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expressed.
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Small RNA molecules have been found to be specifically
associated with posttranscriptional gene silencing (PTGS)
in both plants and animals. Here, we find that small

and that su
ing to seque
in this proc
polymerase
for PTGS in
2000), fung
(Smardon et
can recogni
posons and
obtained us
that dsRNA
21–23 nucl
contains bo
(Zamore at
small RNA
induced sil
1999), sugge

Small sense/antisense al-1 RNA molecules are
associated with quelling
S AS WT Q
25nt

Sense RNA probe

25nt

AntiSense RNA probe
Sense RNA probe
Antisense RNA probe
3’ al-1 endogenous mRNA

5’
al-1 transgenic costruct

Chimeric transgenic transcripts are templates for
production of small RNAs
oligos
S AS WT Q
25nt

Sense RNA probe

25nt

AntiSense RNA probe
3’ al-1 endogenous mRNA

5’
5’

Antisense RNA probe

Sense RNA probe
al-1 transgenic construct

3’ al-1 transgenic RNA

Small RNAs are also present in qde-2 mutants
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• qde-1 and qde-3 are involved in steps that are
upstream in the silencing pathway
• qde-2 is not involved in the generation of small
RNA molecules
• Although the small RNA are present in a qde-2
mutant background, the target mRNA is NOT
degraded
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NAs are recognized and cleaved by the ribonucleaseomain-containing enzyme Dicer to generate 20–25
eotide (nt) small-interfering RNA (siRNA) duplexes
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Single-stranded
small
interfering
RNAproduces
(siRNA) guides
the cleavage
of homologous
mRNA helps
by Argonaute
The slicing
activity
of Ago
a nicked
siRNA
duplex, which
proteins, the catalytic core of the RNA-induced silencing complex (RISC), in the conserved RNA interference
the exonuclease
(RNAi) pathway. The separation of the siRNA duplex into single strands is essential for the activation of
RISC. Previous biochemical studies have suggested that Argonaute proteins cleave and remove the passenger
strand of siRNA
fromthe
RISC,
but the in vivo
importance
this process
and the
mechanism for the
toduplex
remove
passenger
strand
of theofsiRNA
duplex,
provoking
removal of the nicked passenger strand are not known. Here, we show that in the filamentous fungus
the activation
of thehomolog
RISC Complex
. slicer function are required for the generation of
Neurospora,
the Argonaute
QDE-2 and its
single-stranded siRNA and gene silencing in vivo. Biochemical purification of QDE-2 led to the identification
of QIP, a QDE-2-interacting protein, with an exonuclease domain. The disruption of qip in Neurospora
impaired gene silencing and siRNA accumulated, mostly in nicked duplex form. Furthermore, our results
suggest that QIP acts as an exonuclease that cleaves and removes the nicked passenger strand from siRNA
duplex in a QDE-2-dependent manner. Together, these results suggest that both the cleavage and removal of
the passenger strand from the siRNA duplex are important steps in RNAi pathways.
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INTRODUCTION
RPA-1 is a nuclear protein. QDE-1not
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ABSTRACT

been suggested that they may produce aberrant
transcripts (aRNA) that are converted by an RNAdependent RNA polymerase (RdRP) into doublestranded RNA (dsRNA), the essential intermediate
of PTGS. However, how RdRP enzymes recognize
aberrant transcripts remains a key question. Here
we show that in Neurospora crassa the RdRP QDE-1
interacts with Replication Protein A (RPA), part of
the DNA replication machinery. We show that both
QDE-1 and RPA are nuclear proteins and that QDE-1
is specifically recruited onto the repetitive transgenic loci. We speculate that this localization of
QDE-1 could allow the in situ production of dsRNA
using transgenic nascent transcripts as templates,
as in other systems. Supporting a link between

silencing (PTGS) of repetitive sequences and that play
roles varying from genome defence against viruses and
transposons, to development and chromosomal segregation (1,2). In the last few years, the details of how
homologous transcripts are either degraded or translationally repressed during PTGS have been largely worked
out. A fundamental intermediate, common to all forms
of PTGS, is the production of a double-stranded RNA
(dsRNA) which is then processed by the RNAse III
enzyme Dicer into short interfering RNAs (siRNAs)
or microRNAs (miRNAs) (3,4). The subsequent processing of siRNAs and miRNAs and their mode of binding
through homology to their target transcripts are widely
conserved through several organisms and great progress
has been made in working out the details of these processes. However, one of the few remaining open questions
concerns events upstream of the production of dsRNA—

