsis RDR1 and its tobacco ortholog, which are induced by virus infection or
treatment with SA, reduce the susceptibility of plants to TMV and PVX (Xie et al., 2001b;
Yu et al.,, 2003). Recently, Arabidopsis RDR1 was also implicated in viral siRNA
biogenesis during CMV infection; however, the effect was only apparent when the 2b
suppressor was deleted from CMV, and did not correlate with hypersusceptibility (Diaz-
Pendon et al., 2007).

3.10. Experimental systems based on DNA viruses

DNA viruses, in contrast to RNA viruses, pass through both nuclear and cytoplasmic
phases during replication and do not encode RdRPs (Hull, 2004). Until the work presented
here, little was known about the genetic requirements for DNA virus-derived siRNA
biogenesis. Therefore, a comprehensive model was not available, but the basic
components of siRNA biogenesis induced by DNA virus infection would likely incorporate
RDR and DCL-dependent steps (Figure 3), similar to those described for endogenous
RNA silencing pathways (Meins et al., 2005). Alternatively, dsRNA formation could be
RdRP-independent, if one posits the annealing of overlapping sense / antisense
transcripts produced from the circular viral genome (Voinnet, 2001). To test different

elements of this speculative model, | used the two experimental systems described below.
3.10.1 The geminivirus Cabbage Leaf Curl Virus (CaLCuV)

The geminivirus Cabbage Leaf Curl Virus (CaLCuV), which infects plants of the
Brassicaceae family (Hill et al., 1998), has a bipartite ssDNA genome and is thought to

replicate in the nucleus by a rolling-circle mechanism (Abouzid et al., 1992; Hanley-

Bowdoin et al., 2000). This mechanism involves both sense and antisense viral DNA,

27



Viral
Transcript

Viral
genomic

DNA Host gene

fragment
Def
a;:}z: ¥  ssRNA Virus-induced gene
infection > silencing (VIGS)
RDR |1 ? Host mRNA transcript
] T >
v dsRNA —
< - AGO
AGO =L V
— M Target
— /V cleavage

Figure 3. Putative mechanisms of DNA virus-derived siRNA biogenesis
and function. The mechanism of dsRNA and siRNA biogenesis from
transcripts of DNAviruses is unknown. Potentially, an RDR protein could acton
viral ssRNA transcripts to synthesize a complementary RNA strand. The
resulting dsRNA could then be processed by one or multiple Arabidopsis DCLs.
Depending on their sequence homology, these siRNAs would target either viral
RNA species (Defense againstinfection) or host mRNA transcripts (VIGS).
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but no dsRNA intermediates (Gutierrez, 2000). CaLCuV is also an effective VIGS vector in
Arabidopsis (Turnage et al., 2002; Muangsan et al., 2004). RDR6 appears to be required
for VIGS triggered by a particular CaLCuV construct designed to silence the Arabidopsis
gene CHLI (Muangsan et al., 2004). In addition, slightly higher levels of viral DNA were
detected in an infected rdr6 mutant than in the wild type (Muangsan et al.,, 2004).
However, a full molecular genetic analysis CaLCuV infection, CHLI silencing and related

viral siRNA biogenesis have yet to be undertaken.

3.10.2 The caulimovirus Cauliflower Mosaic Virus (CaMV)

Cauliflower Mosaic Virus (CaMV), an important model virus of the Caulimoviridae family
(Hohn, 1999), has a circular dsDNA genome that replicates in two phases: (i) in the plant
nucleus, the viral genome forms a minichromosome from which a more-than-genome
length, 35S transcript is synthesized by the host RNA polymerase Il. (ii) in the cytoplasm,
the 35S transcript is reverse transcribed into dsDNA by a viral protein (Pfeiffer and Hohn,
1983; Hull, 2004). CaMV contains seven protein coding regions, whose products are
translated from the 35S transcript and its spliced variants in the cytoplasm. The 35S
transcript leader (~600 nt) contains numerous stem-loop hairpin structures and regulatory
elements involved in splicing, polyadenylation, translation, reverse transcription, and
packaging (Hemmings-Mieszczak et al., 1997; Pooggin et al., 1998).

Pfeffer et al. (2005) found that infection of human cells with the DNA virus, Epstein-
Barr virus (EBV), involves expression of virus-encoded miRNAs. Another mammalian DNA
virus, Simian virus 40, expresses a miRNA from a late viral gene that down-regulates
expression of early viral genes, a process that may enhance the probability of successful
infection (Sullivan et al., 2005). Most recently, a human cytomegalovirus-derived miRNA
was shown to down-regulate a host immune system gene, suggesting a viral miRNA-
based immunoevasion mechanism (Stern-Ginossar et al., 2007). With its highly folded
structure, the 35S RNA leader of CaMV would be a good substrate from which to expect

miRNA-like species.
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3.11. Scope of this dissertation

When the work described here was started in 2002, it was known that RNA silencing
functions in developmental regulation, targeting methylation to genomic DNA repeats, and
protection against infection of RNA and DNA viruses in plants. Early studies of silencing
mutants and the cloning of smRNAs had established that different size classes of SmRNAs
occur naturally and that key components of RNA silencing pathways, particularly in plants,
are often encoded by gene families. At that time it was unclear, however, whether different
members of the same protein family and size classes of siRNAs have specialized
functions in RNA silencing; whether endogenous and foreign RNA sequences are silenced
by the same or different mechanisms; and what role siRNAs play in methylation of
endogenous genomic repeats. My major objective was to identify and functionally
characterize siRNA biogenesis pathways associated with methylation of tandem genomic
repeats. A second, related objective was to elucidate the pathways required for production
of viral siRNAs in plants infected by DNA viruses differing in their mode of replication. |
adopted a reverse genetics approach that involved establishing a panel of single and
multiple mutant strains deficient in RNA silencing. These mutants were used to study
patterns of siRNA expression, DNA methylation, and responses to virus infection.

This dissertation addresses several important questions concerning the biogenesis

and function of siRNAs in Arabidopsis:

1. What are the genetic requirements for the biogenesis of siRNAs derived
from tandem genomic repeats? (Chapter 5)

2. Do siRNAs representing the 5S rDNA tandem repeats contribute to cytosine
methylation in these repeats? (Chapters 5 and 6)

3. How are factors required for global maintenance of CpG-methylation, such
as DDM1, related to the siRNA pathways implicated in methylation of 5S rDNA
repeats? Are these processes redundant and/or interacting? (Chapter 6)

4. Do proteins encoded by DCL and RDR gene families have specific functions
in the biogenesis and function of the different size classes of viral siRNAs,
which accumulate in plants infected with DNA viruses? Are these functions
redundant? (Chapter 7)

5. Does viral siRNA biogenesis depend on the sequence and/or structure of

viral RNA precursors? (Chapter 8)
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4. Materials and Methods

4.1. Materials

4.1.1 Arabidopsis thaliana strains

In this study, wild-type Arabidopsis thaliana plants of the ecotypes Columbia-0 (Col-0) and
Landsberg erecta (La-er) were used. A panel of Arabidopsis mutant strains (Table 1)
deficient for RNA silencing-related genes was assembled. Col-0 was the reference wild-
type ecotype for comparison to mutant strains unless otherwise stated., The Arabidopsis
Information Resource identification numbers (TAIR ID#) in Table 1 refer to gene models
curated in the database http://www.arabidopsis.org/. Most mutant lines used were
Agrobacterium tumefaciens T-DNA insertion lines from the SALK, SAIL, and GABI

collections (Sessions et al., 2002; Alonso et al., 2003; Rosso et al., 2003), where the T-

DNA interrupts an exon thought to be critical for protein activity. In additional, well-
characterized ethyl methanesulfonate-induced (EMS) mutation lines were used, which
produce an mRNA containing a premature stop codon (prem. stop), a misspliced exon
(msp. Ex), or that prematurely terminates (prem. term.). The mutant dcl1-8, which is a
point mutation in DCL1 helicase domain, and the mutant dcl1-9, which is a truncation of
the DCL1 C-terminal double-stranded RNA binding domain, are known to be hypomorphic
(Schauer et al., 2002). Homozygous, recessive mutants for an Arabidopsis gene (e.g.,
DCL1) were designated by a lowercase italic gene symbol (e.g., dcll). However, the
notation (-/-) was used to simplify diagrams, where homozygous mutants are compared to
heterozygous and wild-type individuals -- e.g., DCL1(-/-), DCL1(+/-) and DCL1(+/+).

4.1.2 Plant virus strains

The Cabbage Leaf Curl Virus (CaLCuV) strain used in this study was originally cloned,
identified and sequenced by (Abouzid et al., 1992): NCBI accessions NC_003866 (DNA-A)
and NC_003887 (DNA-B). | used CaLCuV constructs generated by (Turnage et al., 2002),
which allow efficient inoculation of Arabidopsis: NCBI accessions AY279346 (DNA-A in
pMTCbLCVA.008) and AY279344 (DNA-B in pCPCbLCVB.002). The Cauliflower Mosaic
Virus (CaMV) strain was CM1841 (Gardner et al., 1981); a redundant plasmid clone of
CM1841 (pCa122, Kobayashi et al., 2002) was used for viral inoculation.
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Locus Allele TAIR ID# Type of mutation Ecotype | Literature reference
AGO4 ago4-1 At2g27040 | EMS, prem.term.@595aa | La-er (Zilberman et al., 2003)
DCL1 dcl1-8 (sin1-2) | At1g01040 | EMS, mutation 431K Col-gl1 (Schauer et al., 2002)
DCL1 dcl1-9 (caf) At1g01040 | T-DNA, Del. after T1835 La-er (Schauer et al., 2002)
DCL1 dcl1-9 (BC5) At1g01040 | same as above Col-0 none

DCL2 dcl2-5 At3g03300 | T-DNA, SALK_123586 Col-0 (Akbergenov et al., 2006)
DCL3 dcl3-1 At3g43920 | T-DNA, SALK_005512 Col-0 (Xie et al., 2004)

DCL3 dcl3-2 At3g43920 | T-DNA, GABI_327D02 Col-0 none

DCL4 dcl4-2 At5g20320 | T-DNA, GABI_160G05 Col-0 (Xie et al., 2005)
DDM1 ddm1-2 At5g66750 | EMS, G>A msp. Ex11 Col-0 (Vongs et al., 1993)
HEN1 henl-5 At4g20910 | T-DNA, SALK_049197 Col-0 (Vazquez et al., 2004a)
HYL1 hyl1-2 At1g09700 | T-DNA, SALK_064863 Col-0 (Vazquez et al., 2004a)
MET1 met1-3 At5g49160 | T-DNA, private collection Col/C24 | (Saze et al., 2003)
NRPD1la | nrpdla-3 At1g63020 | T-DNA, SALK_128428 Col-0 (Herr et al., 2005)
NRPD1b | drd3-7 At2g40030 | EMS, prem.stop: Q605X Col-0 (Kanno et al., 2005b)
NRPD2a | nrpd2a-1 At3g23780 | T-DNA, SALK_095689 Col-0 (Herr et al., 2005)
NRPD2a | drd2-4 At3g23780 | EMS, prem.stop: R494X Col-0 (Kanno et al., 2005b)
RDR2 rdr2-1 At4g11130 | T-DNA, SAIL_1277 Col-0 (Xie et al., 2004)

RDR2 rdr2-2 At4g11130 | T-DNA, SALK_059661 Col-0 (Vazquez et al., 2004b)
RDR6 rdr6-15 At3g49500 | T-DNA, SAIL_617 Col-0 (Allen et al., 2005)

Table 1. Mutant strains of Arabidopsis thaliana.

T-DNA
GABI
SALK
SAIL

EMS

AoB

G->A, Ex11
Prem. term.
Prem. stop

Agrobacterium tumefaciens mediated T-DNA insertion mutants:

“Genomanalyse im biologischen System Pflanze” T-DNA insertion

Salk institute T-DNA insertion

Syngenta Arabidopsis Insertion Library T-DNA insertion

Ethyl methanesulfonate-induced mutation lines:

(Alonso et al., 2003)
(Sessions et al., 2002)
(Rosso et al., 2003)

DNA point mutation that changes amino acid A to B at position o in the protein

DNA point mutation from guanosine to adenosine causing misspliced Exon 11
Premature termination of transcription caused by point mutation
Premature stop codon introduced by point mutation
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4.1.3. Bacterial strains and growth medium

The standard Escherichia coli (E. coli) strain DH5a was used to propagate TOPO pCRII
clones (Invitrogen, Carlsbad, USA) containing cloned smRNA inserts and plasmids
containing probes for DNA blot hybridization. E. coli were grown in liquid LB medium
(Luria-Bertani medium: 1% Bacto-tryptone, 0.5% (w/v) Bacto yeast extract, 0.5% (w/v)
NaCl) or on LB plates (supplemented with 1.5% Bacto-agar). The antibiotics Ampicillin

(100 pg/ml) or Kanamycin (50 ug/ml) were added for selection of plasmids.

4.1.4. Plasmid vectors

DNA fragments for hybridization probes were cloned in the plasmid vectors pBluescript
SK- (Stratagene, La Jolla, USA) or pCRII (Invitrogen). Sequence inserts for conventional

sequencing of smRNAs were ligated into the pCRII vector.

4.1.5. Enzymes and reagents

The enzymes used in this study were purchased from Ambion (Austin, USA), Amersham
(GE Healthcare, Chalfont St. Giles, UK), New England Biolabs (Ipswich, USA), Promega
(Madison, USA) and Roche Diagnostics (Basel, Switzerland). Chemicals were obtained
from Fermentas (Burlington, Canada), Fluka (Buchs, Switzerland), Merck (Darmstadt,
Germany), and Sigma-Aldrich (St. Louis, USA), and were of analytical grade.

Radioactively labeled *P was obtained from Amersham.

4.1.6. Oligonucleotides

Oligonucleotides were designed manually and then synthesized by Microsynth (Balgach,
Switzerland). Sequences of oligonucleotides used as probes for RNA blot hybridization

experiments are listed in Appendix, Table Al. Sequences of oligonucleotides used as

primers for Polymerase Chain Reaction are listed in Appendix, Table A2.
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4.2. Methods

4.2.1 Plant growth conditions

Arabidopsis wild-type and mutant plants used for viral infection experiments were grown
from seeds in soil in a free-standing phytochamber (Sanyo Co., Tokyo, Japan) with 12 h
day and 12 h night at 20°C. Plants used for analysis of endogenous DNA methylation and
siRNA biogenesis were grown from seeds in soil in a walk-in phytotron with 16 h day and 8
h night (long day), at 21°C with 65% humidity. The light intensity on shelves in the
phytotron was adjusted to ~10°000 lux (cool white 36W; Philips N.V., Amsterdam,
Netherlands).

4.2.2 Genomic DNA extraction for genotyping mutant lines

One leaf from each plant was placed in a 1.5 mL tube (Eppendorf, Hamburg, Germany).
To each tube was added one 3 mm tungsten carbide bead (Qiagen N.V., Venlo, The
Netherlands) and 300 pL crude genomic DNA extraction buffer (0.2 M Tris-HCI, 0.25 M
NaCl, 0.025 M EDTA, 0.5% SDS, pH 7.2). Up to 48 tubes were simultaneously processed
in a Mixer Mill 300 (Retsch GmbH, Haan, Germany) using the 2x 24 Mixer Mill Adaptor Set
(Qiagen). The leaves were ground 2 min. with the 30 Hz setting. The extracts were spun in
a microcentrifuge for 5 min. (10’000 g), and then the supernatants were pipetted into new
1.5 mL tubes through Miracloth squares (2 cm?) to remove leaf debris. These crude DNA
solutions were mixed with 300 uL isopropanol, incubated for 15 min. at RT and spun for 15
min. (10°000 g). The pellets were washed with 75% ethanol, and after air-drying 15 min.,
they were resuspended in 40 uL of 10 mM Tris-HCI buffer (pH 8.5).

4.2.3 Polymerase Chain Reaction

Preparative Polymerase Chain Reactions (PCR) were performed using a standard 50 uL
reaction mixture consisting of 41 yL H,O, 5 yL 10x PCR buffer (Eppendorf), 1 uL dNTPs
(2 mM each, Fermentas), 1 uL forward primer (10 yM), 1 uL reverse primer (10 uM) and
0.25 pL Taq polymerase enzyme (5 U/uL, Eppendorf). Approximately 20-200 ng of DNA
template (in 1-2 pL H,O) was added to each reaction. PCR was performed in a T3
Thermocycler (Biometra Analytik GmbH, Goéttingen, Germany). For genotyping purposes,

0.5x reactions (25 uL) were used to test each DNA sample.
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4.2.4 Genotyping T-DNA insertions
T-DNA (4.5 to 5 kB)

=

PCR was performed to identify homozygous Ganomic_F.’

plants from populations segregating a T-DNA 4
Genomic_R

insertion. Primer combinations required to {T-DNA allele
genotype specific lines are shown in Table 2 .':fc,'f,uct;

and the primer sequences are provided in lma"e"'
Appendix, Table A2. Genotypes of individuals

were determined by two parallel PCR reactions: (i) with primers designed for wild-type
genomic DNA sequences flanking the T-DNA insertion (Genomic_F / Genomic_R); and
(ii) with a genomic primer and a T-DNA border-specific primer (Genomic_F / LB). If only
the first reaction produced a product, then the plant was wild type. If only the second
reaction produced a product, then the plant was a homozygous mutant. If both reactions

produced products, then the plant was hemizygous for the T-DNA insertion.

Mutant Genomic_F Genomic_R T-DNA_LB
dcl1-9 dcl1_geno_F1 dcl2_geno R1 LB-pGV_CAF1_2
dcl2-5 dcl2_geno_F2 dcl2_geno_R2 LB-new_SALK
dcl3-1 dcl3-1_geno_F1 dcl3-1_geno_R1 LB-new_SALK
dcl3-2 dcl3-2_geno_F1 dcl3-2_geno_R1 GABI_8409A
dcl4-2 dcl4_geno_F1 dcl4_geno_R1 GABI_8409A
nrpd1-3 nrpd1_geno_F1 nrpd1_geno_R1 LB-new_SALK
rdr2-1 rdr2-1_geno_F1 rdr2-1_geno_R1 LBb1_SAIL
rdr2-2 rdr2-2_geno_F1 rdr2-2_geno_R1 LB-new_SALK
ddm1-2 ddm1-2_F1 ddm1-2_R1 n/a

Table 2. PCR primer combinations for genotyping mutant strains of Arabidopsis.

