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Unaxpected results



� Soon they learned that not only the transgene
was silenced but also the endogene was not
expressed. 

� They called this phenomenon

Co-Suppression



.

The Plant Cell, Vol. 2, 279-289, April 1990 
lntroduction of a Chimeric Chalcone Synthase Gene 
into Petunia Results in Reversible Co-Suppression
of Homologous Genes Ín trans
Carolyn Napoli,' Christine Lemieux, and Richard 
Jorgensen*

The Plant Cell, Vol. 2, 291-299, April 1990 
Flavonoid Genes in Petunia: Addition of a Limited
Number of Gene Copies May Lead to a Suppression of 
Gene Expression
Alexander R. van der Krol,’ Leon A. Mur, Marcel Beld, Joseph 
N.M. MOI,’ and Antoine R. Stuitje
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Unexpected result



albino-1 gene as a 
reporter to study gene 
silencing (quelling) in 
Neurospora crassa



DNA sequence requirements:

Promoter al-1 coding sequence
Efficiency
of quelling

~40%
~40%

~3%

0%

~40%









Characteristics of quelling
• is sequence specific
• duplication of coding sequences is required
for silencing
•both endogenous genes and transgenes are 
silenced (co-suppression)



Characteristics of quelling
• is sequence specific
• duplication of coding sequences is required
for silencing
•both endogenous genes and transgenes are 
silenced (co-suppression)
•acts at post-transcriptional level ( precursor
RNA was stlil present)
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Quelling acts in trans in heterokaryons
mediated by a diffusible molecule





The accumulation of unexpected transgenic chimeric
RNA correlates with gene silencing
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Potent and specific
genetic interference by
double-stranded RNA in
Caenorhabditis elegans

Andrew Fire*, SiQun Xu*, Mary K. Montgomery*,
Steven A. Kostas*†, Samuel E. Driver‡ & Craig C. 
Mello‡

One more case of Serendipity
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1998-Fire and Mello.

Transfection of C. 
elegans with dsRNA
leads to silencing of 

homologous
endogene.
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First siRNA ever discovered

� A Species of Small 
Antisense RNA in 
Posttranscriptional
Gene Silencing in 
Plants

� Andrew J. Hamilton and 
David C. Baulcombe *

Science 1999:Vol. 286. no. 5441, pp. 950 - 952
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Gene silencing in worms
and fungi
Caterina Catalanotto, Gianluca Azzalin, 
Giuseppe Macino & Carlo Cogoni

Qde2 later called Ago

Nature volume 404,245 (2000)



Letter |

An RNA-directed nuclease mediates post-
transcriptional gene silencing in Drosophila cells

Scott M. Hammond, Emily Bernstein, David Beach & Gregory J. 
Hannon

Nature volume 404, pages 293–296 (16 March 2000)



Cell, Vol. 101, 25–33, March 31, 2000, Copyright ©2000 by Cell Press

RNAi: Double-Stranded RNA Directs the
ATP-Dependent Cleavage of mRNA
at 21 to 23 Nucleotide Intervals

1999), hydra (Lohmann et al., 1999), zebrafish (Wargelius
et al., 1999), and mice (Wianny and Zernicka-Goetz,
2000), and appears to be related to gene silencing phe-
nomena in plants (“cosuppression”; Vaucheret et al.,
1998; Waterhouse et al., 1998, 1999; Baulcombe, 1999)

Phillip D. Zamore,*# Thomas Tuschl,†#
Phillip A. Sharp,‡§ and David P. Bartel§k

*Department of Biochemistry and Molecular Biology
University of Massachusetts Medical School
Worcester, Massachusetts 01655

and the fungus Neurospora (“quelling”; Cogoni et al.,†Department of Cellular Biochemistry
1996; Cogoni and Macino, 1999a, 1999b).Max-Planck-Institute for Biophysical Chemistry
RNAi occurs posttranscriptionally and involvesmRNAAm Faßberg 11

degradation (Montgomery et al., 1998; Ngo et al., 1998).D-37077 Göttingen
In addition toproviding a powerful tool for creatinggene-Germany
specific phenocopies of loss-of-function mutations,‡Center for Cancer Research and
RNAi may also play an important biological role in pro-§Department of Biology
tecting the genome against instability caused by theMassachusetts Institute of Technology
accumulation of transposons and repetitive sequencesCambridge, Massachusetts 02139
(Ketting et al., 1999; Tabara et al., 1999). In C. elegans,kThe Whitehead Institute for Biomedical Research
dsRNA blocks specific gene expression even when ex-9 Cambridge Center
pressedby bacteria fed to theworms (Timmons andFire,Cambridge, Massachusetts 02142
1998). RNAi in animals may also represent an ancient
antiviral response, just as posttranscriptional gene si-
lencing appears to protect plants from viral infectionSummary
(Baulcombe, 1999; Grant, 1999; Ratcliff et al., 1999). The
breadth of RNAi-like processes suggests that RNAi mayDouble-stranded RNA (dsRNA) directs the sequence-
encompass gene silencing phenomena, including cellu-specific degradation of mRNA through a process
lar strategies for gene regulation, well beyond the initialknown as RNA interference (RNAi). Using a recently
observation that dsRNA can produce RNAi.developed Drosophila in vitro system, we examined
Genetic screens in both C. elegans and Neurosporathe molecular mechanism underlying RNAi. We find