RPA-1 is essential in DNA replication.
Accumulation of siRNAs, the hallmarks of silencing, is dependent
on both QDE-1 and the RecQ DNA helicase QDE-3.
This accumulationof siRNA is also blocked in the absence of
replication.
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Requiring Replication Protein A and a DNA Helicase
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QDE-3 could be involved in the recognition of exogenous DNA and the generation
of aRNA by recruiting QDE-1 to the ssDNA resulting from aberrant DNA structures,
Abstract
produced
during replication or recombination of repetitive sequences
The production of aberrant RNA (aRNA) is the initial step in several RNAi pathways. How aRNA is produced and specifically
recognized by RNA-dependent RNA polymerases (RdRPs) to generate double-stranded RNA (dsRNA) is not clear. We
The
synthesis
of the
hasfungus
been
traditionally
to RNA
polymerase
previously
showed that
in theaRNA
filamentous
Neurospora,
the RdRP assigned
QDE-1 is required
for rDNA-specific
aRNA II,
production, suggesting that QDE-1 may be important in aRNA synthesis. Here we show that a recombinant QDE-1 is both an
which
would transcribe the ssDNA template to produce the aRNA used by QDE-1
RdRP and a DNA-dependent RNA polymerase (DdRP). Its DdRP activity is much more robust than the RdRP activity and
occurs
on ssDNA but
not dsDNA templates. We further show that Replication Protein A (RPA), a single-stranded DNAto
generate
dsRNA
binding complex that interacts with QDE-1, is essential for aRNA production and gene silencing. In vitro reconstitution
assays demonstrate that QDE-1 can produce dsRNA from ssDNA, a process that is strongly promoted by RPA. Furthermore,
The
crystalbetween
structure
of QDE-1
has
revealed
thatQDE-3,
its catalytic
is structurally
the interaction
QDE-1 and
RPA requires
the RecQ
DNA helicase
a homolog of core
the human
Werner/Bloom
Syndrometo
proteins.
Together, these
results suggest a novel
smallpolymerases
RNA biogenesis pathway
in Neurospora
a new
similar
eukaryotic
DNA-dependent
RNA
(DdRPs)
ratherandthan
mechanism for the production of aRNA and dsRNA in RNAi pathways.

viral RdRPs

These finding suggested that QDE-1 could be both an RdRP
and aEditor:
DdRP,
required
both
for
the synthesis of the aRNA and
Academic
Martinbeing
Egli, Vanderbilt
University, United
States of
America
Received
June 1, 2010; AccepteddsRNA
August 16, 2010;
Published October 5,this
2010 dual activity of QDE-1 has been
the subsequent
production;
Copyright: ! 2010 Lee et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
experimentally
demonstrated
use,
distribution, and reproduction
in any medium, provided the original author and source are credited.

Citation: Lee H-C, Aalto AP, Yang Q, Chang S-S, Huang G, et al. (2010) The DNA/RNA-Dependent RNA Polymerase QDE-1 Generates Aberrant RNA and dsRNA for
RNAi in a Process Requiring Replication Protein A and a DNA Helicase. PLoS Biol 8(10): e1000496. doi:10.1371/journal.pbio.1000496