4.2.5 Genotyping the ddm1-2 point mutation

The ddm1-2 point mutation is a G>A mutation that causes missplicing of Exon 11 in the
DDM1 protein (Jeddeloh et al., 1999). A 400 bp region including this mutated base pair
position was PCR amplified (primers, Table 2) from genomic DNA extracted from
individual plants. The PCR products were purified using QIAquick columns (Qiagen).
Sequencing these purified products generated a chromatogram from which to call the
relevant base pair: i.e., in the forward-oriented sequence, ‘G’ for a homozygous DDM1-2

(+/+) or ‘A’ for homozygous DDM1-2 (-/-) plants. If the chromatogram was ambiguous
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(both G and A peaks) then the sampled plant was heterozygous DDM1-2 (+/-). Genotypes

were confirmed using the reverse-oriented sequencing reaction.

4.2.6 DNA blot hybridization

This method, adapted from the original “Southern blot” (Southern, 1975), was used to
analyze cytosine methylation of genomic DNA in the manner described by (Cedar et al.,
1979) and numerous others subsequently (Oakeley, 1999). Molecular techniques that

follow were performed using (Sambrook and Russell, 2001) for general guidance.

Genomic DNA isolation. Genomic DNA was isolated from Arabidopsis leaves by grinding
them in liquid nitrogen and extraction using the Nucleon PhytoPure, plant and fungal DNA
extraction kit (Amersham) with two modifications: (i) RNase A was added after suspension
of the plant tissue in Reagent #1 with an incubation for 30 min. at 37°C, and (ii) after
chloroform/resin extraction the aqueous phase was incubated on ice for 30 min. and then
clarified by centrifugation for 15 min. (>5000 g). The DNA was sedimented by adding an
equal volume of isopropanol, incubating for 10 min. at RT and then 10-20 min. on ice,
followed by centrifugation for 30 min. (>5000 g). After washing with 75% ethanol, the DNA
pellet was dissolved in sterile H,O for 16-24 h at 4°C. DNA concentrations were calculated

from optical densities measured at the 260 nm wavelength (ODyg).

Restriction enzyme digestion. Genomic DNA (3 ug) was dissolved in 32 uL sterile water
and mixed with 4 uL of 10X Restriction Enzyme Buffer (New England Biolabs) in an
Eppendorf tube. After incubation for 1-2 h at 4°C, 1.5 uL of Hpa Il restriction enzyme (10
U/uL, New England Biolabs) was added and the tube was incubated for an initial 3-4 h at
37°C. A second 1.5 L aliquot of Hpa Il was added and the tubes were incubated in a
37°C-oven overnight (12-14 h). The next day, a third aliquot of 1.0 pyL of Hpa Il was added
and the tubes incubated for 3-4 hours at 37°C. The total Hpa Il used for each sample

digestion was thus 40 U.

Agarose gel electrophoresis. A 15 cm-long 0.8% agarose gel (1x TBE: 0.09 M Tris, 0.09
M Borate, 0.002 M EDTA) containing Ethidium Bromide was prepared. After removing the
large comb (1.5 cm wide x 1mm thick slots) the slots were washed out with 1x TBE using
a syringe. To each genomic DNA digest were added 10 pyL of loading buffer (0.25%
bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol in H,O). The digests were

loaded along side a 1 kb Plus DNA Size Marker (Invitrogen) lane. The gel was run at 70-
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80 V for about 6 h using a standard power supply (Bio-Rad), until the bromophenol blue
color marker had run ~3/4 the length of the gel. The position of size markers and digestion
of DNA were verified using a UV transilluminator (Bio imaging System, Syngene/Synoptics
Ltd., Cambridge, UK).

Capillary gel transfer. The gel was bathed in Depurination Solution (0.2 N HCI) for 30
min. (until the colors of the size markers changed). Afterward, it was washed with bidest
H20 three times for 5 min, then placed in Denaturation Solution (0.5 M NaOH; 1.5 M
NaCl) for 30 min. Finally the gel was equilibrated in Neutralization Buffer (1.5 M NaCl; 1
mM EDTA; 0.5 M Tris-HCI) twice for 15 min. Capillary gel transfer to a Hybond-N nylon
membrane (Amersham) was carried out overnight with 10x SSC (75 mM NaCl, 7.5 mM
NasCitrate, pH 7.0). The membrane was then UV cross-linked (energy = 140 mJ with a

Stratalinker apparatus; Stratagene).

Hybridization. 30 mL of hybridization buffer (0.25 M Sodium Phosphate buffer, pH 7.2; 1
mM EDTA; 6.6 % SDS; 1% BSA) -- i.e., Church Buffer (Church and Gilbert, 1984) -- was
added to a large hybridization tube containing the cross-linked nylon membrane, which
was then pre-hybridized at 50°C for ~2 h (Hybridiser HB-1D, Techne Inc., Burlington).
DNA probes were labeled internally with of**P]-dCTP with the RadPrime DNA Labeling
System (Invitrogen) using DNA fragments representing the 5S rDNA or 180-bp repeats
(for sequences, Figure A3); the probe was added to the tube and allowed to hybridize
overnight at 50°C. The membrane was then washed twice for 5 min. with 2x SSC, 0.1%
SDS; and twice 20 min. with 0.1 x SSC, 0.1% SDS. Finally, the membrane was wrapped
in plastic wrap and exposed to either a Phospho-imager screen at RT or a Kodak BioMax
MR Film (Eastman Kodak Co., Rochester, USA) at -80°C.

4.2.7 Viral inoculation of Arabidopsis by particle bombardment

For virus infection experiments, rosette-stage plants were inoculated 4-5 weeks post-
germination with infectious plasmids containing the genomic sequences of either
CaLCuV::Chll or CaMV. Inoculation was performed by delivering 150 ug of plasmid-
coated, 1 ym gold particles to each individual rosette using a biolistic particle delivery
system (PDS-1000/He) according to the manufacturers instructions (Bio-Rad Laboratories,
Hercules, USA). For CalLCuV:Chll inoculations, 0.5 pg each of the plasmids
pMTCbLCVA.008 and pCPCbLCVB.002 were used as a plasmid mixture (Turnage et al.,
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2002). For CaMV inoculations, 1 ug of the plasmid pCa122 was used (Kobayashi et al.,
2002).

4.2.8 Determination of virus titers

One month post-inoculation, unless otherwise stated, virus-infected plants were harvested
in pools and ground in liquid N, for total RNA and DNA preparations. Virus titers were
measured as described by (Pooggin et al., 1998). In brief, total DNA was isolated from a
small amount of the pooled tissue powder and semi-quantitative duplex PCR was
performed using the following primers: as an internal control the 18S rDNA-specific
primers 5-TGT GAT GCC CTT AGA TGT TCT GGG-3' and 5'-ATC ATT CAA TCG GTA GGA
GCG ACG-3' (yielding a 234 bp product) along with either the CaLCuV-specific primers 5'-
GCA TCA CTA AGA GCG TGG ACT AC-3' and 5'-CTC TCA TCG AAG TCG TCC AGA CT-3'
(393 bp) or the CaMV-specific primers 5’-GGG TTC TTA TAG GGT TTC GCT-3’ and 5-ACG
TAC CTC TAT CAA ATT TCC A-3’ (397 bp).

4.2.9 Extraction of total RNA

Total RNA was extracted from aliquots of Arabidopsis tissues using the TRIzol (Invitrogen)
method. In brief, 1 g aliquots of frozen plant tissue (ground in liquid N, and stored at -
80°C) were transferred to 15 mL centrifuge tubes. TRIzol reagent was added (10 mL), the
tubes were vortexed several times and incubated 5 min. at RT. Then 2 mL of chloroform
was added and the tubes vortexed for 20 s and incubated 3 min. at RT. The samples were
centrifuged for 15 min. (11’500 g) at 4°C. The aqueous phase (~6 mL) was transferred to
new tubes. To each tube were added 6 mL of isopropanol and tube was inverted to mix.
The solution was incubated at RT for 10 min. and then transferred to ice for 30-60 min.
The RNA was sedimented by centrifugation for 30 min. (11’500 g) at 4°C. After discarding
the isopropanol, the pellet was washed with 75% ethanol in diethylpyrocarbonate (DEPC)-
treated H,O. The ethanol was discarded and the tube allowed to air-dry 15 min. Then 60
uL of DEPC-treated H,O (65°C) was pipetted down the side of the tubes and carefully
swirled across their entire interior surface. The tubes were then centrifuged at low speed
to collect aqueous RNA. This solution was transferred to 1.5 mL Eppendorf tubes, new 60
uL aliquots of DEPC-treated H,O were added to the large tubes and the resulting RNA

combined with the first aliquots. RNA samples were stored at -20°C.
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4.2.10 RNA blot hybridization

High Molecular Weight (HMW) RNA blots. TRIzol-extracted total RNA was further
purified using RNA Easy Columns (Qiagen). 8 ug total RNA was run on a 1% agarose
(formaldehyde) gel and transferred to a nylon membrane (N+; Amersham). DNA probes
were labeled internally with of*’P]-dCTP using the RadPrime DNA Labeling System
(Invitrogen). Hybridization was performed overnight at 50°C in 0.5M sodium phosphate
buffer (pH 7.5) supplied with 1mM Na-EDTA, 6.6% SDS and 1% BSA. The membrane was
washed twice for 5 min in 2x SSC, 0.1% SDS and twice for 20 min in 0.1x SSC, 0.1% SDS
at 60°C. The CHLI.1 gene (At4g18480) probe was synthesized using a 411 bp cDNA
fragment (nt 41 to 451, TAIR gene model) located 5 of the VIGS-target (nt 470-836) as
the template; and the ACT2 gene (At3g18780) probe was synthesized using a 404 bp
cDNA fragment (nt 1095-1498, TAIR gene model) as the template.

Low Molecular Weight (LMW) RNA blots. Total RNA was extracted from ~1.0 g plant
tissue using TRIzol reagent (Invitrogen). In most cases, total RNA was fractionated using
RNAeasy columns (Qiagen) following the “RNA cleanup” protocol. LMW RNA was
recovered from the column flow-through by mixing it with an equal volume of isopropanol,
incubating overnight at 4°C, and sedimentation by centrifugation for 30 min. (11500 g) at
4°C. The isopropanol was discarded and the pellet washed with 75% ethanol in DEPC-
treated H,O. The ethanol was discarded and the pellet air-dried for 15 min. LMW RNA was
resuspended in 50-100 yL DEPC-treated H,O. A 15 pg aliquot of each sample was
transferred to a new tube, dried in a Speed-Vac apparatus (Thermo Scientific, Waltham,
USA), and re-suspended in 10 yL of loading buffer (95% formamide, 20 mM EDTA pH 8.0,
0.05% bromophenol blue, 0.05% xylene cyanol). These samples were heated at 95°C for
2 min. and loaded on to an 18% polyacrylamide gel (a 19:1 ratio of acrylamide to bis-
acrylamide, 8M urea). Gel electrophoresis was performed with 1x TBE in a vertical
chamber at 350-450 V (13-15 mW) for 2-3 h using a Constant Power Supply 3000/150
(Pharmacia, Uppsala, Sweden) until the xylene cyanol FF marker was ~3 cm from the
lower buffer reservoir. Then the smRNA was transferred to a Hybond N+ membrane by
electroblotting in 1x TBE buffer at 10 V overnight. Blot hybridizations were performed at
35°C for 12 to 18 h in PerfectHyb Plus buffer (Sigma-Aldrich). The probes used (Table Al)
were end-labeled with [**P]-ATP (Amersham) using polynucleotide kinase (Roche) and
purified using a MicroSpin™ G-25 column (Amersham). The blot was washed three times
with 2x SSC, 0.5% SDS for 30 min. at 35°C. The signal was detected after 1 to 3 days

exposure to a phosphor screen using the Typhoon 9400 Variable Mode Imager (Molecular
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Dynamics Inc., Sunnyvale, USA), or on Kodak MR film 1-2 days (at -80°C). For repeated
hybridization the membrane was stripped twice with 0.1% SDS for 30 min. at 80°C.

4.2.11 Quantitative reverse-transcription PCR

Poly-dT cDNAs were made using Superscript 1ll Reverse Transcriptase (Invitrogen) and 2
Hg of RNA as the template. Real-time PCR was performed in 96-well titer plates on an ABI
PRISM 7000 SDS apparatus with SYBR GREEN PCR Master Mix (Applied Biosystems,
Foster City, USA) following the manufacturers’ recommendations (95°C for 5 min.,
followed by 40 cycles: 95°C for 30 s, 60°C for 45 s). Primers were: for CHLI.1, 5'-AAA TGG
CGT CTC TTC TTG GAA CAT C-3' and 5'-GCC TTA TTT GGA TTC CTG CAT TTA ACT TG-3';
and, for normalization with ACT2, 5'-GCA CCC TGT TCT TCT TAC CG-3' and 5-AAC CCT
CGT AGA TTG GCA CA-3'. Uncertainties were propagated from standard errors for triplicate

measurements of cDNA (from column-purified RNA of 3-4 plants).

4.2.12 Sequencing of SmRNAs

Ligation of Arabidopsis smRNAs and cloning by PCR amplification were performed
essentially as described in Llave et al. (2002a) with modifications described in Arazi et al.
(2005). Briefly, total RNA (400-500 ug) was isolated from two sample pools: CaMV
infected Col-0 (CaMV Col-0) and CaMV infected triple dcl-mutant dcl2 dcl3 dcl4 (CaMV
d234). The total RNA from each sample was loaded into two large wells of a 15%
polyacrylamide gel along with 15, 21, 24 and 30 nt RNA oligonucleotide standards at the
edges. The gel was run for 3 h and RNA is the excised region corresponding to the ~16-28
nt size range was eluted by extraction with two aliquots of 3 M NaCl in DEPC-treated H,0.
The eluted RNA was stored overnight at -20°C in the presence of 70% (v/v) ethanol, 200
mM NaOAc (pH 5.2) and 200 ug glycogen, and then sedimented by centrifugation for 30
min. (10’000 g). smRNAs in samples were sequentially ligated to 5’- and 3’-oligonucleotide
adapters (Table 3; Dharmacon, Lafayette, USA) using T4 RNA ligase (Ambion).
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Adapter  Sequence Sample

5.1 TGG GAATTC CTC ACT aaa 5’-adapter: CaMV Col-0
5.2 TGG GAATTC CTC ATG aaa 5-adapter: CaMV d234
3.454C ® uuu TGATCC ATG GAC TGT idT  3-adapter: CaMV Col-0 & CaMV d234

Table 3. Adapters used for smRNA ligation and sequencing. Bold, lowercase letters
represents ribonucleotides, while the remainder of the adapter is composed of DNA. Blue

letters in 5.1 and 5.2 are “bar codes” to distinguish the two samples.

The 5-Adapter products were gel purified after each ligation reaction, and the final
product used as the template for a reverse transcription reaction (Superscript II,
Invitrogen) with primers designed to bind the 3’-adapter sequences. The PCR products
obtained with forward and reverse primers that bind the 5- and 3’-adapter sequences
were purified by extraction from a 10% non-denaturing polyacrylamide gel electrophoresis.
TOPO pCRII TA-based cloning was used to prepare 5-adapter::smRNA-insert::3’-adapter
products for conventional sequencing. cDNA containing ligated smRNAs was sequenced
by Fasteris Life Sciences (Plan-les-Ouates, Switzerland) using Solexa high-throughput

technology.

4.2.13 Bioinformatic analysis of SmRNAs

A custom Perl script was used to parse insert sequences from the Solexa-determined full-
length sequences containing the 5 and 3’-adapters. The two samples had been
sequenced in parallel using barcodes in the 5-adapters (Table 3) to differentiate them.
CaMV Col-0 and CaMV d234 sequences were sorted into separate files at this step. This
script yielded 127°499 unique inserts with intact adapter ends from the Col-0 CaMV
sequences and 126’952 from the d234 CaMV sequences. Thus, the scale of the two

sequence datasets is roughly equivalent.

The Basic Local Alignment Search Tool (BLAST, NCBI version 2.2.16) was used to
compare cloned smRNA sequences to the CaMV and Arabidopsis genomes (Altschul et
al.,, 1990). For the complete CaMV genome (Franck et al., 1980), the accession
NC 001497 was obtained from http://www.ncbi.nlm.nih.gov. For Arabidopsis, the

assembled Arabidopsis pseudo-chromosomes were obtained from fip://ftp.arabidopsis.org
- ATH1_chr1.1con, ATH1_chr2.1con, ATH1_chr3.1con, ATH1_chr4.1con,
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ATH1 _chr5.1con, 01/22/2004 versions (Arabidopsis_Genome_Initiative, 2000). The viral
and plant genomes were formatted as separate BLAST databases (formatdb) (Korf et al.,

2003). Searches were carried out using the executable “blastall —blastn” with the

parameters :
Genome -blastn parameters
CamVv -W8 -FF -G-3 -E-3 -m8 -e 0.00001
Arabidopsis -W8 -FF -G-3 -E-3 -m8 -e 0.005

The smaller expect value (-e 0.00001) used for the CaMV Blast search reflects the much
smaller viral genome size (8 kb) compared to the Arabidopsis genome (120 000 kb). Using
these -blastn parameters, the following number of 19-26 nt perfect genomic matches were
found: 31839 (25.1%) endogenous and 35641 (28.1%) viral from the CaMV Col-0 reads;
37978 (29.7%) endogenous and 24540 (19.2%) viral from the CaMV d234 reads.

4.2.14 Images
Digital photographs were taken using a Canon EOS-D30 camera with either a 28mm lens
(1:2.8) or a 100mm Macro EF lens (1:2.8) (Canon Inc., Tokyo, Japan). Minimal

adjustments were made to the color and contrast settings of these images using Adobe
Photoshop (version 9.0.2; Adobe, San Jose, USA).
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5. Arabidopsis DCLs and the methylation of genomic tandem repeats

Endogenous repeat sequences in many eukaryotic genomes are subject to RNA silencing,
DNA methylation and/or repressive histone modifications (Zaratiegui et al., 2007). In
Arabidopsis, the RNA polymerase IV (Pol IV) pathway is clearly linked to RNA-directed
DNA methylation (RdDM) of endogenous repeats. However, the role of Arabidopsis DCLs
in RADM of high copy number, genomic tandem repeats remains puzzling. Moreover,
maintenance of methylation in these repeats is primarily dependent on MET1 and DDM1,
which are not necessarily guided by siRNAs. In this chapter | analyze the genetic
requirements for biogenesis of tandem repeat-derived siRNAs and examine how the

accumulation of these siRNAs correlates with cytosine methylation in the repeats.