have identified genes required for RNAi (Cogoni andthat RNAi is ATP dependent yet uncoupled frommRNA
Macino, 1997; Tabara et al., 1999). Mutations in a subsettranslation. During the RNAi reaction, both strands of
of thesegenes, including rde-2, rde-3,mut-2, andmut-7,the dsRNA are processed to RNA segments 21–23
permit the mobilization of transposons in the wormnucleotides in length. Processing of the dsRNA to the
germline (Ketting et al., 1999; Tabara et al., 1999; Grishoksmall RNA fragments does not require the targeted
et al., 2000). A second class of mutants, including themRNA. The mRNA is cleaved only within the region of
rde-1 and rde-4 loci, are defective for RNAi but showidentity with the dsRNA. Cleavage occurs at sites
no other phenotypic abnormalities (Tabara et al., 1999).21–23 nucleotides apart, the same interval observed for
The rde-1 and rde-4 genes are required for the initiationthe dsRNA itself, suggesting that the 21–23 nucleotide
of heritable RNAi, a phenomenon in which RNAi estab-fragments from the dsRNA are guiding mRNA cleavage.
lished by injection of dsRNA in a worm leads to heritable
gene silencing in the F2 generation and beyond (Grishok
et al., 2000). In contrast, rde-2andmut-7are not required

Introduction for the initiation of heritable interference but are required
downstream in the tissue where the interference occurs.

The term RNA interference, or “RNAi,” was initially Mello and colleagues have proposed that rde-1 and
coined by Fire and coworkers (Fire et al., 1998) to de- rde-4 respond to dsRNA by producing a secondary ex-
scribe the observation that double-stranded RNA (dsRNA) tragenic agent that is used by the downstream genes
can block gene expression when it is introduced into rde-2 and mut-7 to target specific mRNAs for posttran-
worms (for reviews see Fire, 1999; Hunter, 2000; Hunter, scriptional gene silencing (Grishok et al., 2000). In this
1999; Montgomery and Fire, 1998; Sharp, 1999; Wagner view, rde-1 and rde-4 act as initiators of RNAi, whereas
and Sun, 1998). Their discovery built upon the previous, rde-2 and mut-7 are effectors. These authors propose
puzzling observation that sense and antisense RNA that other stimuli that lead to gene silencing, such as
(asRNA) were equally effective in suppressing specific the accumulation of transposons or repetitive DNA in
gene expression (Guo and Kemphues, 1995), a paradox the genome or the introduction of a transgene, are inter-
resolved by the finding that small amounts of dsRNA preted by a separate set of initiator genes that produce

the same secondary extragenic agent.contaminate sense and antisense preparations (Fire et
In Neurospora, the qde-3 gene, which is required foral., 1998). RNAi has since been discovered in a wide

quelling (a form of posttranscriptional silencing in whichvariety of animals, including flies (Kennerdell andCarthew,
an endogenous gene is silenced by the introduction of1998; Misquitta and Paterson, 1999), trypanosomes (Ngo
a transgenic copy of the gene), may be an example ofet al., 1998), planaria (Sánchez-Alvarado and Newmark,
an initiator gene that responds to the presence of a
transgene (Cogoni andMacino, 1999b). qde-3 is a mem-#To whom correspondence should be addressed (e-mail: phillip.

zamore@umassmed.edu [P. D. Z.], ttuschl@mpibpc.gwdg.de [T. T.]). ber of the RecQ DNA helicase family, which includes
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Involvement of small RNAs
and role of the qde genes
in the gene silencing pathway
in Neurospora
Caterina Catalanotto,1 Gianluca Azzalin,1

Giuseppe Macino, and Carlo Cogoni2

Dipartimento di Biotecnologie Cellulari ed Ematologia,
Sezione di Genetica Molecolare, Università di Roma La
Sapienza, 00161 Roma, Italy

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
sense and antisense RNAs are also involved in PTGS in
Neurospora crassa. The accumulation of these RNA
molecules depends on the presence of functional qde-1
and qde-3 genes previously shown to be essential for
gene silencing, but does not depend on a functional qde-
2, indicating that this gene is involved in a downstream
step of the gene silencing pathway. Supporting this idea,
a purified QDE2 protein complex was found to contain
small RNA molecules, suggesting that QDE2 could be
part of a small RNA-directed ribonuclease complex in-
volved in sequence-specific mRNA degradation.

Received December 10, 2001; revised version accepted
February 11, 2002.