 Furthermore we have demonstrated that the

efficiency of quelling depends on copy number

 Depends also from the expression of Qde1.
 Overexpression of qde1 gene produce a much higher
efficiency of quelling
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The DNA/RNA-Dependent RNA Polymerase QDE-1
Generates Aberrant RNA and dsRNA for RNAi in a Process
Requiring Replication Protein A and a DNA Helicase
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The synthesis of the aRNA has been traditionally assigned to
RNA polymerase II, which would transcribe the ssDNA
Abstract
template to produce the aRNA used by QDE-1 to generate
The production of aberrant RNA (aRNA) is the initial step in several RNAi pathways. How aRNA is produced and specifically
dsRNA.
recognized
by RNA-dependent RNA polymerases (RdRPs) to generate double-stranded RNA (dsRNA) is not clear. We
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DNARdRP catalytic
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RNAstructurally
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Its DdRP activity
is much more robust
than the RdRP activity and
occurs on ssDNA but not dsDNA templates. We further show that Replication Protein A (RPA), a single-stranded DNAdependent RNA polymerases (DdRPs) rather than viral
binding complex that interacts with QDE-1, is essential for aRNA production and gene silencing. In vitro reconstitution
assaysRdRPs.
demonstrate that QDE-1 can produce dsRNA from ssDNA, a process that is strongly promoted by RPA. Furthermore,
the interaction between QDE-1 and RPA requires the RecQ DNA helicase QDE-3, a homolog of the human Werner/Bloom
These
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proteins.
Together,suggest
these resultsthat
suggest
a novel small
RNA be
biogenesis
in Neurospora and a new
mechanism for the production of aRNA and dsRNA in RNAi pathways.
and a DdRP, being required both for the synthesis of the
subsequent
dsRNA
production.
Citation:aRNA
Lee H-C, Aaltoand
AP, Yangthe
Q, Chang
S-S, Huang G, et al. (2010)
The DNA/RNA-Dependent
RNA Polymerase QDE-1 Generates Aberrant RNA and dsRNA for
RNAi in a Process Requiring Replication Protein A and a DNA Helicase. PLoS Biol 8(10): e1000496. doi:10.1371/journal.pbio.1000496
Academic Editor: Martin Egli, Vanderbilt University, United States of America

This dual activity of QDE-1 has been experimentally
Copyright:
! 2010 Lee et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
demonstrated.

Received June 1, 2010; Accepted August 16, 2010; Published October 5, 2010

Mechanism of siRNA production from repetitive DNA
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ABSTRACT
In Neurospora, a gene not paired with a homolog in prophase I of meiosis generates a signal that
transiently silences all sequences homologous to it by a process called meiotic silencing by unpaired DNA
(MSUD). Thus a deletion mutation in a heterozygous cross is formally “ascus-dominant” because its
unpaired wild-type partner silences itself. We describe in detail the isolation of a mutation, Sad-1UV, that
suppresses the dominance of various ascus-dominant mutations. Additional dominant, semidominant, and
recessive Sad-1 alleles have been generated by RIP; the DNA of the dominant RIP alleles becomes methylated, but dim-2-dependent methylation is not necessary for silencing. The barrenness of homozygous Sad-1
crosses is not due to the failure to silence unpaired mating-type mat A-2 mat A-3 genes. Transcripts of
sad-1! can be detected during the sexual phase in a homozygous wild-type cross, indicating that the gene
is expressed even if all DNA can pair normally. Meiotic silencing is confined to the ascus in which DNA
is unpaired, and silencing does not spread to neighboring asci in a fruiting body of mixed genetic
constitution.

Complex Formation of RNA Silencing Proteins in the
Perinuclear Region of Neurospora crassa
Logan M. Decker,*,1 Erin C. Boone,*,1 Hua Xiao,*,1 Benjamin S. Shanker,* Shannon F. Boone,*
Shanika L. Kingston,† Seung A. Lee,* Thomas M. Hammond,‡ and Patrick K. T. Shiu*,2
*Division of Biological Sciences, University of Missouri, Columbia, Missouri 65211, †Department of Biology, Barry University, Miami
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ABSTRACT In Neurospora, genes not paired during meiosis are targeted by meiotic silencing by unpaired DNA (MSUD). Here, our
bimolecular ﬂuorescence complementation (BiFC) study suggests that RNA-directed RNA polymerase, Dicer, Argonaute, and others
form a silencing complex in the perinuclear region, with intimate interactions among the majority of them. We have also shown that
SAD-2 is likely the anchor for this assembly.

Figure 3 A model for the reactions p
meiotic silencing complex (MSC). (A) E
RNA (blue) is turned into double strand
and SAD-3 helicase. (B) DCL-1 Dicer pro
siRNAs, (C) which (with the help o
to the perinuclear region, where it is met by a hostinto
of RNAirelated proteins, including SAD-1, an RNA-directed
RNA
become single-stranded (green) and (D
polymerase (RdRP) that converts aRNAs into double-strand
SMS-2 Argonaute to target homologou
RNAs (dsRNAs) (Shiu and Metzenberg 2002); SAD-3, a helicase thought to increase SAD-1’s processivity on RNA SAD-2,
templatesa presumptive scaffold protein,
in the perinuclear region.
(Hammond et al. 2011a); DCL-1, an RNAse III Dicering
thatfactors
cuts