5.1. Tandem repeat-derived siRNAs

Numerous tandem repeat-derived siRNAs were identified by analyzing sequences from a
wild-type Arabidopsis cDNA library of 20-25 nt smRNAs (in part described in Kutter et al.,
2007). The complete dataset contained approximately 250 unique clones matching the
Arabidopsis genome. At least 35% of these clones matched repetitive sequences,
whereas 5% were assigned to known miRNAs (Figure 4A). Two important classes of
tandem genomic repeat were represented by multiple, partially overlapping clones: these
sequences (prefix “At”) were compared to a publicly available dataset (prefix “siRNA”)
(Gustafson et al., 2005), to consolidate clusters of siRNAs derived from the Arabidopsis
180 bp centromeric satellite and 5S rDNA repeats (Figure 4B/C). The latter cluster
included siRNA1003, which has been used to analyze 5S rDNA-derived siRNA biogenesis
(Xie et al., 2004; Onodera et al., 2005). DNA sequences from two representative BAC
clones of the Arabidopsis genome are shown for comparison to the siRNA sequences
(Figure 4B/C).

5S rRNA genes are arranged in large tandem repeat arrays, which contain
hundreds of ~500 bp repeat units (Cloix et al., 2000). The siRNA sequences matched &’
and 3’ of the 120 bp transcribed part of the 5S rRNA gene, in a region known as the
“spacer” (Figure 4D). Since At157 and the other clones of this cluster do not overlap with
the transcript region, it can be excluded that they arise directly from mature 5S rRNAs.

This is an important distinction because recently published high-throughput sequencing
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Figure 4. Cloned siRNAs corresponding to Arabidopsis genomic tandem repeats. (A)
Size distribution of smRNA clones from RNA extracted from wild-type, flowering
Arabidopsis plants (250 unique clones, 20-25 nt). Bioinformatic analysis and publicly
available databases were used to annotate the smRNA categories (i.e., SIRNA or miRNA).
(B) 180 bp satellite repeat sequences: Three 24 nt siRNAs and one 21 nt siRNA (not
shown) clustered to the consensus sequence of 180 bp satellite repeats. (C) 5S rDNA
repeat sequences: Four 24 nt siRNAs clustered to 5S rRNAgene repeats. (D) Arrangment
of siRNAs derived from the 500 bp, 5S rDNA repeat unit. These siRNAs matched the
spacer of the 5S rRNA genes (white), but not the mature transcript region (gray).
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data suggests that 19-26 nt RNAs also arise from non-specific degradation of 5S rRNAs
(Rajagopalan et al., 2006). For the purposes of this dissertation, | focused on At157, which
is representative of the 3’ siRNA cluster.

Previous studies established that the biogenesis of 5S rDNA-derived siRNAs
requires proteins of the Pol IV pathway (Xie et al., 2004; Onodera et al., 2005). The 180 bp
satellite repeats are similar to 5S rRNA genes, in that they are arranged in large tandem
arrays, but differ from them in showing only a very low level of transcription (May et al.,
2005). Additionally, 180 bp repeats are of much higher copy number (>15’000 copies) than
the 5S rDNA repeats (~1000 copies) (Campell et al., 1992; Heslop-Harrison et al., 2003;
Jiang et al., 2003). Cytosines in both types of tandem repeat are known to be highly
methylated via MET1/DDM1-depenent processes (Vongs et al., 1993). The discovery of
24 nt siRNA clusters derived from these repeats suggested that siRNAs could play a role

in methylation of high-copy number, endogenous tandem repeat arrays.

5.2. Redundancy of DCLs for repeat-associated siRNA biogenesis

The expression of siRNAs cloned from 5S rDNA repeats (represented by At157) and 180
bp satellite repeats (represented by At144) was analyzed by blot hybridization of low
molecular weight RNA. Both At157 and At144-specific probes detected 23-24 nt bands in
RNA from wild-type plants. While absent in nrpdla and rdr2 deficiency mutants, these
bands were present in the rdr6 deficiency mutant (Figure 5A). nrpdla is a null allele for
the second largest subunit of Pol IVa (Herr et al., 2005; Onodera et al., 2005). This
confirmed that NRPD1a and RDR2 are required for the accumulation of these repeat-
associated siRNAs. The trans-acting siRNA pathway is dispensable for their production,
since RDR6 was not required (Vazquez et al., 2004b). As controls, the membranes were
hybridized with a probe for siR255 (21 nt), whose biogenesis requires RDR6 (Allen et al.,
2005), and a probe for miR173 (22 nt), which is produced by the miRNA pathway
(Reinhart et al., 2002).

DCL3 mediates production of ~24 nt siRNAs downstream of RDR2 in the Pol IV
pathway (Xie et al., 2004; Pontes et al., 2006). In early experiments | found that the At144
and At157 expression patterns (23-24 nt) in various tissues required DCL3 (data not
shown). However, | also observed an aberrant set of siRNA bands in the deficiency mutant
dcl3 (Figure 5B); this suggested that alternative DCLs function with the Pol IV pathway in
the absence of DCL3. To test this idea | made genetic crosses between the three dcl-

mutants known to impair siRNA biogenesis (dcl2, dcl3, and dcl4). | obtained multiple

46



A. B.
WT nrpd1a rdr2 rdré WT dci2 dcI3 dcl4 d23 d24 d34 d234

180 bp 24! .
repeat ,,_
(At144)

5S rRNA 24-
repeat 21-=/
(At157) i

24—
siR255 21~

MIR173 51 S e - -

UG i —

Figure 5. Tandem repeat-derived siRNA biogenesis in RNA silencing mutants.
Low molecular weight RNA blot hybridization using RNA from leaves of WT plants and
mutants deficient for RNA silencing. Synthetic 21 and 24 nt RNA oligos were used as
size markers. Membranes were successively hybridized with DNA oligonucleotide
probes for endogenous smRNA species (Appendix, Table A1). U6 snRNA signal is an
RNA loading control. (A) nrpd1a, a null mutant for the gene encoding the largest subunit
of Pol IVa; rdr2 and rdr6, mutants deficient for the putative RARPs required in distinct
RNA silencing pathways. (B) DCL-deficent mutants: dc/2, dcl3, dcl4; double mutants
dcl2 dcl3(d23), dcl2 dcl4 (d24), dcl3 dcl4 (d34); and triple mutant dcl2 dcl3 dcl4 (d234).
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dcl-mutant combinations by crossing dcl2 with dcl3, and then crossing the
resultinghomozygous dcl2 dcl3 (d23) with dcl4. The double mutants dcl2 dcl4 (d24) and
dcl3 dcl4 (d34) and triple mutant dcl2 dcl3 dcl4 (d234) were obtained from the F2, triple
mutant segregating population (Appendix, Figure Al).

RNA blot hybridization was used to investigate how At144 expression depends on
DCL proteins (Figure 5B). An aberrant 21 nt band observed in dcl3 was absent in the
double mutant d34. Furthermore, the faint 22 nt signal in dcl3 was absent in the double
mutant d23. The triple mutant d234 showed no accumulation of siRNAs derived from 180
bp satellite repeats (Figure 5B). This suggests that each major size-class of At144-like
siRNAs is the product of a particular DCL: specifically, DCL4 produces 21 nt, DCL2
produces 22 nt and DCL3 produces ~23-24 nt siRNAs. Similar conclusions can be drawn
for siR255, which was cloned as a 21 nt siRNA in wild type, but accumulates as larger
siRNA species in dcl4-mutant backgrounds (Figure 5B). Although the 5S rDNA-derived
siRNA, At157, showed expression patterns similar to those of satellite repeat-derived
siRNAs, a weak At157 signal was still detectable in d234. The genetic dependencies
described above also applied to the antisense strands of At144 and At157 and to other
repeat-derived siRNAs, such as siRNA732 and siRNA1003 (data not shown).

5.3.  5S rDNA methylation was not reduced in dcl-mutants

The accumulation of repeat-derived siRNAs was dramatically reduced in Pol IV pathway
and DCL-deficient mutants. If tandem repeat methylation depends on siRNA products
generated by the Pol IV pathway, then cytosine methylation in these repeats should
correlate with variation in siRNA expression. | analyzed DNA methylation in 5S rDNA and
180 bp tandem repeats using the methylation sensitive restriction enzyme Hpa Il. This
enzyme normally recognizes CCGG sites within DNA, but fails to cut them when either
cytosine residue is methylated — i.e., methylation in either CpG or CpNpG sequence
contexts. 5S rDNA repeat units contain two closely spaced Hpa Il sites (Figure 4D),
whereas 180 bp repeat units contain one such site (Martinez-Zapater et al., 1986; Vongs
et al., 1993).

Genomic DNA was extracted from the mutant panel, digested with Hpa Il and
analyzed by DNA blot hybridization using internally-labeled DNA probes (Appendix,
Figure A3). The 5S rDNA arrays detected in wild-type samples showed minimal digestion,
indicating that the Hpa Il sites were highly methylated (Figure 6A). In contrast, metl and
ddm1, which are both globally deficient for CpG-site methylation (Vongs et al., 1993; Saze

et al., 2003), showed a ladder of bands at 500 bp intervals. Twin bands observed for these
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Figure 6. 5S rDNA methylation and siRNA accumulation in RNA silencing mutants. DNA
blot hybridization analysis of cytosine methylation using Hpa Il, a methylation-sensitive
restriction enzyme. DNAisolated from the leaves of ca. 4-week-old plants was used. Membranes
were hybridized with a probe representing the 5S rDNA repeats (Appendix, Figure A3). (A) wild-
type (WT), nrpd1a, two alleles each of rdr2 and dc/3, and mutants deficient in CpG-methylation,
met1 and ddm1. (B) WT, dcl1-9, triple dcl-mutant d234, another d234* from a segregating
population, quadruple dcl-mutants -- dc/1-8 dcl2 dcl3 dcl4 (s19M), dcl1-8/dcl1-9 dcl2 dcl3 dcl4
(s1/¢19M), dcl1-9 dcl2 dcl3 dcl4 (c19M) -- and ddm1. (C and D) smRNA blot hybridization from
materials in Panels A and B, respectively, probed for 5S rDNArepeat-derived siRNAs (At157).
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hypomethylated samples are likely due to polymorphism for the dual Hpa Il sites within
repeat units. Of mutants deficient for the Pol IV pathway, nrpdla and two well-
characterized RDR2-deficient mutants (rdr2-1 and rdr2-2) showed some hypomethylation
(Figure 6A). Surprisingly, 5S rDNA methylation in two DCL3-deficient mutants (dcl3-1 and
dcl3-2) was indistinguishable from wild type using the Hpa Il assay. | propagated two dcl3-
1 lineages for three generations by self-fertilization and did not observe transgenerational
variation in 5S rDNA methylation (data not shown). Methylation of 180 bp satellite repeats,
which was also analyzed, was not affected in any of the Pol IV pathway mutants, including
nrpdla (data not shown). This latter result has also been shown for other subunits of Pol
IV complexes (Kanno et al., 2005b). Taken together, these data suggest that Pol V-
dependent (e.g., 5S rDNA) and Pol IV-independent (e.g., 180 bp) pathways exist for
methylating DNA in genomic tandem repeats. | focused on the less well understood, Pol IV
dependent pathway, using 5S rDNA repeats as a model.

Arabidopsis DCLs are partially redundant for the biogenesis of 5S rDNA-derived
siRNAs (Figure 5B). Thus, one explanation for the wild-type levels of 5S rDNA
methylation observed in dcl3 mutants would be that alternate DCLs can compensate for
DCL3 deficiency. Unlike the T-DNA insertion mutants | obtained for DCL2, DCL3 and
DCL4, the available DCL1-deficient strains, dcl1-8 and dcl1-9, are hypomorphic (Schauer
et al., 2002; Xie et al., 2005; Bouche et al., 2006). To test the compensation hypothesis, |
compared the methylation of DNA from the most severe, viable mutant of DCL1, dcl1-9,
and from genetic combinations of mutants for all four DCL genes (Figure 6B). Included in
this experiment were two different lines of d234 triple mutant and three different lines of
quadruple dcl-mutant. Two quadruple mutants were generated by crossing either dcl1-8 or
dcl1-9 mutants to d234. Finally, the dcl1-8 based quadruple mutant (s19") and the dcl1-9
based quadruple mutant (c19") were also crossed with one another (Appendix, Figure
A1l). No combination of these dcl-mutants had a detectable effect on 5S rDNA methylation
in the Hpa Il sites tested (Figure 6B).

The pattern of accumulation of 5S rDNA-derived siRNAs in the dcl-mutants was
similar to that found earlier, except that dcl1-9 showed only ~50% of the wild-type level
(Figure 6D). Although MET and DDM1 have distinct functions, they are both required for
maintenance of CpG methylation in Arabidopsis (Brzeski and Jerzmanowski, 2003; Goll
and Bestor, 2005). Interestingly, metl and ddml mutants showed a striking over-
accumulation of 5S rDNA-derived siRNAs (Figure 6C/D). This would argue that CpG-
methylation (or an associated chromatin state) controls the titer of 5S rDNA-derived
SiRNAs.
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5.4. Summary

Sequence data from siRNA cloning experiments identified siRNAs corresponding to
Arabidopsis 180 bp and 5S rDNA tandem repeats. Accumulation of these siRNAs
depended on NRPDla, RDR2, and DCL3, which all encode proteins of the Pol IV
pathway. In the absence of DCL3, however, alternate DCLs appear to produce aberrant
repeat-derived siRNAs of different size classes. 5S rDNA methylation was somewhat
reduced in nrpdla and rdr2 mutants, but unaffected in dcl3 or quadruple mutants deficient
for all four DCLs. In contrast, methylation of 180 bp satellite repeats did not require any
key components of the Pol IV pathway. 5S rDNA-derived siRNAs overaccumulated in the
mutants ddml and metl, suggesting that CpG-methylation limits the biogenesis of these
siRNAs.
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6. Genetic interactions between DDM1 and Pol IV pathway mutants

Chapter 5 showed that deficiencies for DDM1, MET1 or upstream steps in the Pol IV
pathway result in hypomethylation of 5S rDNA repeats. Studies with other DNA repeats
have shown that deficiencies in DNA methylation can be persistent in successive sexual
generations (Kankel et al., 2003; Henderson and Jacobsen, 2007). For example, Lippman
et al. (2003) showed that effects of DDM1-deficiency on transposable element methylation
persisted when homozygous ddm1l plants were outcrossed to wild type. | performed a
similar test on mutants deficient for the Pol IV pathway to evaluate the recovery of 5S
rDNA methylation in F1-heterozygotes. Although Pol IV and DDM1 are both clearly
implicated in 5S rDNA methylation, it is not known whether they act in the same pathway.
To address this question, | generated double mutants deficient for both DDM1 and
different steps in the Pol IV pathway, and tested for epistasy in terms of 5S rDNA
hypomethylation. The crosses made and pedigrees of lines tested are summarized in

Figure 8.

6.1. Stability and epistasis analysis of 5S rDNA hypomethylation

To evaluate the relative stability of hypomethylation observed in mutants from Chapter 5, |
crossed homozygous nrpdla, rdr2-1 and ddml to the Col-0 wild type. The resulting
heterozygous NRPD1la (+/-) and RDR2 (+/-) plants showed wild-type levels of 5S rDNA
methylation, indicating that hypomethylation due to NRPD1a or RDR2 deficiencies did not
persist (Figure 7A). In contrast, DDM1 (+/-) plants showed methylation levels intermediate
between homozygous ddm1l (-/-) and the wild type, indicating that hypomethylation due to
DDM1-deficiency shows some degree of persistence (Figure 7A). Whereas heterozygous
Pol IV-pathway mutants accumulated wild-type levels of 5S rDNA-derived siRNAs, the
overexpression of siRNAs characteristic of ddml persisted in DDM1 (+/-) (Figure 7B).
Therefore, persistent DNA hypomethylation in DDM1 (+/-) correlates with persistent
overaccumulation of 5S rDNA-derived siRNAs. This suggests that in wild-type plants, DNA
methylation rather than the DDM1 protein itself, represses production of these siRNAs,
potentially at the level of their transcript precursors.

To test for epistasy between the Pol IV pathway and maintenance methylation via
DDM1, | crossed nrpdla, rdr2, and dcl3 with ddm1. F2 plants homozygous for both ddm1
and these Pol IV pathway mutants were then self-fertilized for two generations and

compared to ddml and wild-type lines propagated in parallel (Figure 8).
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Figure 7. 5S rDNA methylation and siRNA accumulation in outcrosses of Pol
IV pathway and DDM1-deficient mutants. (A) DNADblot hybridization analysis of
cytosine methylation was performed using Hpa Il, a methylation-sensitive
restriction enzyme. DNA from nrpd1a, rdr2, dcI3 and ddm1 (-/-) mutant lines were
compared to the F1 outcrosses (+/-) of these lines to the wild type (WT). The
membrane was hybridized with a probe representing Arabidopsis 5S rDNArepeats
(Appendix, Figure A3). (B) Blot hybridization of low molecular weight RNA from
the samples analyzed in Panel A, probed for 5S rDNA-derived siRNAs (At157).
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Sibling DDM1 (+/+) plants in the F2 generation, which were homozygous for mutations in
the Pol IV pathway, were designated DDM1* and used as additional controls. DNA blot
hybridization analysis showed that 5S rDNA repeats in each double mutant line were less
methylated than in either ddm1 alone or their DDM1* siblings (Figure 9A). Therefore, with
respect to methylation of the Hpa Il sites tested, none of the Pol IV pathway-deficient
mutants are epistatic to ddm1. Analysis of the corresponding 5S rDNA-derived siRNAs
showed, as expected, that their signal was abolished in nrpdla and rdr2 mutant lines.
Interestingly, the signal from the aberrant pattern of siRNAs observed in *DDM1 dcl3, is
enhanced in ddml dcl3 double mutant plants (Figure 9B). This is consistent with the
hypothesis that DDM1 limits the biogenesis of dsSRNA precursors, which are processed by
DCLs downstream of Pol IVa and RDR2. It is unlikely that enhanced DCL3 activity or 24 nt

siRNA stability explain the overexpression effect, since it also occurred in dcl3 ddm1.
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Figure 9. Epistasis analysis of 5S rDNA hypomethylation. (A) DNA blot
hybridization analysis of cytosine methylation was performed using Hpa Il, a
methylation-sensitive restriction enzyme. DNAisolated from leaves of double mutants
ddm1 nrpd1a, ddm1 rdr2, and ddm1 dcl3 were compared to DDM1* sibling controls
and the ddm1 parent line -- the F4 generation of lines described in Figure 8. The
membrane was hybridized with a probe representing Arabidopsis 5S rDNA repeats
(Appendix, Figure A3). (B) Blot hybridization of low molecular weight RNA from the
samples analyzed in Panel A, probed for 5S rDNArepeat-derived siRNAs (At157).
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6.2. Phenotypes of ddm1 hybrids with mutants deficient in the Pol IV pathway

Although the single mutants nrpdla, rdr2 and dcl3 show hypomethylation of some DNA
repeats, their effects on growth and development are rather mild. To date, the only
significant phenotype described for the nrpdla, rdr2 and dcl3 mutants, is a delayed onset
of flowering (Chan et al.,, 2004). The ddm1-2 mutant used in this dissertation shows
developmental phenotypes after successive self-pollination (Kakutani et al., 1996), but no
severe manifestations of these phenotypes were observed in the ddm1-2 generation that |
used for crosses. To find out if novel or enhanced phenotypes appear in the double
mutants, | compared F4 generations of plants from my DNA methylation analysis (Figure
8) under the same growth conditions and in the same experiment.