Posttranscriptional gene silencing (PTGS) occurs in
fungi, plants, and animals as a response to various types
of foreign nucleic acids including transgenes, trans-
posons, viral RNAs, and double-stranded RNA (dsRNA;
Baulcombe 1999; Bosher and Labouesse 2000; Cogoni
and Macino 2000; Waterhouse et al. 2001; Zamore 2001).
In this process RNA molecules with sequence similarity
to the introduced nucleic acid are degraded in a se-
quence-specific manner. Gene silencing is thought to
represent an ancient natural defense system against vi-
ruses and transposons that has been conserved through
evolution (Matzke et al. 2000). Recent studies have, in-
deed, indicated that the molecular basis of the PTGS
mechanism is similar in different organisms. In particu-
lar, genetic screens carried out in Neurospora crassa,
Arabidopsis thaliana, and Caenorhabditis elegans have
identified homologous genes required for PTGS (Cogoni
and Macino 1997; Ketting and Plasterk 2000; Mourrain
et al. 2000). An emerging common model for PTGS is
that transgenes or transposons are the source RNA mol-
ecules that are recognized by the silencing machinery

and that subsequently activate a cascade of events lead-
ing to sequence-specific mRNA degradation. A key step
in this process is likely to involve RNA-dependent RNA
polymerases (RdRPs) that have been found to be required
for PTGS in plants (Dalmay et al. 2000; Mourrain et al.
2000), fungi (Cogoni and Macino 1999a), and animals
(Smardon et al. 2000). It has been proposed that the RdRP
can recognize RNAs produced from transgenes or trans-
posons and convert them into dsRNAs. Recent findings,
obtained using cell-free extracts of Drosophila, indicate
that dsRNA is processed into small RNA molecules of
21–23 nucleotides by an enzyme called Dicer, which
contains both an RNase III and an RNA helicase domain
(Zamore at al. 2000; Bernstein et al. 2001). Similar-sized
small RNAs have also been associated with transgene-
induced silencing in plants (Hamilton and Baulcombe
1999), suggesting that these RNAs play a central role in
PTGS. Moreover, the introduction of these small RNAs
(also called siRNA, short interfering RNA) in mamma-
lian cells has been observed to specifically suppress the
expression of endogenous genes, suggesting that siRNAs
can induce sequence-specific RNA degradation (Elbashir
et al. 2001). The hypothesis that siRNAs can work as
guide molecules in inducing RNA degradation is further
supported by the finding that siRNAs are associated with
the Drosophila RNA-induced silencing complex (RISC),
showing a sequence-specific RNAse activity that de-
grades mRNAs homologous to the silencing trigger
(Hammond et al. 2000). Recently, one of the proteins
belonging to the RISC multicomponent nuclease has
been characterized and found to be a member of the Ar-
gonaute family of proteins (Hammond et al. 2001), which
was previously found to be essential for PTGS in Neu-
rospora (Catalanotto et al. 2000), C. elegans (Tabara et al.
1999), and Arabidopsis (Fagard et al. 2000). This obser-
vation suggests that similar siRNA-directed nuclease
complexes might be conserved in eukaryotic organisms
belonging to all three kingdoms. Moreover, it also indi-
cates that different foreign nucleic acid molecules, either
transgenic DNA or dsRNA, can converge to activate a
similar RNA-degrading machinery.

In this work, to establish the universality of the PTGS
mechanism, we looked for siRNAs in Neurospora
crassa. We detected short sense and antisense RNAs 25-
nt long that specifically accumulated in silenced trans-
genic strains of Neurospora. Moreover, we found that
siRNAs derive from the vector portion of the transgenic
construct, indicating that the transgenic transcripts are
recognized by the silencing machinery, converted into
dsRNA, and then diced into small RNA molecules. Ad-
ditionally, we show that a functional qde-2 (quelling de-
fective) gene (Catalanotto et al. 2000), although essential
for PTGS, is not necessary for siRNA accumulation, sug-
gesting that QDE2 could be required in an siRNA-di-
rected RNA-degradation step. Supporting this role of
QDE2 in the mRNA-degradation step, we found that the
QDE2 protein copurifies with siRNAs, which suggests
that QDE2 is a component of the siRNA-directed nucle-
ase complex.

Results and Discussion

To investigate the PTGS mechanism in fungi, we looked
for the presence of small RNAs in an N. crassa strain in

[Key Words: Posttranscriptional gene silencing; double-stranded RNA;
short interfering RNA; quelling defective; small temporal RNA; RNA-
induced silencing complex]
1These authors contributed equally to this work.
2Corresponding author.
E-MAIL carlo@bce.med.uniroma1.it; FAX 39-06-4462891.
Article and publication are at http://www.genesdev.org/cgi/doi/10.1101/
gad.222402.