KEYWORDS RNA interference; Neurospora crassa; meiotic silencing by unpaired DNA (MSUD); bimolecular ﬂuorescence complementation (BiFC);
ﬂuorescent protein tagging
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HE ﬁlamentous fungus Neurospora crassa consists of a hyphal network where nuclei and other cellular components
share a common cytoplasm. This trait, while beneﬁcial for
distributing resources, may promote the spread of detrimental
elements such as transposons and viruses. Perhaps for this
reason, Neurospora possesses several surveillance mechanisms
that operate during different phases of its life cycle (Aramayo
dsRNAs into small interfering RNAs (siRNAs) (Alexander et al.
and Selker 2013; Billmyre et al. 2013; Nicolás and Ruiz2008); QIP, an exonuclease that converts siRNAs into single
Vázquez 2013). For example, quelling silences tandem transstrands (Xiao et al. 2010); and SMS-2, an Argonaute protein
genes during vegetative growth (Romano and Macino 1992).
that uses siRNAs to guide selective destruction of homologous
Repeat-induced point mutation (RIP), a premeiotic system
mRNAs (Lee et al. 2003). SAD-2, unlike the others, is not
functioning before nuclear fusion, introduces C / T mutations
found in other RNA silencing systems but is essential for the
to duplicated DNA sequences (Cambareri et al. 1989). Finally,
perinuclear localization of SAD-1 (Shiu et al. 2006).
meiotic silencing by unpaired DNA (MSUD) targets genes not
Understanding how proteins interact is a key aspect to
paired with a homologous partner during meiosis (Shiu et al.
revealing how complex cellular processes, like MSUD, function
2001). MSUD begins inside the nucleus when an unpaired
at the molecular level. Numerous methods exist to study protein–
gene is detected
(Samarajeewa
al. 2014) and A
actsworking
as a
protein
interactions,
two-hybrid systemuse
(Y2H),
factors
at the
nuclear etperiphery.
model
for e.g.,
thethe yeast
acknowledge
of materials generated by P
template for the production of an aberrant RNA (aRNA; abco-immunoprecipitation (Co-IP), ﬂuorescence resonance enMSUD
activity is shown in Figure 3.
“Functional Analysis of a Model Filamentous F
normal RNA that would enter the silencing pathway). A
ergy transfer (FRET), and bimolecular ﬂuorescence compleworking model for MSUD holds that the aRNA is exported
mentation (BiFC) (Syafrizayantiwas
et al.supported
2014). BiFC is by
capable
a GK-12 Fellowship from the N
of revealing the location of direct protein interactions in vivo
Foundation (DGE1045322). E.C.B. was suppo
(Hu et al. 2002). It is based on the reconstitution of a ﬂuoConcluding Remarks
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RNA silencing and DNA
methylation in Arabidopsis

Not every organism is suitable to study every mechanism

(Table 1).
Table 1. Classes of RNAi-dependent sRNAs in fungi.
Function

Name

Small Interfering
RNAs

Acronym

siRNAs

Firstly described

Reference

Integrative transgenes
Non integrative
transgenes
Transposons

Neurospora crassa

[7]

Mucor circinelloides

[15]

Neurospora crassa
Cryphonectria
parasitica

[16]

Viruses

Host Defense

Endogenous
Gene Regulation

Inducer

[17]

MSUD-associated
small interfering
RNAs

masiRNAs

Unpaired DNA

Neurospora crassa

[18]

Sex Induced
Silencing siRNAs

SIS siRNAs

Repetitive transgenes

Cryptococcus
neoformans

[19]

Exonic-siRNAs

ex-siRNA

Regular transcription

Mucor circinelloides

[20]

MiRNA-like
RNAs

milRNAs

Regular transcription

Neurospora crassa

[21]

Heterochromatin
derived siRNAs

siRNAs

Heterochromatin
transcription

Schizosaccharomyces
pombe

[22]

QDE-2-interacting
sRNAs

qiRNAs

DNA damage

Neurospora crassa

[23]

2. Host Defense sRNAs in Fungi

Int. J. Mol. Sci. 2013, 14, 153

Classes of small RNA identified in
eukaryotes
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