None of the single mutants showed striking developmental abnormalities (Figure
10A and data not shown). However, the aerial parts of dcl4 and ddml plants weighed
slightly less than those of the wild type (Figure 10B). The appearance and average weight
of ddm1 dcl3 double mutants were indistinguishable from that of ddm1 (Figures 10A/C).
In contrast ddm1 nrpdla and ddml rdr2 were small in appearance and weighed ~50% of
the ddm1 or sibling DDM1* (+/+) lines (Figure 10C).

6.3. Developmental phenotypes of quadruple ddml d234 mutants

In Chapter 5, | found redundancy and compensation in the DCL family for the production
of siRNAs. Here, | sought to test whether such redundancy might help explain the similar
growth phenotype of ddm1l dcl3 compared to ddml. | introduced multiple dcl-mutants into
the ddm1 background by successive genetic crosses. This resulted in a quadruple mutant
ddm1 d234, which is deficient for DDM1, DCL2, DCL3 and DCL4 (pedigree, Figure A2).
Another genotype, DDM1* d234, which is a triple mutant d234 (-/-) but wild type for DDM1
(+/+), was also obtained from these crosses. Progeny from these ddm1 d234 and DDM1*
d234 parent plants were grown under comparable conditions along with control lines.

As in the previous experiment, the aerial portion of each plant was weighed and
the averages calculated. Although the effect is more subtle than for ddml1 nrpdla and
ddm1 rdr2 lines, ddm1 d234 is clearly less vigorous than DDM1* d234 or any of the other
controls (Figure 11A/B). This supports my proposition that growth deficiency occurs when
a key step in the Pol IV pathway is impaired in a DDM1-deficient background. The normal
growth phenotype of ddm1 dcl3 might thus be explained by compensation from DCL2 and
DCL4.
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Figure 10. DDM1 and Pol IV-pathway
deficient mutant phenotypes. (A)
Rosette stage plants from wild type
(WT), ddm1 and double mutant
combinations of ddm1 with three Pol IV
pathway deficient mutants (nrpd7a, rdr2
and dcl3). DDM1* (+/+) controls
segregated from these crosses and
were propagated to the F4 generation
(see Figure 8). All strains were grown at
the same time and under equivalent
illumination. (B) Fresh weight
measured for WT, dcl, rdr2, nrpd1a and
ddm1 mutants. The areal portions of 18
plants were individually weighed and
the mean calculated. (C) Fresh weight
of plants from the ddm1 parent line were
compared to double mutant
combinations of Pol IV pathway
mutants with ddm1. DDM1* individuals
homozygous for each RNA silencing
deficient mutant are controls, as
described above. The bars show
standard errors calculated for the mean.
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Figure 11. Growth deficiency in ddm1 d234 quadruple mutant plants. (A)
Rosette stage plants were analyzed from the following Arabidopsis strains: wild-
type (WT), triple mutant d234, ddm1, and F3 progeny of a cross between ddm1
and dcl mutants, including the triple mutant DDM1* d234 and the quadruple
mutant ddm1 d234. DDM1* d234 is a sibling control line that resulted from the
genetic crosses (Appendix, Figure A2). All plants were grown simultaneously
and under equivalent illumination. (B) Fresh weight analysis of the plants shown
in Panel A. The bars represent standard errors calculated from the mean.
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6.4. Summary

Here, | presented evidence that DDM1 and the Pol IV pathway play distinct but intertwined
roles in 5S rDNA methylation. Mutants deficient for the Pol IV pathway, nrpdla and rdr2,
showed wild-type levels of 5S rDNA methylation after outcrossing. In contrast, 5S rDNA
hypomethylation induced by ddml persisted after outcrossing. Hypomethylation in
heterozygous DDM1 (+/-) plants correlated with persistent overaccumulation of 5S rDNA-
derived siRNAs, which was not specific to 24 nt species: alternate size-classes of siRNAs
overaccumulated in the ddm1l dcl3 double mutant compared to dcl3. These results are
consistent with the hypothesis that CpG-methylation, maintained in part by DDM1, limits
expression of precursors for 5S rDNA-derived siRNAs. Furthermore, | showed that double
mutants deficient for DDM1 and the Pol IV pathway have less 5S rDNA methylation than
corresponding single mutants (ddm1, nrpdla, rdr2, or dcl3). This suggests that Pol IV-
mediated and DDM1-mediated methylation of 5S rDNA are not part of the same pathway.
Interestingly, the double mutants ddm1 nrpdla and ddml rdr2, and quadruple mutant

ddm1 d234 showed growth deficiency not apparent in the ddm1 parent lineage.
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7. Biogenesis of siRNAs in geminivirus-infected Arabidopsis

In the previous two chapters, | showed that different DCLs mediate production of specific
size classes of endogenous repeat-derived siRNAs, whose precursors are apparently Pol
IV and RDR2-dependent. The following chapters examine viral siRNA biogenesis during
infection of Arabidopsis with DNA viruses, which generate circular minichromosomes in
the plant nucleus. The first virus, a geminivirus (covered in this chapter), replicates by a
rolling circle mechanism (Hanley-Bowdoin et al., 2000). The second virus, a caulimovirus
(covered in Chapter 8), replicates via nuclear transcription and then cytoplasmic reverse
transcription of its genome (Pfeiffer and Hohn, 1983). Both viruses express transcripts that
are exported and translated in the cytoplasm, but neither requires long dsRNA for its
replicative cycle or encodes an RARP activity (Hull, 2004).

RNA silencing can be induced by various geminiviruses (Kjemtrup et al., 1998;
Turnage et al., 2002), which have also been shown to encode suppressors of silencing
(Voinnet et al., 1999; Trinks et al., 2005). However, the mechanisms that produce dsRNA
and siRNAs derived from geminiviruses are not well understood. Can known endogenous
RNA silencing pathways, such as the abovementioned Pol IV pathway, account for dsSRNA
production during infection? What DCLs mediate viral siRNA biogenesis during infection?
To answer these questions, | infected my panel of RNA silencing-deficient mutants with a

model geminivirus and analyzed the resulting silencing phenomena.

7.1. Effects of RDR and DCL-deficiency on CaLCuV-mediated VIGS

For all experiments in this chapter, | used a recombinant form of the geminivirus Cabbage
Leaf Curl Virus (CaLCuV), which infects Arabidopsis and other plants of the Brassicaceae
family (Hill et al., 1998). The modified virus carries a 360 bp fragment of the Arabidopsis
Chlorata | (CHLI) gene, and is therefore called CaLCuV::Chll (Turnage et al., 2002)
(Figure 12B). CalLCuV:Chll has the advantage that one can simultaneously monitor
effects on virus replication, symptomology and VIGS (Muangsan et al., 2004).
CaLCuV::Chll infection triggers silencing of the endogenous CHLI gene, which encodes a
magnesium chelatase required for chlorophyll biosynthesis, and, hence, results in a

bleached “chlorata” phenotype of upper rosette leaves of the plant (Figure 12C).

61



CaLCuV infection
- - Arabidopsis CHLI gene
5! —E_D_' I ] — 3,

Target
(360 bp)

CaLCuV::Chll

VIGS

Chlil
- fragment

— ssDNA
— Transcripts

Figure 12. Virus-induced gene silencing (VIGS) targeting a gene in Arabidopsis.
Cabbage Leaf Curl Virus (CaLCuV) infects plants in the Brassicaceae family. The viral
genome is composed of two circular ssDNA molecules. (A) For inoculation, Arabidopsis
was bombarded with 1 ym-dia. gold particles coated with infectious plasmids containing
CaLCuV genomic DNA-A and DNA-B. This leads to systemic infection associated with
crumpled leaf symptoms. (B) Inserting a 360 bp fragment of CHLI, a nuclear Arabidopsis
gene required for chlorophyll biosynthesis, into CaLCuV DNA-A allows efficient VIGS of
the target gene upon viral infection. (C) This construct, CaLCuV::Chll, triggers a bleached
“chlorata” phenotype in emerging rosette leaves (arrows), but notin lower leaves.
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CaLCuV infection and VIGS were studied in the deficiency mutants dcl2, dcl3, dcl4,
rdr2 and rdr6. None of these mutants differed markedly from the wild type in the
development or severity of CaLCuV symptoms (Figure 13A). Infection was also monitored
by measuring the accumulation of CaLCuV genomic DNA in plants 28 days post-
inoculation (dpi), when disease symptoms were well-developed. Figure 13B shows that,
while viral DNA levels were slightly increased in dcl4 and rdr6, the levels in dcl2, dcl3, and
rdr2 were comparable to wild type. The CaLCuV AC2/AC3 transcript, which is transcribed
from viral DNA-A (Figure 12B), was detected by RNA blot hybridization: its level was
comparable in wild type, dcl2, dcl3, and rdr2, but elevated in dcl4 and rdr6 (Figure 13C).

In contrast to the modest effects of the mutants on virus infection, infected dcl4 and
rdr6 plants exhibited almost no chlorata phenotype, while dcl2, dcl3 and rdr2 plants
showed a chlorata phenotype limited to upper rosette leaves, like in the wild type (Figure
13A). The differences in extent of silencing were also observed by measurements of
mRNA. While CHLI mRNA accumulation was reduced ca. 5-fold by infection of wild-type,
dcl2, dcl3 of rdr2 plants, the reduction was only 2.5-fold in dcl4 and rdr6 plants (Figure
13D). Thus, while these mutants did not strongly affect CaLCuV::Chll infection, dcl4 and
rdr6 showed reduced efficiency for the establishment and/or maintenance of VIGS and the
chlorata phenotype. An additional mutant, henl, also showed a reduced chlorata

phenotype compared to the wild type when infected with CaLCuV::Chll (data not shown).

63



C. Mock CaLCuV::Chll

D\ )
W T (& (P
Viral _ £
AC2/3 |

1.2+ qPCR for CHLI transcript
1.0

o

HH

0.8 —

0.6

0.4 -

H
Hi

0.2+ —=—

Relative CHLI mRNA content

b
WT WT 6‘9 60\‘5 6(’\ ‘&‘Io ‘&6

Mock CaLCuV::Chll

Mock CaLCuV::Chll
WT WT dcl2 dcI3 dcl4 rdr2 rdr6

- Virus
= 18S rDNA

0 02 02 02 03 0.2 0.3 Virus/18SrDNA

Figure 13. Analysis of VIGS triggered by CaLCuV::Chllin dcl and rdr-mutants. (A) Wild type
(WT), dcl and rdr-mutant plants 28 day post-inoculation (dpi) with CaLCuV::Chll. (B) Viral titers
were measured by semi-quantitative PCR on serial dilutions (5-fold each) of DNA from pools of
plants. 18S rDNA amplification was used as an internal loading control. (C) RNAblot hybridization
performed on column-purified total RNA (8 pg/lane). The membrane was hybridized with a
random-labeled DNA probe for the CaLCuV-derived AC2/3 transcript (see Figure 12B). Ethidium
bromide (EtBr) staining is an RNA loading and quality control. (D) Quantitative RT-PCR (qPCR)
was performed on cDNA synthesized from the same RNA as used for Panel C. RNA values are
expressed as the ratio relative to WT mock infected, normalized for the ACT2 mRNA standard.
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7.2. Biogenesis of CaLCuV::Chll siRNAs in mutants deficient in
the Pol IV, trans-acting siRNA and miRNA pathways

To determine whether RDR2, RDR6, NRPDla and AGO4, which encode components of
endogenous RNA silencing pathways (Figure 2B/C), are required for viral siRNA
production, | infected mutants deficient for these genes with CaLCuV::Chll and measured
accumulation of viral siRNAs by RNA blot hybridization. Probes for the viral Chll insert
detected siRNAs that migrated as 21, 22 and 24 nt bands in RNA from infected plants, but
not in RNA from uninfected plants (Figure 14A/B). The pattern of viral siRNAs obtained
with infected wild-type, rdr2 and rdr6 plants was qualitatively identical (Figure 14A). The
more intense signal of rdr6 bands correlated with enhanced viral transcript accumulation in
that sample (Figure 13C). Similar patterns of viral siRNAs were also obtained for the
different Arabidopsis genotypes using an antisense probe for Chll (Figure 14A), and
probes for two other regions of the CalLCuV::Chll genome (data not shown). Next, |
analyzed siRNAs from infected nrpdla and ago4 plants, mutants deficient for upstream
and downstream steps in the Pol IV pathway, respectively. nrpdla and ago4 showed the
same pattern of sense and antisense viral siRNA accumulation as the wild type (Figure
14B). Together, these results indicate that RDR2, RDR6, NRPD1a and AGO4 are not
required for the biogenesis of siRNAs derived from CaLCuV::Chll.

Non-viral smRNAs were used as controls to verify the functional deficiencies of
rdr2, rdr6, nrpdla and ago4 (Figure 14A/B). As expected (Reinhart et al., 2002; Xie et al.,
2004), accumulation of miR173 was not affected in any of these mutants. Further control
hybridizations confirmed that accumulation of siR1003 was blocked in rdr2 and nrpd1la,
reduced in ago4, but unaffected in rdr6, whereas siR255 was blocked in rdr6, but not in
rdr2, nrpdla or ago4 (Xie et al., 2004; Allen et al., 2005).
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Figure 14. CaLCuV siRNA biogenesis in mutants deficient for the Pol IV and
trans-acting siRNA pathways. Low molecular weight RNA was isolated from
whole plants 28 dpi with CaLCuV::Chll and analyzed by blot hybridization. Synthetic
21 and 24 nt RNA oligonucleotides were used as size markers. Membranes were
successively hybridized with DNA oligo probes for viral regions and endogenous
smRNAs (Appendix Table A1). (A) CaLCuV-derived siRNAs detected in mock (-)
and infected (+) wild-type (WT), rdr2 and rdr6 plants. Endogenous smRNA controls
were miR173 (RDR-independent), siR255 (RDR6-dependent) and siR1003
(RDR2-dependent).(B) nrpd1a and ago4, mutants deficient for the Pol IV pathway,
were analyzed using the same probes asin Panel A. La-er is the wild type for ago4.
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DCL1, HEN1 and HYL1 are required for the biogenesis or stabilization of
Arabidopsis miRNAs (Reinhart et al., 2002; Vazquez et al., 2004a; Yu et al., 2005). To
assess whether these components of the miRNA pathway are required for the biogenesis
of CaLCuV::Chll siRNAs, | infected the hypomorphic mutants dcl1-8 and dcl1-9, and T-
DNA insertion mutants henl and hyll with the virus. Relative to their respective wild-type
reference ecotypes, the dcll1-8, dcll-9, and hyll mutations did not affect the size or
abundance of viral siRNAs (Figure 15A). Sense and antisense siRNA accumulation,
detected from the viral Chll insert and viral AC4 gene regions, were equivalent in this
respect. As expected (Reinhart et al., 2002; Vazquez et al., 2004a), the 22 nt miR173 was
not detected in dcl1-8 or dcl1-9, and was only barely detected in hyl1.

The abundance of 21 nt viral siRNAs was reduced and additional ~23-25 nt
siRNAs were detected in henl. | confirmed this effect for miR173 (Figure 15A), which had
been described earlier (Park et al., 2002; Li et al., 2005). In the case of miRNAs, these
additional bands have been shown to result from 3’-oligouridylation (Li et al., 2005). HEN1
is a 2’-O-methyltransferase that blocks 3’-oligouridylation by transferring methyl groups to
the 2’-hydroxyl group of the 3-end of miRNAs (Yu et al., 2005; Yang et al., 2006). My
analysis of CaLCuV-derived siRNAs suggested that their 3’-ends are also protected in
wild-type plants and oligouridylated in henl. CalLCuV-derived siRNAs were therefore
tested for sensitivity to B-elimination, an assay that is diagnostic of RNA 3’-end
modifications (Yu et al., 2005). The pattern of CaLCuV-derived siRNAs extracted from
wild-type plants and subjected to B-elimination was consistent with protection of their 3’-

ends by methylation (data not shown).
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Figure 15. CaLCuV siRNA biogenesis in miRNA pathway and DCL-deficient mutants.
Low molecular weight RNA was isolated from whole plants 28 dpi with CaLCuV::Chll and
analyzed by blot hybridization. Synthetic 21 and 24 nt RNA oligos were used as size markers.
Membranes were successively hybridized with DNA oligonucleotide probes for the viral Chll-
fragment and viral AC4 gene; miR173 is an endogenous control whose accumulation is
abolished in dc/Tmutants. (A) Analysis of mutants affecting miRNA biogenesis -- dc/1-8, dcl1-9,
hyl1, hent --compared to their wild type (WT) controls: Col-g/1, La-erand Col-0. (B) Analysis of
infected WT and DCL-deficient mutants. U6 snRNAand tRNA/5S rRNA are loading controls.
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7.3. Biogenesis of CaLCuV::Chll siRNAs in DCL-deficient mutants

Chapter 5 showed that DCL family members have redundant functions in the biogenesis of
siRNAs derived from DNA repeats. Here, | tested the same dcl2, dcl3, and dcl4 mutant
strains, infected with CalLCuV::Chll, for their effects on the accumulation of siRNAs
derived from the viral Chll insert and AC4 regions (Figure 15B). Relative to wild type, 24
nt siRNA accumulation was unaffected in dcl2, slightly enhanced in dcl4, but not detected
in dcl3; accumulation of 22 nt siRNA was slightly enhanced in dcl3 and dcl4, but not
detected in dcl2; and accumulation of 21 nt siRNAs was unaffected in dcl2, slightly
enhanced in dcl3, but not detected in dcl4. These results are consistent with the
interpretation that DCL4 is required for 21 nt siRNA formation, DCL2 is required for 22 nt
siRNA formation, and DCL3 is required for 24 nt siRNA formation. These DCL / size-class
correspondences were observed for viral siRNAs of both sense and antisense polarities
(Figure 15B). Accumulation of the miR173 control was not significantly affected by dcl2,
dcl3 or dcl4 mutations, as expected (Xie et al., 2004; Xie et al., 2005).