790 GENES & DEVELOPMENT 16:790–795 © 2002 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/02 $5.00; www.genesdev.org



ASS WT Q

25nt

25nt

Small sense/antisense al-1 RNA molecules are 
associated with quelling

Sense RNA probe

AntiSense RNA probe

Antisense RNA probe

al-1 endogenous mRNA

al-1 transgenic costruct

Sense RNA probe

5’ 3’



ASS WT Q

Antisense RNA probe

oligos

25nt

25nt

al-1 endogenous mRNA

al-1 transgenic construct

Sense RNA probe

Chimeric transgenic transcripts are templates for 
production of small RNAs

al-1 transgenic RNA5’ 3’

5’ 3’

Sense RNA probe

AntiSense RNA probe



ASS WT Q 1 2 3

Antisense RNA probe

Sense RNA probe

oligos

25nt

25nt

al-1 endogenous mRNA

al-1 transgenic costruct

Sense RNA probe

Small RNAs are also present in qde-2 mutants

AntiSense RNA probe

5’ 3’

qde



• 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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QIP, a putative exonuclease, interacts
with the Neurospora Argonaute protein
and facilitates conversion of duplex
siRNA into single strands
Mekhala Maiti, Heng-Chi Lee, and Yi Liu1

Department of Physiology, University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA

Single-stranded small interfering RNA (siRNA) guides the cleavage of homologous mRNA by Argonaute
proteins, the catalytic core of the RNA-induced silencing complex (RISC), in the conserved RNA interference
(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 duplex from RISC, but the in vivo importance of this process and the mechanism for the
removal of the nicked passenger strand are not known. Here, we show that in the filamentous fungus
Neurospora, the Argonaute homolog QDE-2 and its slicer function are required for the generation of
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.

[Keywords: RNAi; Neurospora; Argonaute; siRNA; exonuclease; RISC]

Supplemental material is available at http://www.genesdev.org.
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RNA interference (RNAi) is a post-transcriptional gene
silencing (PTGS) mechanism conserved from fungi to
humans (Hannon 2002; Meister and Tuschl 2004; Mello
and Conte 2004; Tomari and Zamore 2005; Catalanotto
et al. 2006). RNAi and its related pathways are involved
in a wide variety of biological processes such as devel-
opment, antiviral defense, and maintenance of genomic
stability (Brennecke et al. 2003; Sijen and Plasterk 2003;
Baulcombe 2004; Lu et al. 2005). The RNAi pathway is
initiated by double-stranded RNA (dsRNA) produced
from various exogenous or endogenous sources, such as
experimental introduction, viral infection, or the pres-
ence of multiple copies of transgenes or transposons.
dsRNAs are recognized and cleaved by the ribonuclease-
III domain-containing enzyme Dicer to generate 20–25
nucleotide (nt) small-interfering RNA (siRNA) duplexes
(Zamore et al. 2000; Carmell and Hannon 2004; Meister
and Tuschl 2004). The siRNA duplexes are loaded onto
the RNAi effector, RNA-induced silencing complex
(RISC). An Argonaute (Ago)-family protein forms the

catalytic core of RISC (Hammond et al. 2001; Liu et al.
2004; Rand et al. 2004; Song et al. 2004). Before the ac-
tivation of RISC, the siRNA duplex is dissociated and
the passenger strand removed (Nykanen et al. 2001; Oka-
mura et al. 2004; Tomari et al. 2004). The guide strand of
the siRNA remains in the RISC and directs cleavage of
target mRNA (Hammond et al. 2001; Liu et al. 2004;
Rand et al. 2004; Song et al. 2004; Rivas et al. 2005).

The separation of the siRNA duplex and the removal
of the passenger strand are critical steps in the activation
of RISC. It was previously hypothesized that this process
is mediated by an unidentified ATP-dependent RNA he-
licase (Meister and Tuschl 2004). However, recent el-
egant in vitro biochemical studies have suggested that in
Drosophila, the removal of the passenger strand of the
siRNA duplex is mediated by Argonaute 2 (Ago2), which
directly binds to the siRNA duplex and cleaves the pas-
senger strand the same way as it cleaves mRNA sub-
strates (Matranga et al. 2005; Miyoshi et al. 2005; Rand
et al. 2005). The passenger strand cleavage is important
for efficient RISC activation in vitro, since RISC slicer
activity is decreased when the cleavage of passenger
strand is blocked. Consistent with this model, Dro-
sophila Ago2 mutant embryo lysate failed to generate

1Corresponding author.
E-MAIL Yi.Liu@UTSouthwestern.edu; FAX (214) 645-6049.
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.1497607.
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The slicing activity of Ago produces a nicked siRNA duplex, which helps
the exonuclease

QIP to remove the passenger strand of the siRNA duplex, provoking

the activation of the RISC Complex .
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The RNA-dependent RNA polymerase essential for
post-transcriptional gene silencing in Neurospora
crassa interacts with replication protein A
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Reaseach Institute, Fondazione Rita Levi-Montalcini, Rome, Italy and 3National Institute for Infectious Diseases
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ABSTRACT

Post-transcriptional gene silencing (PTGS) path-
ways play a role in genome defence and have been
extensively studied, yet how repetitive elements
in the genome are identified is still unclear. It has
been suggested that they may produce aberrant
transcripts (aRNA) that are converted by an RNA-
dependent RNA polymerase (RdRP) into double-
stranded 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 trans-
genic 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
the two proteins, we found that the accumulation
of short interfering RNAs (siRNAs), the hallmark of
silencing, is dependent on an ongoing DNA synthe-
sis. The interaction between QDE-1 and RPA is
important since it should guide further studies
aimed at understanding the specificity of the RdRP
and it provides for the first time a potential link
between a PTGS component and the DNA replica-
tion machinery.

INTRODUCTION

The initial, paradoxical observation that introducing
extra copies of a gene could actually lead to silencing of
the same gene has led to the discovery of a wide range
of phenomena that all involve post-transcriptional gene
silencing (PTGS) of repetitive sequences and that play
roles varying from genome defence against viruses and
transposons, to development and chromosomal segrega-
tion (1,2). In the last few years, the details of how
homologous transcripts are either degraded or transla-
tionally 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 proces-
sing 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 pro-
cesses. However, one of the few remaining open questions
concerns events upstream of the production of dsRNA—
how are repetitive sequences recognized as di!erent
from endogenous genes in the first place? This question
is particularly important, in light of the fact that
PTGS probably first evolved as a defence mechanism
against invading sequences such as transposons and
viruses (5,6).

In the model fungus Neurospora crassa where PTGS
(known as quelling) can be induced by transgenes, it has
been observed that in order to induce gene silencing,

*To whom correspondence should be addressed. Tel/Fax: +39064457731; Email: carlo@bce.uniroma1.it
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They identified RPA-1,a DNA-binding protein essential for both DNA repair
and replication, as an interacting partner of QDE-1,

RPA-1 is a nuclear protein.  QDE-1not only is nuclear, but that it is
enriched at the transgenic tandem repeats that are required to trigger
silencing.

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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Introduction

RNA interference (RNAi) refers to a group of post-transcrip-
tional or transcriptional gene silencing mechanisms conserved
from fungi to mammals [1–6]. The RNAi pathway is triggered by
the presence of double-stranded RNA (dsRNA), which is cleaved
by the ribonuclease-III domain-containing enzyme Dicer to
generate 20–25 nucleotide long small interfering RNA (siRNA)
duplexes. siRNA is then loaded onto the RNA-induced silencing
complex (RISC), in which an Argonaute (Ago)-family protein,
guided by the siRNA, mediates the cleavage of homologous RNAs.

In fungi, plants, and Caenorhabditis elegans, the production of
endogenous dsRNA and siRNA requires RNA-dependent RNA
polymerases (RdRPs), which can generate dsRNA using single-
stranded RNAs (ssRNAs) as templates [1,2,7–10]. Some RdRPs
are also important for the amplification of dsRNA and siRNA
[11,12]. However, the production mechanism of the initial ssRNA
templates used by RdRPs, often called aberrant RNAs (aRNA) or
pre-siRNAs, is not well understood. In addition, the nature of

aRNA and how RdRPs recognize aRNA specifically over other
cellular RNAs are unclear.

In plants, the DNA-dependent RNA polymerase IV (Pol IV) is
important for siRNA production and RNAi-directed transcrip-
tional silencing [13,14]. However, Pol IV homologs are not found
in fungal or animal genomes. In fission yeast, mutants of the RNA
polymerase II (Pol II) subunits show loss of centromeric siRNA
and RNAi-dependent heterochromatin formation at the centro-
meric repeat regions, probably by coupling transcription with
transcriptional silencing machinery [1,15,16]. It is not known
whether Pol II plays a similar role in posttranscriptional silencing
and in the silencing of other chromosomal regions.

In the filamentous fungus Neurospora crassa, quelling is a post-
transcriptional silencing mechanism triggered by multiple copies of
transgenes during vegetative growth [2]. In the quelling pathway,
QDE-1 (QUELLING DEFICIENT-1, an RdRP), QDE-2 (an
Argonaute protein), QDE-3 (a RecQ DNA helicase homologous to
the human Werner/Bloom Syndrome protein), and two partially
redundant Dicer proteins (DCL-1 and DCL- 2) are required for
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aRNA and how RdRPs recognize aRNA specifically over other
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In plants, the DNA-dependent RNA polymerase IV (Pol IV) is
important for siRNA production and RNAi-directed transcrip-
tional silencing [13,14]. However, Pol IV homologs are not found
in fungal or animal genomes. In fission yeast, mutants of the RNA
polymerase II (Pol II) subunits show loss of centromeric siRNA
and RNAi-dependent heterochromatin formation at the centro-
meric repeat regions, probably by coupling transcription with
transcriptional silencing machinery [1,15,16]. It is not known
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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,
produced during replication or recombination of repetitive sequences