To test for compensation between Arabidopsis DCLs effecting biogenesis of viral
siRNAs, | infected the double and ftriple dcl-mutants described in Chapter 5 with
CaLCuV::Chll. Figure 16A shows that that disease symptoms following infection with
CaLCuV::Chll were similar to the wild type in the mutant combinations d23, d24, d34 and
d234, as were the virus titers (data not shown). While d23 exhibited chlorata bleaching in
upper rosette leaves, the mutant combinations d24, d34, and d234 -- all which contain the
dcl4 mutation -- did not (Figure 16A). All infected dcl-mutant combinations showed
reduced accumulation of endogenous CHLI mRNA (Figure 16B) as well as residual
accumulation of virus-derived Chll siRNAs (Figure 16C). As expected from my previous
analysis of single dcl-mutants, individual size classes of 21, 24 or 22 nt viral siRNAs
accumulated in d23, d24 and d34, respectively. Surprisingly, the d234 still showed residual
viral 21 nt siRNA accumulation, suggesting that DCL1 can compensate for the absence of
DCL2, DCL3 and DCL4. Additionally, viral smRNA analyzed from infected d234 showed
slower migrating species of sense and antisense polarities, which might be partially

processed dsRNA intermediates of siRNA biogenesis (Figure 16C).
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Figure 16. Arabidopsis DCLs are partially redundant for VIGS and siRNA biogenesis.
(A) Phenotype of wild type (WT), double mutants d23, d24, d34 and the triple mutant d234,
28 dpi with CaLCuV::Chll. (B) Quantitative RT-PCR (qPCR) to measure CHLI mRNA levels
in CaLCuV::Chll-infected double and triple mutants, performed as in Figure 13D. (C) Low
molecular weight RNA blot hybridization analysis of CaLCuV::Chll-infected WT, dc/4, triple
and double dcl-mutants. Replicate sample pools are shown for d234, d23 and d24 plants.
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7.4. Summary

The biogenesis of CaLCuV-derived siRNAs does not appear to require DCL1 or HYLA1,
which are key components of the miRNA pathway, nor NRPD1a, RDR2 or RDR6, which
are key components of the Pol IV and trans-acting siRNA pathways. In contrast, HEN1 is
required for normal accumulation of 21, 22 and 24 nt size classes of CaLCuV siRNA
species and appears to be important for methylation of their 3’-ends. DCL2, DCL3 and
DCL4 mediate production of specific size classes of CaLCuV siRNAs. Alternative DCLs
may compensate for the absence of others in terms of siRNA biogenesis and VIGS
affecting CHLI mRNA accumulation. The chlorata phenotype, induced by CaLCuV::Chll
infection in wild-type plants, required RDR6, DCL4 and HEN1 but not other RNA silencing-
related genes tested. Although DCL1 was thought mainly to function in miRNA biogenesis,
21 nt viral siRNAs in the triple mutant d234 suggests that DCL1 can compensate for

deficiency in the other three DCLs to mediate production of siRNAs from viral dsRNA.

71



8. Biogenesis of siRNAs in caulimovirus-infected Arabidopsis

The virion structure and life cycle of caulimoviruses differ considerably from that of
geminiviruses. This chapter focuses on the biogenesis of siRNAs derived from an
extensively studied caulimovirus, CaMV (Hohn, 1999). The circular dsDNA genome of
CaMV is transcribed into a more-than-genome length, 35S transcript in the nucleus by the
host RNA polymerase Il (Rothnie et al., 1994). A shorter, 19S RNA transcript, which is
coterminal with the 35S RNA, is also produced during CaMV infection. The 35S RNA
functions as both messenger and pregenomic RNA in viral replication. These functions are
controlled by the 600 nt-long leader sequence that folds into an elongated hairpin
(Hemmings-Mieszczak et al., 1997; Pooggin et al., 1998). The 35S RNA leader contains
three major stem sections, designated I, Il, Ill (Figure 17, next page). The presence of
these structures in one region of the same RNA molecule offered an exceptional

opportunity to investigate the effect of viral RNA structure on siRNA biogenesis.
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Figure 17. The 35S RNA transcript of Cauliflower Mosaic Virus (CaMV). (A) The 35S
and 19S RNAs (red) are transcribed from minichromosomes formed by the circular, 8031 bp
CaMV genome in the nucleus of infected plant cells. Basepairs 7434 to 13 are the template
for the 35S RNA leader, which corresponds to transcript nucleotides 1 to 610 (B) The 35S
RNA leader folds into a structure with three stem sections (I, Il and lll). A40 ntregion, L1, was
used to design sense and antisense probes for RNA blot hybridization, whereas the L2 and
L3 regions represent the most frequently sequenced viral siRNAs from CaMV-infected wild-
type Arabidopsis (see Section 8.2). The diagram was adapted from Pooggin et al. (1998).
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8.1. Analysis of siRNAs derived from the 35S RNA, Stem section |

To detect siRNAs representing specific regions of the 35S RNA leader, sense and
antisense oligonucleotide probes (L1) were designed to cover the 30 nt-long, Stem section
| (Figure 17). Mutants and appropriate wild-type strains were infected with CaMV and
analyzed by RNA blot hybridization. L1 probes detected 21, 22 and 24 nt siRNAs in the
RNA of infected wild type plants (Figure 18A). The patterns of L1-specfic viral siRNAs
obtained for infected wild-type, rdr2 and rdr6 plants were qualitatively identical. Similar
patterns of viral siRNAs were also obtained for these genotypes using an antisense L1
probe (Figure 18A). Next, siRNAs from infected nrpdla and ago4 plants were analyzed.
nrpdla and ago4 showed the same pattern of sense and antisense viral siRNA
accumulation as the wild type (Figure 18A). Hybridization using probes for other regions
of the 35S RNA leader (Figure 17), as well as coding regions of the CaMV genome,
showed no variation in the abovementioned mutants compared to the wild-type pattern
(data not shown). Together, these results indicate that RDR2, RDR6, NRPD1a and AGO4
are not required for the biogenesis of CaMV siRNAs.

Different viral siRNA size classes showed reduced accumulation in specific dcl-
mutants (Figure 18B). Relative to wild type, 24 nt siRNA accumulation was unaffected in
dcl1-9, dcl2 or dcl4 but not detected in dcl3; accumulation of 22 nt siRNAs was unaffected
in dcl1-9, dcl3 or dcl4, but was greatly reduced in dcl2; and accumulation of 21 nt siRNAs
was unaffected in dcl2, dcl3 or dcl4, but was reduced in dcl1-9. These results are consist
with the interpretation that DCL1 contributes to 21 nt siRNA formation, DCL2 contributes to
22 nt siRNA formation, and DCL3 is required for 24 nt siRNA formation. In contrast, L1-
specific siRNA accumulation in henl suggests that the three siRNA size classes require
HEN1 for their stability or proper processing, but not for their biogenesis per se.
Supporting a putative role for DCL1 in 21 nt viral siRNA biogenesis, the mutant deficient
for its binding partner, HYL1, showed reduced 21 nt relative to 22 nt siRNA accumulation:
i.e., rather than the 21 nt siRNA signal being stronger than that of 22 nt siRNAs (wild-type

Col-0), the two size classes were equally abundant in hyll (Figure 18B).
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Figure 18. Analysis of siRNAs from Stem Section | of the CaMV 35S RNA
leader. Low molecular weight RNA was isolated from whole plants 28 dpi with CaMV
and analyzed by blot hybridization. Synthetic 21 and 24 nt RNA oligonucletides were
used as size markers. Membranes were successively hybridized with DNA
oligonucletide probes for viral and endogenous smRNAs (Appendix Table A1). (A)
L1-specific siRNAs and controls detected in infected rdr2, rdr6, nrpd1a and ago4
mutants. La-eris the wild type for ago4, and Col-0 the wild-type for all other mutants.
(B) L1-specific siRNAs and controls detected in infected dcl/, hen1 and hyl/1 mutants.
La-eris the wild type for dc/1-9, and Col-0 the wild type for all other mutants.
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8.2. Sequencing of smRNAs from CaMV-infected Arabidopsis

High-throughput sequencing was used to evaluate the contribution of DCL1 to biogenesis
of siRNAs representing the entire CaMV 35S RNA transcript. Because dcl1-8 and dcl1-9
are partial loss-of-function mutants, those strains were not chosen for sequencing.
Instead, smRNAs from infected wild-type and triple mutant dcl2 dcl3 dcl4 (d234) plants
were sequenced. The smRNA population remaining in a d234 background would likely be
the result of DCL1 processing. The fraction of smRNAs approximately 16-28 nt in length
was isolated from RNA of six infected rosette-stage plants of each genotype using
polyacrylamide gel electrophoresis. The 5 and 3’ ends of these smRNAs were ligated to
oligonucleotide adapters and these products were used as templates to synthesize
cDNAs, and subsequently dsDNA containing smRNA-derived inserts, which were
sequenced using Solexa technology (Figure 19A) (Solexa, 2006).

The sequencing data were processed in silico to identify smRNAs inserts with
intact 5 and 3’ adapter sequences on both ends. This yielded 127’499 unique smRNA
inserts for wild-type and 126’952 for d234 plants, which were matched to the Arabidopsis
and CaMV genomes using a Basic Local Alignment Search Tool (BLAST) analysis. Many
sequences in the raw datasets were too short (<<20 nt) for the BLAST method to be
representative or were not identical to sequences in the reference genomes. These
sequences as well as a small fraction of large (>>25 nt) sequences, which exceeded the
quality limit of the sequencing method, were discarded. The remaining “clean” sequence
datasets contain ca. 50’000, 20-25 nt long, sequences that exactly matched the
Arabidopsis or CaMV genome; these datasets were used in all subsequent analyses.
Approximately 53% of the wild-type dataset and 34% of the d234 dataset represented
CaMV-derived siRNAs. This modest reduction in the viral siRNA population in d234 seems
reasonable, given that DCL1 is still expressed in d234 plants.

The size distribution of endogenous Arabidopsis smRNAs sequenced from infected
wild-type plants (Figure 19B) was qualitatively similar to that obtained earlier by cloning
(see Figure 4A and Xie et al., 2004). Endogenous smRNAs from the infected wild type
were predominantly 24 nt with a smaller peak at 21 nt. The abundance of the 21 nt size
class increased and that of the 24 nt size class decreased in d234. Similarly, infected wild-
type plants accumulated major 21 and 24 nt size classes of CaMV siRNAs, and there was

a pronounced shift to the 21 nt size class in infected d234 plants (Figure 19C).
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Figure 19. Sequencing of smRNAs from CaMV-infected Arabidopsis. (A) RNAwas
extracted from pools of CaMV-infected, wild-type (WT) and dcl2 dcl3 dcl4 (d234)
Arabidopsis (i) The ~16-28 smRNA fraction was isolated from total RNA by
polyacrylamide gel electrophoresis. (ii) Oligonucleotide adapters were ligated to the 5'
and 3'-ends of smRNAs. Reverse transcription was used to synthesize cDNA, and
polymerase chain reaction (PCR) performed to amplify dsDNA containing smRNA
sequence inserts. (iii) The two DNA samples, generated with slightly different 5'-
adapters, were sequenced using Solexa technology. (B) Size distribution of endogenous
smRNAs sequenced from CaMV-infected WT and d234 plants. (C) Size distribution of
CaMV-derived siRNAs sequenced from WT and d234. In Panels B/C, only sequences
that perfectly matched the plant or viral genomes were considered. Frequency was
calculated relative to the total number of perfectly matched, 20-25 nt smRNAs.
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The most striking feature of CaMV-derived siRNAs was their biased distribution
when mapped to the CaMV genome (8031 bp). An overwhelming majority (94%) of viral
siRNAs in wild-type plants mapped to genomic coordinates 7400-8031 bp, corresponding
to the 35S RNA leader (Figure 20A). The majority of siRNAs (88%) represent the sense
(+) orientation of the 35S transcript. A higher resolution map shows that siRNAs clustered
at three particular regions in the leader, which appear to be “hot spots” for siRNA
accumulation (Figure 20B). The 5’ hot spot (L1) corresponds to leader Stem Section |,
whose contribution to siRNA accumulation was analyzed in Section 8.1. The 3’ hot spot
(L2) has recently been reported by Moissiard and Voinnet (2006) and matches the
descending arm of leader Stem section Ill. Finally, a novel hot spot (L3) corresponds to
the ascending arm of leader Stem section lll. Thus, the three major hot spots for CaMV
siRNA accumulation (L1, L2, and L3) correspond to regions within Stem sections | and IlI
of the 35S RNA transcript leader (see Figure 17B).

Although the number of viral siRNAs in the total d234 dataset was ~50% of that in
the wild type, 90% of viral species in d234 were still derived from the leader and clustered
at the same hot spots identified in wild-type plants (Figure 20C). The siRNAs sequenced
from d234 were almost exclusively in the 20-22 nt size range; 24 nt viral siRNAs were
practically absent. Taken together, these data suggest that in the absence of other DCLs,
DCL1 is sufficient to establish the characteristic pattern of siRNA biogenesis representing
the 35S RNA leader.
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Figure 20. Genome distribution of CaMV-derived siRNAs. (A) Map of viral siRNAs sequenced
from CaMV-infected WT Arabidopsis. The x-axis represents the genome of CaMV (8031 bp), and
the y-axis shows the total number of sequences whose 5'-ends align to a particular position; bars
beneath the x-axis show antisense sequences. The black box indicates the CaMV genomic
coordinates 7400-8000 bp, roughly corresponding to the 35S RNA leader region. (B) High
resolution map of leader siRNAs sequenced from WT plants: the L1, L2 and L3 regions are
hotspots for smRNA accumulation. (C) High resolution map of leader siRNAs sequences from
d234triple mutant plants. Colors in Panels A/B show totals of 20, 21, 22, 23, 24 and 25 nt siRNAs.
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8.3.  Analysis of siRNAs derived from the 35S RNA, Stem section Ill

The great majority of siRNAs sequenced from leader Stem section Il fell into two ~27 nt
windows on its ascending (L3) and descending arms (L2), regions which are indicated in
Figure 17B. Because L2 has been studied in parallel work by Moissiard and Voinnet
(2006), | focused my analysis on the novel hotspot, L3. In the wild type, of 1771 L3-derived
sequences identified, 32% were 21 nt long and 46% were 24 nt long. This distribution was
dramatically shifted in d234 plants, in which 69% of the 628 sequences identified in the 27
nt window were 21 nt long and 6% where 24 nt long. The representation of particular L3-
derived sequences in the wild-type and d234 data are shown schematically in Figure 21A.

The DCL requirements for L3-derived siRNA production were tested using
oligonucleotide probes for the most frequent L3 sequence, with samples from wild-type,
dcl2, dcl3 and dcl4 plants (Figure 21B). Both sense and antisense probes detected 21, 22
and 24 nt siRNAs in the RNA of virus-infected wild type plants. The accumulation of the 22
and 24 nt siRNAs (sense and antisense) depended on DCL2 and DCL3, respectively.
While sense 21 nt siRNAs accumulated in the dcl4 mutant, corresponding antisense 21 nt
siRNAs were barely detectable (Figure 21B). For comparison, | also tested accumulation
of siRNAs from the L2 region. My results suggest that DCL4 contributes to antisense, 21
nt siRNA biogenesis from L2 and L3 regions; however, some 21 nt signal is still detected
in dcl4 (Figure 21B). The effect of dcl4 on accumulation of antisense L1-specific siRNAs
was less striking (Figure 18B). Although antisense siRNAs corresponding to L3 were
sequenced, their abundance was very low in the datasets, e.g., 10-13 replicate sequences
(0.7%) from wild-type plants. This may indicate that the sequencing approach -- perhaps
the ligation step -- is biased against these sequences, or that antisense siRNAs are less
stable in planta.

The d234 sequence dataset contained abundant 21 nt siRNAs from the L3 viral
region (Figure 21A). This indicated, as did my results for the L1 region, that DCL1
contributes to the biogenesis of 21 nt CaMV siRNAs. To test this hypothesis, | examined
the accumulation of L3-specific sSiRNAs associated with CaMV infection of quadruple dcl-
mutants (materials described in Section 5.3). RNA blot hybridization confirmed that L3-
specific, 21 nt siRNA titers were lower in quadruple dcl-mutants, than in d234 (Figure
21C). This is consistent with the idea that DCL1 directly mediates production of ~21 nt
siRNAs from the L3 region of the 35S RNA leader or related dsRNA species. Since the
dcll alleles in the quadruple mutants are hypomorphic, a complete absence of 21 nt
siRNA signal would not be expected. Interestingly, the overall signal detected for viral 21-

24 nt siRNAs was lower in dcl1-9 than in either the wild type or d234 samples.
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Figure 21. Analysis of siRNAs from Stem Section Ill of the CaMV 35S RNA. (A) The
stem structure in the L3 region of the 35S RNA leader. Each colored bar represents an L3-
specific siRNA that was sequenced at least 50 times: The heaviest bars represent >250,
intermediate bars 100-250, and lightest bars 50-99 replicate sequences. Probes were
designed to detect siRNAs corresponding to the regions L3 and L2 (see Figure 17B). (B)
L3- and L2-specific siRNAs detected in dcl2, dc/3 and dcl4 samples (C) L3-specific
siRNAs detected from quadruple dcl-mutant samples: dc/1-8 dcl2 dcl3 dcl4 (s19™M) and
dcl1-9 dcl2 dcl3 dcl4 (c19m). miR168, which accumulates in dc/7-8 and dc/1-9, and
miR173, which is sensitive to these mutations, are controls for the quadruple mutants.
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This could mean that DCL1 facilitates processing of the 35S RNA leader by other DCLs.
Furthermore, CaMV-infected triple and quadruple dcl-mutants showed increased
accumulation of higher molecular weight RNAs homologous to L3 sense and antisense
probes (shown here for sense). These are potentially dsRNA intermediates that

overaccumulate due to multiple DCL-deficiency (Figure 21C).