The synthesis of the aRNA has been traditionally assigned to RNA polymerase II,
which would transcribe the ssDNA template to produce the aRNA used by QDE-1
to generate dsRNA

The crystal structure of QDE-1 has revealed that its catalytic core is structurally
similar to eukaryotic DNA-dependent RNA polymerases (DdRPs) rather than
viral RdRPs

These finding suggested that QDE-1 could be both an RdRP
and a DdRP, being required both for the synthesis of the aRNA and
the subsequent dsRNA production; this dual activity of QDE-1 has been
experimentally demonstrated



� 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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Nolan T et al. (2008)  Nucleic Acids Res 36: 532–538.
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Abstract

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
previously showed that in the filamentous fungus Neurospora, the RdRP QDE-1 is required for rDNA-specific aRNA
production, suggesting that QDE-1 may be important in aRNA synthesis. Here we show that a recombinant QDE-1 is both an
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 DNA-
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 interaction between QDE-1 and RPA requires the RecQ DNA helicase QDE-3, a homolog of the human Werner/Bloom
Syndrome proteins. Together, these results suggest a novel small RNA biogenesis pathway in Neurospora and a new
mechanism for the production of aRNA and dsRNA in RNAi pathways.
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Introduction

RNA interference (RNAi) refers to a group of post-transcrip-
tional or transcriptional gene silencing mechanisms conserved
from fungi to mammals [1–6]. The RNAi pathway is triggered by
the presence of double-stranded RNA (dsRNA), which is cleaved
by the ribonuclease-III domain-containing enzyme Dicer to
generate 20–25 nucleotide long small interfering RNA (siRNA)
duplexes. siRNA is then loaded onto the RNA-induced silencing
complex (RISC), in which an Argonaute (Ago)-family protein,
guided by the siRNA, mediates the cleavage of homologous RNAs.

In fungi, plants, and Caenorhabditis elegans, the production of
endogenous dsRNA and siRNA requires RNA-dependent RNA
polymerases (RdRPs), which can generate dsRNA using single-
stranded RNAs (ssRNAs) as templates [1,2,7–10]. Some RdRPs
are also important for the amplification of dsRNA and siRNA
[11,12]. However, the production mechanism of the initial ssRNA
templates used by RdRPs, often called aberrant RNAs (aRNA) or
pre-siRNAs, is not well understood. In addition, the nature of

aRNA and how RdRPs recognize aRNA specifically over other
cellular RNAs are unclear.

In plants, the DNA-dependent RNA polymerase IV (Pol IV) is
important for siRNA production and RNAi-directed transcrip-
tional silencing [13,14]. However, Pol IV homologs are not found
in fungal or animal genomes. In fission yeast, mutants of the RNA
polymerase II (Pol II) subunits show loss of centromeric siRNA
and RNAi-dependent heterochromatin formation at the centro-
meric repeat regions, probably by coupling transcription with
transcriptional silencing machinery [1,15,16]. It is not known
whether Pol II plays a similar role in posttranscriptional silencing
and in the silencing of other chromosomal regions.

In the filamentous fungus Neurospora crassa, quelling is a post-
transcriptional silencing mechanism triggered by multiple copies of
transgenes during vegetative growth [2]. In the quelling pathway,
QDE-1 (QUELLING DEFICIENT-1, an RdRP), QDE-2 (an
Argonaute protein), QDE-3 (a RecQ DNA helicase homologous to
the human Werner/Bloom Syndrome protein), and two partially
redundant Dicer proteins (DCL-1 and DCL- 2) are required for
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tional or transcriptional gene silencing mechanisms conserved
from fungi to mammals [1–6]. The RNAi pathway is triggered by
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by the ribonuclease-III domain-containing enzyme Dicer to
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[11,12]. However, the production mechanism of the initial ssRNA
templates used by RdRPs, often called aberrant RNAs (aRNA) or
pre-siRNAs, is not well understood. In addition, the nature of

aRNA and how RdRPs recognize aRNA specifically over other
cellular RNAs are unclear.

In plants, the DNA-dependent RNA polymerase IV (Pol IV) is
important for siRNA production and RNAi-directed transcrip-
tional silencing [13,14]. However, Pol IV homologs are not found
in fungal or animal genomes. In fission yeast, mutants of the RNA
polymerase II (Pol II) subunits show loss of centromeric siRNA
and RNAi-dependent heterochromatin formation at the centro-
meric repeat regions, probably by coupling transcription with
transcriptional silencing machinery [1,15,16]. It is not known
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The synthesis of the aRNA has been traditionally assigned to 
RNA polymerase II, which would transcribe the ssDNA
template to produce the aRNA used by QDE-1 to generate 
dsRNA.
However, the crystal structure of QDE-1 has revealed that its
catalytic core is structurally similar to eukaryotic DNA-
dependent RNA polymerases (DdRPs) rather than viral
RdRPs. 
These finding suggest that QDE-1 could be both an RdRP
and a DdRP, being required both for the synthesis of the 
aRNA and the subsequent dsRNA production.

This dual activity of QDE-1 has been experimentally
demonstrated.
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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 methyl-
ated, 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.

N EUROSPORA crassa is usually thought of as a dual or multiple copies of DNA. Any sequence of !1 kb
or larger that is present in more than a single copy is“haploid,” heterothallic, ascomycetous fungus be-

cause its two mating types, A and a, remain haploid and likely to be a retrotransposon capable of damaging the
integrity of the genome. Hence it is not surprising thatpropagate themselves separately during the mycelial,

macroconidial, or microconidial phases of growth. An in Neurospora, as in other eukaryotic organisms, mecha-
nisms have been selected that can destructively mutateoptional but important sexual cycle becomes possible

when an inoculum of either mating type experiences these DNA sequences or that can destroy the mRNA
transcribed from them. In ascogenous hyphae, greater-nitrogen limitation. A precursor of the female tissue of

the fruiting body, the protoperithecium, begins to form, than-haploid sequences are subjected to a premeiotic
process called repeat-induced point mutation (RIP),and this extends receptive, specialized hyphae called
which converts many C:G base pairs to A:T pairs. Thistrichogynes into the surrounding medium. If a tricho-
generally destroys the coding potential of both copies ofgyne encounters a vegetative cell of the opposite mating
the duplicated sequences (Selker 1990). The enzymatictype, cytoplasmic fusion occurs, and the nucleus from
steps in this process are only beginning to be under-the “male” element enters the trichogyne, but fusion
stood. A very different silencing process called “quell-with resident female-derived nuclei is delayed for several
ing” deals with the expression of hyperhaploid DNAdays. Instead, the haploid nuclei in the fertilized fruiting
sequences during vegetative growth (Cogoni and Mac-body, now called a perithecium, propagate within spe-
ino 2000). Analogous processes of post-transcriptionalcialized structures, the ascogenous hyphae. Nuclei of
gene silencing (PTGS) are called “RNA interference”opposite mating type pair up in a developing tubular
in animals and “cosuppression” in higher plants. Single-structure, the ascus, and fuse (karyogamy) to give a
stranded RNA, encoded by hyperhaploid sequencestransient diploid cell, the zygote. This zygote quickly
(e.g., repeats of a transgene) in Neurospora and tran-embarks on the first of two typical meiotic divisions,
scribed by an unidentified polymerase, is converted toresulting in four haploid nuclei. Each of these divides
double-stranded RNA (dsRNA) by an RNA-directedonce mitotically, and the resulting eight nuclei, at first
RNA polymerase (RdRP) encoded by the qde-1 locus.still in a common cytoplasm, soon become individual-
The dsRNA, in turn, is enzymatically cleaved into “smallized as separate spores.
interference RNA” molecules (siRNA), and, as judgedIn both the ascogenous hyphae of the sexual phase
from parallel systems in other organisms, these mustand the mycelia of the vegetative phase of the life cycle,
act as guide molecules for the destruction of any mRNAmechanisms exist that, in effect, scan the genome for
transcribed from the original hyperhaploid gene and/
or prime the synthesis of more dsRNA molecules (Zam-
ore et al. 2000; Lipardi et al. 2001). One of the remark-

1Corresponding author: Department of Chemistry and Biochemistry, able features of PTGS in several systems is its ability toUniversity of California, 405 Hilgard Ave., Los Angeles, CA 90095-
1569. E-mail: rmetzenberg@yahoo.com propagate itself, not only within the confines of a cell

Genetics 161: 1483–1495 (August 2002)



factors at the nuclear periphery. A working model for the
MSUD activity is shown in Figure 3.

Concluding Remarks

Our results show that the aforementioned MSUD components
form a silencing complex in the perinuclear region (the “sur-
veillance checkpoint”) during prophase I of meiosis. In addition,
we have established the role of SAD-2 as the likely scaffold
protein for this complex. In higher eukaryotes, the perinuclear
region in germ cells contains an organelle known as chroma-
toid body in mammals, nuage in !ies, and P-granules in worms
(Meikar et al. 2011; Voronina 2013; Kloc et al. 2014). By
providing an environment in which RNAs can meet up with
their developmental regulators, these perinuclear organelles
play an important role in silencing, translation, and/or RNA
processing/regulation/organization. Certain silencing proteins
(e.g., Argonaute) have been shown to congregate in these peri-
nuclear regions, and their presence is required for speci"c RNA
regulation and meiotic progression (Updike and Strome 2010;
Meikar et al. 2011; Kloc et al. 2014). Conglomeration of related
proteins may allow the coupling of consecutive reactions,
thereby increasing the ef"ciency of the biochemical process.
To our knowledge, this is the most comprehensive examina-
tion of RNAi protein interactions in a single organism.
Results from this and future studies could be useful in de-
termining if silencing complex formation is conserved among
various RNAi processes.
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Figure 3 A model for the reactions performed by the
meiotic silencing complex (MSC). (A) Exported aberrant
RNA (blue) is turned into double strands by SAD-1 RdRP
and SAD-3 helicase. (B) DCL-1 Dicer processes the dsRNA
into siRNAs, (C) which (with the help of QIP exonuclease)
become single-stranded (green) and (D) are utilized by
SMS-2 Argonaute to target homologous mRNAs (purple).
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ing factors in the perinuclear region.