8.4. Summary

Genome-scale sequencing of smRNAs from CaMV-infected plants identified three
hotspots for siRNA accumulation matching the 35S RNA leader. These hotspots are also
found in CaMV-infected, triple mutant d234 plants. Accumulation of the 22-24 nt fraction of
these siRNAs depended on the same DCLs as did siRNAs representing endogenous 5S
rDNA repeats and CaLCuV::Chll. In contrast, biogenesis of CaMV-derived 21 nt siRNAs
seems to be primarily DCL1-dependent, and partially DCL4-dependent, with the latter
being particularly apparent for antisense 21 nt siRNA species. This last finding is difficult to
verify for the whole CaMV genome, because antisense siRNAs are underrepresented in
the sequencing datasets. Given the overall reduction of 21-24 nt viral siRNAs in the dcl1-9
mutant, these results are consistent with the hypothesis that DCL1 processes the
structured 35S RNA leader, perhaps giving rise to substrates for DCL2, DCL3 and DCL4.
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9. Discussion

9.1. Tandem repeat-derived siRNAs and the Pol IV pathway.

Repeated DNA motifs, one to thousands of bases in length, are a characteristic of all
eukaryotic genomes (Heslop-Harrison, 2000). Variation in simple genomic repeats can
cause genetic disease (Mirkin, 2007), whereas longer repeats are often transposable
element insertions or tandem repeat arrays, some of which have conserved biological
functions (Kumar and Bennetzen, 1999; Heslop-Harrison et al., 2003; Eickbush and
Eickbush, 2007). The first part of this dissertation dealt with the relationship between small
RNA pathways and two major types of genomic tandem repeat in Arabidopsis: the 180 bp
centromeric satellite and 5S rDNA pericentromeric repeats (Campell et al., 1992; Cloix et
al., 2000; Heslop-Harrison et al., 2003). Cytosines in these tandem repeats are heavily
methylated (Martinez-Zapater et al.,, 1986; Vongs et al., 1993), a phenomenon also
reported for tandem repeats of other plants (Goldsbrough et al., 1981; Fulnecek et al.,
1998; Kovarik et al., 2000). My work explored the function of siRNAs in RNA-directed DNA
methylation (RdADM) of Arabidopsis tandem repeats.

Centromeres are sites for spindle attachment to chromosomes, allowing
kinetochore assembly, and are thus required for faithful segregation of chromosomes in
cell division (Dawe and Henikoff, 2006). Budding yeast centromeres are defined by
specific, short DNA sequences, whereas the functional relevance of satellite sequences in
multicellular eukaryotes is not clear (Morris and Moazed, 2007). In plants, these
centromeric repeats vary greatly between species, both in sequence and copy number
(Jiang et al., 2003; Ma et al., 2007). Indirect evidence suggests that RNA transcribed from
satellite repeats contributes to plant centromere function. For example, centromere-
encoded 40-200 nt RNAs are integral components of the maize kinetochore (Topp et al.,
2004). In addition, centromeric siRNAs were detected in RNA from Arabidopsis and Oryza
punctata using probes for satellite repeat units of those plants (May et al., 2005; Zhang et
al., 2005b). These studies raise the possibility that repeat-derived transcripts and/or
siRNAs participate in plant centromere function, as reported earlier for fission yeast (Hall
et al., 2003; Volpe et al., 2003; Ekwall, 2004). That said, a role for these siRNAs or the Pol
IV pathway in cytosine methylation of 180 bp repeats is not supported by my data
(Chapter 5) or that from two other groups (Kanno et al., 2005b; May et al., 2005).

The second type of Arabidopsis tandem repeat, 5S rRNA genes, are transcribed by
RNA polymerase lll to generate 120 nt, 5S rRNA molecules (Douet and Tourmente, 2007).

The 5S rRNA is a structurally conserved, integral component of the large ribosomal
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subunit in all organisms and appears to be essential for ribosome function (Ammons et al.,
1999; Szymanski et al., 2003; Kiparisov et al., 2005). The functional significance of 5S
rDNA methylation, however, is still not understood: unlike protein-coding genes in
Arabidopsis, whose expression level tends to be negatively correlated with flanking
promoter and 3’-end methylation (Zhang et al., 2006b; Zilberman et al., 2007), the steady
state level of 5S rRNA is not affected by reduced 5S rDNA methylation (Mathieu et al.,
2002; Vaillant et al., 2007a). However, analysis of nucleotide polymorphisms has shown
that “major” and “minor” 5S rRNA transcripts exist, and that the contribution of minor 5S
rRNA species to the total transcript pool increases with decreasing 5S rDNA methylation
(Cloix et al., 2002; Mathieu et al., 2003). This indicates that DNA methylation could

regulate the differential expression of specific 5S rDNA repeat units (Vaillant et al., 2007a).

9.1.1. Biogenesis of siRNAs derived from Arabidopsis tandem genomic repeats.

In Chapter 5, | showed that the 180 bp satellite and 5S rDNA repeats are each a source of
multiple, overlapping siRNA clones. These siRNAs are predominantly ~24 nt in length and
their accumulation requires NRPD1a and RDR2, like siRNAs derived from AtSN1 and
FWA repeats (Hamilton et al., 2002; Xie et al., 2004; Onodera et al., 2005; Chan et al.,
2006a). No tandem repeat-derived siRNAs were detected in RNA from nrpdla or rdr2
mutants, which is consistent with recent genome-scale sequencing of smRNA isolated
from nrpdla and rdr2 (Lu et al., 2006; Zhang et al., 2007). However, genetic requirements
for tandem (180 bp and 5S rDNA) and dispersed (AtSN1) repeat siRNA accumulation are
different from those of inverted repeat siRNA accumulation. Zhang et al. (2007)
documented 21-24 nt siRNAs derived from an endogenous, inverted repeat called IR71;
accumulation of these siRNAs did not require NRPD1a or RDR2. Similarly, siRNA
expression from a transcribed inverted repeat transgene was unaffected by NRPD1a-
deficiency (Kanno et al., 2005b). Thus, production of tandem repeat-derived siRNAs
depends on the Pol IV pathway, while that of inverted repeat-derived siRNAs does not.

| propose that the difference between tandem and inverted repeat siRNA
biogenesis reflects a requirement for Pol IVa and RDR2 in the synthesis of RNA
complementary to tandem repeat transcripts (Figure 22A). Production of siRNAs from
inverted repeat-derived transcripts would not require this process, because they fold back
upon themselves to form extended regions of dsRNA (Svoboda and Di Cara, 2006; Zhang
et al., 2007). Before the discovery of a Pol IV function in endogenous RNA silencing,
similar models were proposed based on observations using inverted repeat transgenes
(Stam et al.,, 1998; Mette et al., 1999; Smith et al., 2000; Zilberman et al., 2004).
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Arabidopsis 5S rDNArepeats of are heavily methylated in all sequence contexts. Abberant
(e.g., 210 nt) 5S rDNA-derived transcripts accumulate at low levels, being repressed by
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My genetic dissection of siRNA biogenesis suggests that the Pol IV pathway is generally
required for production of siRNAs from tandem genomic repeats, whether highly (5S
rDNA) or weakly (180 bp) transcribed (May et al., 2005; Vaillant et al., 2007a).

In both cases, tandem repeat-derived siRNA accumulation showed a hierarchical
dependence on three DCLs: the predominant 23-24 nt siRNAs in wild-type plants appear
to be DCL3 products, whereas aberrant accumulation of 21 and 22 nt species in the dcl3
mutant requires DCL4 and DCL2, respectively. Apparently, alternative DCL proteins
compensate for DCL3 deficiency, mediating production of siRNAs from repeat-derived
dsRNA that is normally processed by DCL3 in the wild type (Figure 22). In this respect,
180 bp and 5S rDNA-derived siRNA accumulation showed the same basic pattern of DCL-
dependencies reported for other endogenous repeats, like AtSN1 and IR71 (Hamilton et
al., 2002; Xie et al., 2004; Gasciolli et al., 2005; Henderson et al., 2006). Therefore, the
DCL step marks a point of convergence between endogenous tandem (5S rDNA and 180
bp), dispersed (AtSN1) and inverted repeat (IR71) siRNA biogenesis in Arabidopsis.

Little is known about precursors upstream of dsRNA and siRNA production in the
Pol IV pathway. However, an important clue is the overaccumulation of 24 nt, 5S rDNA-
derived siRNAs in metl and ddm1 mutants, described here and by Onodera et al. (2005).
This overaccumulation cannot be explained by a specific perturbation in DCL3, because |
found that the same effect occurred in ddm1 dcl3 double mutant plants, where different
siRNA size classes and DCLs are implicated. However, these observations might be
explained by enhanced production of 5S rDNA-derived transcripts in metl and ddml
plants. MET1 and DDM1 maintain CpG-methylation and heterochromatin of tandem
genomic repeats in wild-type plants (Vongs et al., 1993; Gendrel et al., 2002). The mature
120 nt 5S rRNA transcript terminates upstream of the cluster of siRNAs that | described in
Chapter 5, but an extended 210 nt transcript was recently identified in metl and ddm1l
mutants (Vaillant et al., 2006), which could be a precursor for siRNA biogenesis.

| propose that the CpG-methylated state of 5S rDNA limits expression of aberrant,
read-through transcripts, which are substrates for dsRNA production via Pol IVa and
RDR2. The dsRNA could then be processed by DCL3 into 24 nt siRNAs that guide RdDM
to cytosines in 5S rDNA repeats (Figure 22A), as proposed by two current models
(Pontes et al., 2006; Matzke et al., 2007). Increased aberrant transcription of 5S rDNA in
metl and ddm1 compared to the wild type (Vaillant et al., 2006) would thus account for the
overaccumulation of 5S rDNA-specific siRNAs observed in those mutants (Figure 22B).
Maintenance of methylation in CpNpG sites, which requires CMT3, appears not to
influence biogenesis of 5S rDNA-derived siRNAs: these species did not overaccumulate in

the cmt3 mutant, nor did 210 nt 5S rDNA transcripts accumulate in that strain (Onodera et
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al., 2005; Vaillant et al., 2006). However, there is a clear distinction between 5S rDNA and
many other repeats in Arabidopsis, because siRNAs derived from 180 bp, AtSN1 and
FWA repeats do not overaccumulate in metl or ddm1l (Lippman et al., 2003; Lippman et
al., 2004; Onodera et al., 2005; Chan et al., 2006a).

Vaillant et al. (2006) and (2007) showed that ddm1, metl, cmt3 and ago4 mutants
release silencing of minor 5S rRNA transcripts, indicating that DNA methylation and
(perhaps) the Pol IV pathway regulate expression of specific 5S rDNA repeat units.
However, the accumulation of minor 5S rRNA transcripts needs to be analyzed in mutants
deficient for NRPD1a, RDR2 and the four DCLs to confirm that the Pol IV pathway
mediates the silencing hypothesized by Vaillant et al. (2007). In addition, the level of
aberrant 5S rDNA transcripts should be measured in mutants deficient in that pathway. My
model in Figure 22 postulates that aberrant 210 nt transcripts derived from 5S rDNA
repeats are templates for NRPD1a and RDR2-mediated production of dsRNAs, which
would be processed into siRNAs by DCL3 (and alternatively, by other DCLs). It thus
predicts that 210 nt or other aberrant transcripts will overaccumulate in nrpdla, rdr2, dcl3
and the triple mutant d234, whereas RNA silencing affecting minor 5S rRNAs might be

compromised in those strains, as was observed in ago4.

9.1.2. Function of repeat-derived siRNAs in 5S rDNA methylation.

Despite their constitutive expression in wild-type plants, the bulk of 5S rDNA-derived
siRNAs are not required to maintain cytosine methylation of 5S rDNA repeats: quadruple
dcl-mutants, which expressed much lower levels of siRNAs than the wild type, showed no
changes in Hpa ll-site methylation in 5S rDNA repeats. In contrast, these sites were
hypomethylated in mutants deficient for Pol IVa subunits or RDR2, which act upstream of
DCL3 in the production of siRNAs (Chapter 5). Although these differences in 5S rDNA
methylation at Hpa Il sites were modest, they were reproduced in different laboratories,
using independently propagated materials and different mutant alleles, and therefore
cannot be explained by transgenerational variation amongst dcl, rdr2 and nrpdla lines
(Kanno et al., 2005b; Onodera et al., 2005; Pontes et al., 2006). Furthermore, | did not
detect changes in 5S rDNA methylation in two dcl3 lineages after propagating them three
generations by self-fertilization. However, it cannot be ruled out that 5S rDNA methylation
is mediated by the small amount of siRNAs present in quadruple dcl-mutants. DCL1 loss-
of-function mutants are lethal and biogenesis of siRNAs via residual DCL1 activity is not
abolished in the dcll-alleles that | used (Chapter 5, Schauer et al., 2002; Bouche et al.,

2006). Furthermore, a small reduction in 5S rDNA methylation was found in dcl3 using the
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restriction enzyme Hae Ill, which reports on cytosine methylation in an asymmetric
sequence context (Pontes et al., 2006). Methylation of Hae Ill and other such sites of 5S
rDNA arrays should therefore be tested in triple and quadruple dcl-mutants to better
understand the function of siRNAs in methylating asymmetric cytosines.

Studies of transgenes targeted by RNA silencing demonstrated that RADM initiates
methylation at cytosines in all sequence contexts (Pelissier et al., 1999; Aufsatz et al.,
2002; Cao et al.,, 2003). However, propagation of CpG, CpNpG and asymmetric
methylation over cell divisions depends on at least three different DNA methyltransferases
(Finnegan and Kovac, 2000). These enzymes have specialized functions in maintenance
and de novo DNA methylation (Matzke et al., 2005). In Arabidopsis, protection of 5S rDNA
arrays from Hpa Il digestion appears to be largely due to CpG-methylation, i.e., of the
inner cytosine in the sequence CCGG; to a lesser extent, the outer cytosine of CCGG, a
CpNpG site, is also methylated (Vongs et al., 1993; Fulnecek et al., 2002). Once
established, DNA methylation in these two types of symmetric site is maintained by MET1
and CMT3, respectively (Bartee et al., 2001; Lindroth et al., 2001; Saze et al., 2003). In
contrast, the de novo methyltransferase DRM2, which has been linked to RdDM and the
Pol IV pathway (Cao et al., 2003; Onodera et al., 2005), is crucial for methylation of
asymmetric sites (Cao and Jacobsen, 2002). | assayed a combination of CpG and CpNpG
sites using Hpa ll, and found that 5S rDNA is -- at least in part -- methylated via the Pol IV
pathway. Given the above considerations, my working hypothesis is that the low level of
siRNA biogenesis in quadruple dcl-mutants is sufficient to program RdDM of Hpa Il sites
(methylation largely maintained by MET1 and CMT3) but not sufficient to sustain
methylation of asymmetric sites, which requires siRNAs generated by the Pol IV pathway

to perpetually reestablish cytosine methylation after cell division.

9.1.3 Genetic interactions of DDM1 and the Pol IV pathway in 5S rDNA methylation.

Analysis of double mutants deficient for both DDM1 and the Pol IV pathway (Chapter 6)
showed that while DCL3 deficiency was not associated with reduced 5S rDNA methylation
of Hpa Il sites, the combination of DCL3 and DDM1 deficiencies had an additive effect.
That is, dcI3 ddm1 plants showed even more hypomethylation relative to wild type than did
ddm1 plants. Moreover, the ddm1 nrpdla and ddml rdr2 combinations also showed more
hypomethylation than ddm1. Thus, DDM1 and Pol IV pathway functions are not epistatic
with respect to methylation in Hpa Il sites of 5S rDNA repeats: two distinct processes
seem to account for this methylation. These findings are parsimonious with my model, in
which maintenance of CpG-methylation via MET1/DDM1, and RdDM via the Pol IV
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pathway are overlapping but distinct aspects of 5S rDNA methylation (Figure 22).
Following this view, DCL3 function in RADM -- and that of its putative siRNA products --
would be particularly apparent when maintenance methylation is impaired (in metl and
ddm1) or ineffectual (at asymmetric sites).

Based on their observations of FWA gene regulation, Chan et al. (2006a) proposed
that RdDM is reinforced by pre-existing DNA methylation in a feedback system that
enhances the stability of silencing. My work indicates that 5S rDNA genes are subject to a
different mechanism, in which siRNA accumulation via the Pol IV pathway is enhanced by
reduced CpG-methylation. Hundreds of distinct 5S rRNA genes showing heterogeneous
transcriptional activity are found on three different Arabidopsis chromosomes (Campell et
al., 1992; Cloix et al., 2000; Cloix et al., 2002). To understand how the Pol IV pathway
influences particular 5S rRNA gene arrays, one could compare large-scale smRNA
sequencing data to the sequences of different 5S rDNA repeat units, and thereby assess
their relative contributions to the siRNA pool (Rajagopalan et al., 2006; Kasschau et al.,
2007). This could, in turn, be compared to cytosine methylation profiles for particular
repeat units with similar sequence polymorphism. One could thus test whether RNA
silencing has disparate effects on different 5S rDNA repeat units, depending on their

respective levels of CpG-methylation.

9.1.4 Speculation: Regulatory overlap between CpG-methylation and the Pol IV
pathway.

The reduced weight of double mutants deficient for DDM1 and steps in the Pol IV pathway
(Chapter 6) suggests that these factors regulate genes that impact plant growth. The
relatively mild phenotypes in individual DDM1 and Pol IV pathway-deficient mutants imply
that such regulation would involve both silencing pathways. Interestingly, several studies
have uncovered effects of DNA methylation changes and RNA silencing on the plant
response to abiotic and biotic stress (Stokes et al., 2002; Borsani et al., 2005; Katiyar-
Agarwal et al., 2006; Sunkar et al., 2007). In particular, Stokes et al. (2002) recovered an
epiallele called bal from self-fertilized lineages of ddml. The bal phenotype, which
includes growth deficiency similar to what | observed in the double mutant lines, is linked
to hypomethylation and overexpression on an R-like gene, and may be due to constitutive
expression of pathogen response genes (Stokes et al., 2002; Stokes and Richards, 2002).
Theoretically, DNA methylation changes may be induced under stress conditions as an
adaptive response (Jablonka and Lamb, 1989; Finnegan, 2002; Arnholdt-Schmitt, 2004;

Madlung and Comai, 2004). In fact, common stress conditions, such as pathogen infection
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and low temperature, do cause hypomethylation of protein-coding genes and DNA repeat
elements in Arabidopsis and tobacco (Takeda et al., 2001; Wada et al., 2004; Pavet et al.,
2006; Boyko et al.,, 2007; Choi and Sano, 2007). Although speculative, the type of
mechanism that | proposed for 5S rDNA methylation (Figure 22) could regulate protein
coding genes after stress exposure and ensuing genomic hypomethylation by
reestablishing epigenetic marks via RdDM. Precedents for RADM triggered in the wake of
global hypomethylation include the superman and bonsai epialleles, which cause
developmental phenotypes linked to reorganization of methylation patterns in the

Arabidopsis genome (Jacobsen and Meyerowitz, 1997; Saze and Kakutani, 2007).
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9.2 Viral siRNA biogenesis during DNA virus infection

Understanding the RNA silencing response of plants to model viruses, such as CaLCuV
and CaMV, is economically significant because related viruses like Africa cassava mosaic
virus (Geminiviridae), and Banana streak virus (Caulimoviridae) cause severe crop losses
in Africa, Asia and Latin America (Agrios, 1997; Harper et al., 2002; Legg and Fauquet,
2004). A key feature of DNA virus infection in plants, is the accumulation of multiple size
classes of viral siRNAs. Having noticed similarities between these siRNA species and the
tandem repeat-derived siRNAs described above, | analyzed the same Arabidopsis mutant
panel after inoculation with DNA viruses, in order to dissect the genetic requirements for
viral siRNA biogenesis (Chapters 7 and 8). The mechanisms of DNA virus replication
allowed me to test whether viral siRNA biogenesis requires specific host RDRs, without
interference from a viral RARP like those required for RNA virus replication (Dalmay et al.,
2000; Hull, 2004). In addition, DNA viruses that infect mammals have been shown to
express miRNAs (Pfeffer et al., 2004; Sullivan et al., 2005), but it is not clear whether
stem-loop hairpin structures from plant virus transcripts can be processed like miRNAs.
The CaMV 35S RNA provides a case study for the role of DCL1 and viral transcript

structure in viral siRNA biogenesis.

9.2.1 Arabidopsis DCLs determine the size class of viral sSiRNAs

Production of smRNA duplexes requires upstream substrates that form dsRNA or hairpin
RNA molecules suitable for DCL activities, which then generate different size classes of
smRNAs (Matzke et al.,, 2001; Ambros and Chen, 2007). In Arabidopsis, repeat-
associated siRNA biogenesis is thought to require Pol IVa and RDR2 for production of
dsRNA that is subsequently processed by DCL3, whereas biogenesis of trans-acting
siRNAs is thought to require RDR6 to produce dsRNA for processing by DCL4 (Pontes et
al., 2006; Vaucheret, 2006). | did not find an obvious contribution of the putative RNA
polymerases RDR2, RDR6 or POL IVa to DNA virus-derived siRNA biogenesis. Recent
results suggest that mutants deficient in RDR1, RDR3, RDR4, and RDR5 do not show
altered accumulation of CaLCuV::Chll or CaMV siRNAs (personal communication, F.
Vazquez and M. Pooggin). Furthermore, although RDR1 is inducible by virus infection in
Arabidopsis, it was not found to be required for biogenesis of siRNAs derived from most
viruses that have been tested (Yu et al.,, 2003; Xie et al., 2004; Deleris et al., 2006).
Therefore, in contrast to repeat-associated and trans-acting siRNAs, it seems likely that no

member of the RDR family is individually required for viral siRNA biogenesis.
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DNA virus infection results in 21-24 nt siRNA production matching viral protein
coding and non-coding regions. These viral siRNAs accumulate in the same DCL-
determined manner as the equivalent size classes of endogenous species, while not
utilizing upstream parts of endogenous siRNA pathways. DCL2 appears to mediate
production of 22 nt siRNAs, DCL3 production of ~24 nt siRNAs and DCL4 production of 21
nt siRNAs (model, Figure 23). This suggests that Arabidopsis DCLs are versatile and
size-specific enzymes, which process various dsRNA substrates. Furthermore, it supports
a “branched” but generic pathway model, in which RNA substrates from different sources
are funneled through the same DCL step(s), culminating with HEN1 methylating smRNA
3’-ends, as illustrated in my work for DNA viruses, and shown earlier for endogenous
smRNAs (Boutet et al., 2003; Yu et al., 2005; Yang et al., 2006).

The relative contributions of DCL1 and DCL4 to viral siRNA biogenesis differed
between CalLCuV and CaMV. During CalLCuV infection, accumulation of 21 nt viral
siRNAs depended primarily on DCL4, whereas during CaMV infection the accumulation of
21 nt viral siRNAs was largely independent of DCL4. My data suggest that DCL1 mediates
siRNA production from the CaMV 35S RNA leader in wild-type plants, and from CaLCuV
dsRNA in triple mutant d234 plants. In contrast to DNA viruses, dsRNA from cytoplasmic
RNA viruses appears to be primarily targeted by DCL4 and DCL2, but rarely DCL3,
resulting in a pattern of ~21-22 nt siRNA accumulation (Deleris et al., 2006; Fusaro et al.,
2006; Diaz-Pendon et al., 2007). Thus, RNA substrates produced during infection with
diverse viruses are differentially targeted by subsets of all four Arabidopsis DCLs. A
possible explanation for abundant 24 nt viral siRNAs during DNA virus infection is the
replication and transcription of their genomes in the nucleus, where DCL3 seems to
localize and function (Xie et al., 2004; Pontes et al., 2006).

Whereas RNA viruses must produce sense and antisense copies of their genome
to replicate, only sense transcripts are required for DNA virus replication (Hull, 2004).
Therefore, Voinnet (2001) proposed two mechanisms for the production of viral dsRNAs
from DNA viruses: (i) the synthesis of “unintended”, overlapping sense/antisense
transcripts around the circular viral genome, or (ii) the activity of host-encoded RdRPs.
Geminivirus and caulimovirus infections both give rise to sense and antisense siRNAs
(Chapters 7 and 8), which implies the existence of longer dsRNA precursors. | observed
higher molecular weight RNAs of both sense and antisense polarity in d234 plants infected
with the DNA viruses, which may represent longer dsRNA intermediates. Given that
accumulation of DNA virus-derived siRNAs does not appear to be dependent on known
RDRs or Pol IVa, the above results support the first mechanism proposed by Voinnet,

namely, that overlapping RNA polymerase Il transcripts are the source of dsRNA for viral
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Figure 23. Model for DNA virus-derived siRNA biogeneis. Accumulation of
CaLCuV and CaMV-derived siRNAs does not require any particular known RDR in
Arabidopsis. However, overlapping sense / antisense transcription from the circular
viral genome could be an RDR-independent mechanism for viral dSsSRNA biogenesis.
Production of sense and antisense viral siRNAs is apparently mediated by DCL2,
DCL3 and DCL4 during DNA virus infection. Biogenesis of 21 nt CaMV siRNAs
appears to be mediated by DCL1 and/or DCL4, depending on the genomic region
from which they arise. The folded CaMV 35S RNA leader is a potential substrate for
DCL1. Alternatively, dsRNA molecules derived from the same genomic region could
be a source of DCL1 products. Based on the accumulation of viral siRNAs in hen1
mutant plants, their 3'-ends are likely methylated by HEN1 in the wild type. Regions
of overlapping sense / antisense transcription in the diagram are purely schematic.
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siRNA biogenesis (Figure 23). It should be pointed out, however, that this conclusion is
based on the assumption that there is no substantial redundancy within the RDR family for
viral siRNA biogenesis. The latter concern could be resolved, at least in part, by testing
double and triple mutants deficient for RDR1, RDR2 and RDRG6, which have established
functions in RNA silencing (Ding and Voinnet, 2007). In addition, the model could be
supported by detection and cloning of read-through transcripts in CaLCuV-infected plants.

There is evidence that overlapping sense and antisense transcripts are produced
during DNA virus infection in plants. Bidirectional RNA polymerase Il (Pol Il) promoters in
geminiviruses normally generate converging left- and rightward transcripts (Hanley-
Bowdoin et al., 2000; Shivaprasad et al., 2005). Thus, viral transcripts could extend
beyond their overlapping polyadenylation signals prior to cleavage and polyadenylation.
Degradation products of read-through transcripts have been detected for the geminivirus
promoter region (Shivaprasad et al., 2005). Although bi-directional transcription has not
been reported for caulimoviruses, the strong CaMV enhancers of 35S and 19S5 RNA
promoters (Driesen et al., 1993) could drive Pol Il transcription in the antisense direction.
Indeed, bidirectional transcription driven by the CaMV 35S core promoter was
documented for a reporter system in Arabidopsis (Xie et al., 2001a).

In conclusion, some enzymatic steps, including production of specific sSiRNA size
classes by four DCL proteins, and siRNA methylation by HEN1, appear to be shared by
viral and endogenous siRNA biogenesis pathways, whereas upstream steps of their

biogenesis are different.

9.2.2 Arrolefor DCL1 in processing viral RNAs

DCL1 was believed to function exclusively in the production of miRNAs from imperfect
stem-loop hairpin precursors (Reinhart et al., 2002; Finnegan et al., 2003; Kurihara and
Watanabe, 2004). My findings provide strong evidence that DCL1 also processes certain
longer viral dsRNAs into siRNAs. | detected sense and antisense 21 nt siRNAs derived
from the CaLCuV::Chll genome in the triple mutant d234, which is deficient for DCL2,
DCL3, and DCL4. Processing of CaLCuV dsRNA in d234 appears to be less efficient than
in infected wild-type plants, because larger viral RNA intermediates of sense and
antisense polarity accumulated in addition to 21 nt siRNAs in infected d234 plants. In a
recent study using a d234 mutant similar to mine, Henderson et al. (2006) observed
accumulation of 21 nt siRNAs derived from the endogenous inverted repeat IR71,
dispersed repeat AtSN1 and tandem repeat TR2558. They interpreted this as evidence

that DCL1 can process endogenous long hairpin RNAs and dsRNA (Henderson et al.,
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2006). Our findings are consistent and support the hypothesis that DCL1 can process a
diverse set of dsRNA or long hairpin RNAs of endogenous and viral origin. However, the
abovementioned siRNAs were only observed as a weak signal in d234 lines, while DCL3
and DCL4 appear to be primarily responsible for siRNA production from the corresponding
substrates in wild-type plants (Gasciolli et al., 2005; Xie et al., 2005; Bouche et al., 2006;
Henderson et al., 2006). This raises the question, would DCL1 ever be a “default” DCL for
processing viral precursors, even when other DCLs are not mutated?

The structured 35S RNA leader of CaMV seems to be exactly such a case. Almost
all viral siRNAs (94%) sequenced from infected wild-type Arabidopsis matched the leader,
and a similar fraction of viral siRNAs (90%) were sequenced from that region using d234
plants (Chapter 8). Furthermore, a large portion of leader-derived siRNAs are 21 nt long in
the wild type, and show reduced accumulation in dcl1-9. Finally, alignment of leader-
derived sequences to the CaMV genome (Chapter 8) identified three major hotspots for
siRNA accumulation, which persist in the alignment of siRNAs sequenced from d234.
Thus, the 35S RNA leader region is the principal source for viral siRNA biogenesis, and
DCL1 appears to be sufficient for this processing, although one cannot rule out
involvement of other, unidentified proteins with RNase Il activity.

Whether plant DNA viruses, like some of their animal counterparts (Pfeffer et al.,
2005; Sullivan et al., 2005), code for true miRNAs is an important question: the targeting of
host transcripts by virus-encoded miRNAs, perhaps in order to reprogram host gene
expression, would have implications for both viral and host evolution (Ding and Voinnet,
2007). Plant miRNAs function by targeting endogenous transcripts for cleavage (Llave et
al., 2002). Interestingly, 21 nt smRNA species derived from a region of the CaMV 35S
leader (annotated L2 in my work), were recently implicated in cleavage of an Arabidopsis
MRNA called RCC1 (Moissiard and Voinnet, 2006). The biological significance of this
cleavage -- either for virus or host -- is unclear, since plants deficient for RCC1 were
neither more nor less susceptible to CaMV infection (Moissiard and Voinnet, 2006). But
this is the first candidate for a virus-encoded miRNA that would regulate plant host gene
expression and potentially effect the plant-pathogen interaction.

Although my study is the first to describe the sequencing of viral siRNAs from DNA
virus-infected plants, smRNAs have been cloned from plants infected with RNA viruses.
For example, analysis of tobacco infected with Cymbidium ringspot tombusvirus
(CymRSV) led to the discovery of hotspots for viral siRNA accumulation, which showed
non-random distribution along the RNA genome and correlated with structured RNA
regions (Molnar et al., 2005). Genomic hotspots for viral siRNAs were also observed in

Brassica juncea infected with Turnip mosaic virus (Ho et al., 2007). Together, these
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studies show that hotspots for viral siRNA accumulation are not specific to CaMV infection.
A tempting conjecture is that folded structures in the 35S RNA leader -- or similar
structures of RNA virus genomes -- are recognized as miRNA precursor-like substrates by
DCL1 and its orthologs in other plants. In the CaMV case, this could be tested using
mutated constructs that produce infectious viruses with modified base-pairing in stem
sections of the 35S RNA leader (Pooggin et al., 1998).

Moissiard and Voinnet (2006) argue, based on the overall lower titer of CaMV
siRNAs detected in infected dcl1-9 compared to the wild type, that DCL1 is not directly
involved in processing leader-derived siRNAs, but facilitates their biogenesis by other
DCLs. This hypothesis is not consistent with my data: (i) The abundance of 21 nt viral
siRNAs was reduced compared to 22 / 24 nt signals from two different regions of the
leader in infected dcl1-9. (ii) Infected quadruple dcl-mutants accumulate less 21 nt leader
siRNAs than the d234 triple mutant. (iii) The global pattern of 21 nt siRNAs matching the
35S RNA leader was qualitatively similar in d234 and wild-type plants. These findings
suggests that DCL1, rather than simply facilitating siRNA biogenesis by other DCLs,
actually mediates production of a 21 nt class of viral siRNAs. Significantly, the
predominant size class of bona fide miRNAs in Arabidopsis (Rajagopalan et al., 2006),
which are thought to be DCL1 products (Kurihara and Watanabe, 2004), is also 21 nt.

A model to explain CaMV-derived smRNA biogenesis need not exclude a direct
role for DCL1. In the endogenous miRNA pathway (Figure 2A), precursor transcripts
appear to be first processed by DCL1, producing pre-miRNA hairpins, and then cut again
by DCL1 to generate ~21 nt miRNAs (Kurihara and Watanabe, 2004). Thus, dual DCL1
functions in processing viral RNA might be expected. Based on these considerations, my
model (Figure 23) incorporates multiple routes for CaMV-derived smRNA biogenesis: (i)
direct processing of the 35S RNA by DCL1, (ii) subsequent processing of the 35S RNA
leader by other DCLs, and (iii) an alternative route of dsRNA production by
sense/antisense transcription about the circular viral genome, followed by processing by
multiple DCLs. The third route reflects the fact that a significant portion of CaMV smRNAs
are likely produced from dsRNA; sense and antisense strands were detected for each size
class. Specific PCR amplification of sense and antisense cDNA species could be used to
test this supposition, following methods applied to repeat-derived dsRNA in Drosophila
and Arabidopsis (Aravin et al., 2001; Mette et al., 2005). CaMV-derived dsRNA should
overaccumulate in d234, due to lack of processing by DCL2, DCL3 and DCLA4.

In conclusion, viral siRNA biogenesis during plant DNA virus infection does not

appear to require an RDR protein; instead, distinctive features of these viruses, including
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overlapping sense/antisense transcription and folding of viral transcripts into secondary

structures, might produce substrates for DCL activities.

9.2.3 Function of DNA virus-derived siRNAs

In current models for RNA silencing pathways in Arabidopsis (summarized, Figure 2),
siRNAs program AGO-RISC complexes to cleave specific RNA transcripts, or presumably,
guide histone modifications and DNA methylation to specific genomic sequences. My
results show that the mutation dcl4, which causes deficiency for biogenesis of 21 nt
siRNAs, impairs VIGS targeting the endogenous CHLI mRNA. This is consistent with the
proposed function of DCL4 in RNA silencing induced by inverted-repeats (Dunoyer et al.,
2005; Fusaro et al., 2006; Dunoyer et al., 2007), and its role in VIGS mediated by RNA
viruses (Deleris et al., 2006). A partial loss-of-function mutant for AGO1 was previously
reported to show delayed onset of VIGS targeting CHLI (Muangsan et al., 2004). Because
AGO1 has an activity that can slice an mRNA target of miR165 (Baumberger and
Baulcombe, 2005) and preferentially associates with 21 nt smRNAs (Qi et al., 2006), one
can hypothesize that geminivirus-derived, 21 nt siRNAs program AGO1 to cleave the CHLI
mRNA. Supporting this idea, viral siRNAs have been co-precipitated with AGO1 protein
(Zhang et al., 2006a). Furthermore, siRNAs derived from CymRSV co-fractionate in two
protein complexes that likely correspond to free AGO1, and partially or fully assembled
RISC (Pantaleo et al., 2007). In conclusion, available evidence suggests that AGO1
functions in effector complexes that mediate VIGS and defense against viruses in
Arabidopsis, which are programmed, at least in part, by 21 nt products of DCL4.

Using the CaLCuV::Chll vector, | showed that establishment and/or maintenance of
the chlorata VIGS phenotype requires DCL4 and RDR6. DCL1, DCL2, and DCL3 present
in combinations or individually are apparently sufficient, in DCL4-deficient plants, to
produce viral siRNAs and support reduction of CHLI transcript levels, but not to trigger the
chlorata phenotype. One possible explanation is that DCL4-dependent, 21 nt siRNAs
spread into the shoot apical meristem, from which viruses are usually excluded, to trigger
CHLI silencing and the chlorata phenotype. Dunoyer et al. (2005) found that cell-to-cell
spread of silencing triggered by inverted-repeat transgenes requires DCL4 and is
correlated with the accumulation of 21 nt but not 24 nt siRNAs. They proposed that 21 nt
siRNAs are short-range silencing signals and that long-range silencing signals require
RDR6-mediated amplification. Although speculative, a cooperative role for DCL4 and
RDRG6 in VIGS spread is supported by observations of other groups using transgene

silencing inducers (Dunoyer et al., 2005; Dunoyer et al., 2007; Smith et al., 2007).
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It is widely reported that siRNA biogenesis pathways function to protect plants
against infection by viruses (Ding and Voinnet, 2007). If this is true, blocking these
pathways should increase plant susceptibility to infection, accumulation of viral RNA
and/or viral symptom severity. Indeed, infection with an RNA virus, Cucumber Mosaic
Virus (CMV), showed enhanced viral symptoms in d234 compared to the wild type
(Bouche et al., 2006; Fusaro et al., 2006; Diaz-Pendon et al., 2007). In addition, genomic
RNA of the viruses TCV and CMV overaccumulated in infected double mutant d24 plants
compared to the wild type, implicating DCL2 and DCL4 products in antiviral defense
(Deleris et al., 2006; Diaz-Pendon et al., 2007).

Surprisingly, mutations in RNA silencing-related genes — e.g., the triple mutant
d234 -- did not result in hypersusceptibility to CaLCuV::Chll or CaMV infection (Chapters 7
and 8). Defense mediated by RNA silencing may be less efficient against DNA viruses,
given that their genomes are not expected to be cleaved by siRNA-programmed RISCs.
But a role for RNA silencing in defense against geminiviruses is implied by the existence
of geminivirus-encoded silencing suppressors (Voinnet et al., 1999; Trinks et al., 2005),
and the protection conveyed by transgenes expressing dsRNA homologous to
geminiviruses (Pooggin and Hohn, 2004). More importantly, it is a feature of viral infection
in plants, that silencing suppression can mask hypersusceptibility in RNA silencing-
deficient mutants when compared to the wild type. For example, Diaz-Pendon et al. (2007)
found the clearest difference in viral susceptibility when they compared wild-type and d234
plants infected with a suppressor-deleted strain of CMV, and only a subtle difference using
the suppressor-expressing CMV strain.

In future experiments, CaLCuV constructs deficient for the viral suppressor, AC2,
could be used to test whether enhanced viral replication or symptoms occurs in d234. Until
such data are available, a judgment on the function of DCL2, DCL3 and DCL4 in defense
against geminivirus infection would be premature. In contrast, CaMV-infected d234 plants
accumulated higher titers of viral molecules, including the 35S RNA and viral coat protein,
than infected wild-type or single dcl-mutant plants (Moissiard and Voinnet, 2006). That
these differences were modest and not accompanied by enhanced CaMV symptoms, may
be in part due to DCL1, which is present in d234. In conclusion, a combination of siRNA

products from four DCLs may contribute to limit CaMV replication.
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9.3 Concluding remarks

RNA silencing mediated by smRNAs has many functions in eukaryotes (Almeida and
Allshire, 2005; Baulcombe, 2005). Understanding smRNA biogenesis is therefore of
growing interest to diverse biological fields, including development, cell biology,
epigenetics and virology (Meins et al., 2005; Ding and Voinnet, 2007; Lawrie, 2007).

| found that accumulation of specific size classes of endogenous and viral sSiRNAs
depends on particular Arabidopsis DCLs: 22 nt siRNAs on DCL2, ~24 nt siRNAs on DCL3,
and 21 nt siRNAs on DCL4 or DCL1. This is consistent with the finding that distinct
activities produce 21 and 24 nt siRNAs in wheat germ extracts (Tang and Zamore, 2004),
and suggests that each plant DCL processes dsRNA into a specific sSiRNA size class. The
large repertoire of Arabidopsis siRNAs is probably typical for flowering plants, because the
genomes of many angiosperms encode four or more DCLs (Margis et al., 2006).

In Arabidopsis, the Pol IV pathway is required for biogenesis of siRNAs derived
from genomic tandem repeats, shown here for methylated 180 bp and 5S rDNA arrays.
While DCL3 is an integral component of the Pol IV pathway, other members of the DCL
family are partially redundant for production of repeat-derived siRNAs. The role of these
siRNAs in 5S rDNA methylation seems to be sequence-context sensitive, being
particularly important for asymmetric sites (Pontes et al., 2006). My working hypothesis is
that methylation in symmetric sites does not require high siRNA titers, because it is
independently maintained by CMT3 and MET1 in concert with DDM1. To quantify these
differences, DNA from wild-type and quadruple dcl-mutant plants could be used for
bisulfite sequencing analysis of 5S rDNA, as described by Fulnecek et al. (2002).

An epigenetic state maintained by MET1 and DDM1 -- perhaps hypermethylation
of CpG sites -- represses accumulation of Pol IV-dependent siRNAs derived from 5S
rDNA, suggesting a link between these distinct silencing mechanisms (Figure 22). The
overlap of DDM1 and Pol IV contributions to DNA methylation may have biological
functions: regulation of “minor” transcript titer in the 5S rRNA pool (Vaillant et al., 2007b),
reestablishment of epigenetic marks after genomic hypomethylation (Saze and Kakutani,
2007), and control of transposable element activity (Lippman et al., 2003). In future
experiments, it will be important to analyze single-copy genes in my double mutant series,
to see whether DDM1 and Pol IV functions overlap to regulate their expression. One
candidate is the R-like gene which is overexpressed in bal epialleles (Stokes et al., 2002);
their phenotype is similar to that of my ddm1 nrpdla and ddml rdr2 lines.

In mammals, proteins with analogous function mediate DNA methylation of

repeats, although there are also key differences from plant pathways. The mammalian
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ortholog of DDM1, Lsh, is required for normal murine development and methylation of
repetitive elements in the mouse genome (Geiman et al., 2001; De La Fuente et al., 2006).
Although mice do not have a Pol IV pathway, a process involving 26-31 nt “piRNAs” and
associated PIWI proteins silences transposable elements in testes (Aravin et al., 2007)
and perhaps other tissues (Ro et al., 2007). Since the mechanism that targets Lsh to
repeats is unknown (Huang et al., 2004), it would be interesting to test whether piRNA
function or expression is linked to Lsh.

RNA silencing in various eukaryotes involves an RdRP (Wassenegger and Krczal,
2006). In fission yeast and Tetrahymena, the production of endogenous siRNAs by Dicer
is physically and functionally coupled to RdRP proteins and dsRNA biogenesis
(Colmenares et al., 2007; Lee and Collins, 2007). The plant Pol IV pathway, which is
similar to RNAI in fission yeast (Pikaard, 2006), may involve such a coupling of RDR2 and
DCL3. This would explain the bias of tandem repeat-derived siRNAs towards the 24 nt
size class. But this coupling could not be absolute, since DCL3-mediated production of
viral siRNAs occurs independently of upstream components from the Pol IV pathway.

During CaMV infection siRNAs accumulate from three major hotspots
corresponding to two stem sections of the 35S RNA leader region. Data from dcl-mutants
suggest that DCL1 mediates production of a significant fraction of these siRNAs,
facilitating access for processing by other DCLs, whose siRNA products may limit CaMV
replication (Chapter 8 and Moissiard and Voinnet, 2006). Conversely, viral siRNAs that
regulate host gene expression may be amongst the abundant 35S RNA leader species
(Moissiard and Voinnet, 2006). These preliminary investigations raise the intriguing
possibility that expression of certain viral siRNAs (miRNAs?) enhance CaMV fitness,

whereas other siRNAs derived from the same transcript restrict viral infection.
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Appendices Figure A2.
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Figure A3.  Probe sequences for DNA blot hybridization
(i) 5S rDNA repeat (1x in pCRII plasmid):

e EcoRl restriction sites of the pCRII plasmid are shown in UPPERCASE letters.
¢ Hpall restriction sites used for the DNA methylation analysis are in blue.
e Sequences corresponding to siRNAs cloned from Arabidopsis are shown in red.

GAATTCgcccttccecctccgecgaaagagcaggacaatgtaacttctcecattgactttttgtcgacecccaaattt
tgacctttaactactttttcgggcattttecgtgatttgagctatattacggacccaaaattacttgttcaage
attgttttcgaattttttcatgcatcaaagctcgttaagactagatggggtatccctacatagegggtgggac
ccacggcgaatggttcatcaagtcttcaaaaaagaatatatacgattgcattgcatatactaacggatgtgat
cataccagcactaatgcaccggatcccatcagaactccgcagttaagegtgecttgggcgagagtagtactagg
atgggtgacctccecgggaagtcctecgtgttgcatcecctettttatgtttaacctttttttttttggttaaaac
tttatgactctataacttctataccgtgaggccaaacttggcatgtgataccttttcggaaagcccaaagaca
gaagggcGAATTC

(ii) 180-bp satellite repeats (2x in pSK plasmid):

o HindlIl restriction sites from the satellite repeats are shown in UPPERCASE.
¢ Hpall restriction sites used for the DNA methylation analysis are in blue.
e Sequences corresponding to siRNAs cloned from Arabidopsis are shown in red.

AAGCTTtcatggtgtagccaaagtccatatgagtctttggctttgtgtcttctaacaaggaaacactacttag
gcttataagatCeggttgcgatttatgttcttatactcaatcatacacatgagatcaagtcatattcgactcc
aaaacactaaccaaccttcttcecttgettctcaAAGCTTtcatggtgtageccaaagtccatatgagtectttgge
tttgtgtcttctaacaaggaaacactacttaggcttataagatCeggttgcgatttatgttcttatactcaat
catacacatgagatcaagtcatattcgactccaaaacactaaccaaccttcttecttgettctcAAGCTT
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Table A1. Probes for RNA blot hybridization

Probe name

Detects

Sequence

CaLCuV AC2s
CaLCuV AC2 as

CalLCuV AC4 s
CalLCuV AC4 as

CaLCuV Chll s
CaLCuV Chll as

CaMV L1 as
CaMV L1 s

CaMV L2 as
CaMV L2 s

CaMV L3 as
CaMV L3 s

CaMV TAV as
CaMV TAV s

miR173 as
miR173* as

siR1003 as
siR1003 s

siR255 as
siR255* as

ue6-I
ue6-II

viral transcript sense
antisense polarity

viral transcript sense
antisense polarity

viral transcript sense
antisense polarity

viral transcript sense
antisense polarity

viral transcript sense
antisense polarity

viral transcript sense
antisense polarity

viral transcript sense
antisense polarity

guide strand
passenger strand

sense strand
antisense strand

guide strand
passenger strand

5’-TGGAGGAAGATAGAACACCCGCAGTTC-3
5’-GAACTGCGGGTGTTCTATCTTCCTCCA-3

5-TGETGATGTAATTCTTGACGGCATTGGTGTCT-3’
5’-AGACACCAATGCCGTCAAGAATTACATCACCA-3’

5’-AATATGGTTGATCTTCCTTTGGGTGCAACAG-3’
5’-CTGTTGCACCCAAAGGAAGATCAACCATATT-3

5'-GAAACCCTATAAGAACCCTAATTCCCTTATCTGGGAACTACTC-3'
5'-GAGTAGTTCCCAGATAAGGGAATTAGGGTTCTTATAGGGTTTC-3'

5-CTTCCTTGTCTTCCTCCTTC-3’
5’-GAAGGAGGAAGACAAGGAAG-3’

5-AGTCETCTCETCTCTGETTTATAT-3’
5-ATATAAACCAGACACGAGACGACT-3

5-TCAACGGATTTGTTGATTCTTTACCAGGAGCCGTTTGCTCTGG-3’
5'-CCAGAGCAAACGGCTCCTGGTAAAGAATCAACAAATCCGTTGA-3’

5-GTGATTTCTCTCTGCAAGCGAA-3’
5-CTTTCGCTTACACAGAGAATC-3’

5-ATGCCAAGTTTGGCCTCACGGTCT-3
5’-AGACCGTGAGGCCAAACTTGGCAT-3’

5’-TACGCTATGTTGGACTTAGAA-3’
5-TATTCTAAGTCCAACATAGCG-3’

5’-GGCCATGCTAATCTTCTCTGTATCGTT-3’
5-CCAATTTTATCGGATGTCCCCGAAGGGAC-3
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Table A2. Primer sequences for genotyping Arabidopsis strains

Primer name

Sequence

Predicted T, (°C)

dcl1_geno_F1
dcl1_geno_R1

LB-pGV_CAF1_2

dcl2_geno_F2
dcl2_geno_R2
dcl3-1_geno_F1
dcl3-1_geno_R1
nrpd1_geno_F1
nrpd1_geno_R1
rdr2-1_geno_F1
rdr2-1_geno_R1
rdr2-2_geno_F1
rdr2-2_geno_R1
LB-new_SALK
LBb1_SAIL

dcl3-2_geno_F1
dcl3-2_geno_R1
dcl4_geno_F1
dcl4_geno_R1
GABI_8409A

ddm1-2_F1
ddm1-2_R1

5’-TAATGCGGGAGAGGATCAAGG-3’
5-AGTAGAAGAACCGCAGCTGAATC-3'
5-GACACACACATCATCTCATTGATGCTTGG-3’

5’-AACCCAAAGGTTGGATGGTTCCAGG-3’
5'-AAGATATATCGGATTCCCATCCGAAAGTGG-3’
5-TGTCTATCGACTACAGAGAGATTTTGCATTGC-3’
5'-TGCGGCAAATACACCCCAATGG-3’
5-TGTTCATTCAGTTACAAGTCGTG-3’
5-TTCACCTTTTTGATCCCTTGATC-3'
5'-ATGGTGTCAGAGACGACGACG-3’
5’-CAGAAGCGTCACCATTAACACAAC-3
5'-CTGATCGCGAGATTTCAGTTC-3’
5’-AGAAGATTGGAGCAAGCTTCC-3
5'-GACTCTTGTTCCAAACTGGAACAACACTCAACC-3’
5'-TAGCATCTGAATTTCATAACCAATCTCGATACA-3’

5’-GTCAGAGATCACTAAGAGGCTTATCAAAGC-3’
5-TAGTTTCAGGAATGCACTTCTAAGGACATCC-3’
5’-GGCTGCACAGCTGATGATTACAA-3
5-GCCGCTCGAGATCATCAGCAAAGGAAT-3’
5’-TCTCCATATTGACCATCATACTCATT-3’

5-GCTGGAAGGGAAAGCTTAACAACC-3’
5 -ACACTGCCATCGATTCTGCAAACC-3’

56.4 °C
56.9 °C
59.6 °C

61.4°C
59.5°C
59.7 °C
60.7 °C
53.2°C
53.3°C
58.9 °C
56.6 °C
53.6 °C
55.1°C
62.1°C
60.0 °C

58.4 °C
59.6 °C
57.9°C
62.6 °C
53.7 °C

58.4 °C
60.1°C
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File Al. Perl script for BLAST filtering and smRNA size distributions

#!/bin/perl

# INPUT: Requires a tab-delimited BLAST report,

# in format

[Condition-Genotype-ID-Value-Sizel]

my $current smRNA = '';
my @fwd = (0, O,
my @rev = (0, O,

my %tab size = (

while (<>)

print
print
print
print
print

o, 0o, 0, 0, 0, 0, O, 0, 0, O,
o, o, 0, 0, 0, 0, O, 0, 0, O,
"15"=50,

"l6m=>1,

n17=>2,

"18"=>3,

"19M=>4,

"20"=>5,

"21"=>6,

"221=>7,

"23"=>8,

"24"=59,

"25"=>10,

"26"=>11,

"271=>12) ;

chomp;

my
my
my

if

}

"# Matches
jOiIl (n\tn
n\nn,.

"# Matches
jOiIl (n\tn

@hit = split (/\t/);
Svalue = $4;
Sclass $5;

with smRNA labels

{
if (/7 (O\w+) - (\w+) - (\d+) - (\d+) - (\d+) /) {

(Scurrent smRNA ne $3 && $Sclass

Scurrent smRNA = $3;
print "$ \tsclass\tsvalue\n";
if (shit[8] < shit[9]) {

$fwd[$tab_size{"$class"}]
$fwd[$tab_size{"$class"}]

}
else {

$rev[$tab size{"S$class"}]
$rev[$tab size{"$class"}]

to the forward strand ";
,@fwd) ;

to the reverse strand = ";
,@rev) ;

+

== Shit[3])

Svalue;

Svalue;

{
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File A2. Perl script for Mapping siRNAs to the CaMV genome
#!/bin/perl
# INPUT: Requires tab-delimited BLAST report, processed by File Al.

This hash serves to select the appropriate column of an
array of arrays data structure (the @smRNA matrix) .

The sign indicates sense or antisense orientation of the
BLAST hit with respect to the database, whereas the
number is the size class of the smRNA being counted.

HH H H HH

my S$bin num = 8000; # number of bing (height of matrix) ;
my S$bin width = 1; # width (size in bp) of bins
my Soffset = 0; # offset from 0 in bins

my %graph =("+20"=>0,

"y21M=>1,
"422M=52,
"423M=53,
"424M=54,
"425M=55,
"-20"=>6,
n-21"=>7,
n-22n=58,
n-23"=59,
"-24"=510,
"-25"=>11) ;

# Initialization of the $bin num by 12 @smRNA matrix to 0 values:

# This matrix will store counts of smRNA starting in particular

# bins (sbin width bp each) of the database seq, according to their
# size class as cloned (20-25 nt).

my @smRNA matrix;
for (my $i = Soffset; $i < ($bin num + Soffset); $i++)
@smRNA matrix[$i] = [0, O, O, O, O, O, O, O, O, O, O, O];

}

This routine reads the blast hit table.data file,

extracts important fields from the tabular format into @hit
and proceeds to populate the @smRNA matrix with tallies of
cloned smRNAs corresponding to bins with size classes and
sense/antisense orientation being recorded.

H H H HH

while (<>) {
chomp $_;
my @hit = split(/\t/);
S$start = $hit[3];
for (my $i = Soffset; $i < ($bin num + Soffset); $i++)

my S$bin = $i * $bin width;

my S$strand size = "$hit[8]"."Shit [5]";
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if ( ($start >= $bin) && ($start < ($bin + $bin width)) ) {
$SmRNA matrix[$i] [$graph{$strand size}] += $hit[6];

}
}

# This routine prints out the @smRNA matrix in a tabular format
# that is easily converted to a graph by Excel, etc.

for (my $i = Soffset; $i < ($bin num + Soffset); $i++)
for (my $j = 0; $3 < 12; $j++) {
print "$smRNA matrix[$i] [$]1\t";

}

print "\n";
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