1020 L. M. Decker et al.

GENETICS | INVESTIGATION

Complex Formation of RNA Silencing Proteins in the
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ABSTRACT In Neurospora, genes not paired during meiosis are targeted by meiotic silencing by unpaired DNA (MSUD). Here, our
bimolecular !uorescence 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.

KEYWORDS RNA interference; Neurospora crassa; meiotic silencing by unpaired DNA (MSUD); bimolecular !uorescence complementation (BiFC);

!uorescent protein tagging

THE !lamentous fungus Neurospora crassa consists of a hy-
phal network where nuclei and other cellular components

share a common cytoplasm. This trait, while bene!cial 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
and Selker 2013; Billmyre et al. 2013; Nicolás and Ruiz-
Vázquez 2013). For example, quelling silences tandem trans-
genes during vegetative growth (Romano and Macino 1992).
Repeat-induced point mutation (RIP), a premeiotic system
functioning before nuclear fusion, introduces C/ T mutations
to duplicated DNA sequences (Cambareri et al. 1989). Finally,
meiotic silencing by unpaired DNA (MSUD) targets genes not
paired with a homologous partner during meiosis (Shiu et al.
2001). MSUD begins inside the nucleus when an unpaired
gene is detected (Samarajeewa et al. 2014) and acts as a
template for the production of an aberrant RNA (aRNA; ab-
normal RNA that would enter the silencing pathway). A
working model for MSUD holds that the aRNA is exported

to the perinuclear region, where it is met by a host of RNAi-
related proteins, including SAD-1, an RNA-directed RNA
polymerase (RdRP) that converts aRNAs into double-strand
RNAs (dsRNAs) (Shiu and Metzenberg 2002); SAD-3, a heli-
case thought to increase SAD-1’s processivity on RNA templates
(Hammond et al. 2011a); DCL-1, an RNAse III Dicer that cuts
dsRNAs into small interfering RNAs (siRNAs) (Alexander et al.
2008); QIP, an exonuclease that converts siRNAs into single
strands (Xiao et al. 2010); and SMS-2, an Argonaute protein
that uses siRNAs to guide selective destruction of homologous
mRNAs (Lee et al. 2003). SAD-2, unlike the others, is not
found in other RNA silencing systems but is essential for the
perinuclear localization of SAD-1 (Shiu et al. 2006).

Understanding how proteins interact is a key aspect to
revealing how complex cellular processes, like MSUD, function
at the molecular level. Numerous methods exist to study protein–
protein interactions, e.g., the yeast two-hybrid system (Y2H),
co-immunoprecipitation (Co-IP), "uorescence resonance en-
ergy transfer (FRET), and bimolecular "uorescence comple-
mentation (BiFC) (Syafrizayanti et al. 2014). BiFC is capable
of revealing the location of direct protein interactions in vivo
(Hu et al. 2002). It is based on the reconstitution of a "uo-
rescent protein when its non"uorescing halves are brought
within close proximity to one another by the association of
two interacting proteins. Previously, we adopted the BiFC tech-
nology for use in Neurospora (Bardiya et al. 2008; Hammond
et al. 2011a,b). In this study, we set out to de!ne the precise
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�

species [13,14]. This is the case of several yeast species, including Saccharomyces cerevisiae, in which 
the absence of functional RNAi has been correlated with the presence of endemic dsRNA viruses that 
confer selective advantages to the host cells [13]. Besides the defensive role of RNAi, the discovery in 
recent years of several new pathways that are endogenously triggered has unveiled RNAi as a new 
regulatory mechanism that controls different cell functions. The different fungal sRNAs related to both 
aspects of RNAi, host defense and regulation of gene expression, are the focus of this review  
(Table 1).  

Table 1. Classes of RNAi-dependent sRNAs in fungi. 

Function Name Acronym Inducer Firstly described Reference 

Host Defense 

Small Interfering 
RNAs 

siRNAs 

Integrative transgenes Neurospora crassa [7] 
Non integrative 
transgenes 

Mucor circinelloides [15] 

Transposons Neurospora crassa [16] 

Viruses 
Cryphonectria 
parasitica 

[17] 

MSUD-associated 
small interfering 
RNAs 

masiRNAs Unpaired DNA Neurospora crassa [18] 

Sex Induced 
Silencing siRNAs 

SIS siRNAs Repetitive transgenes 
Cryptococcus 
neoformans 

[19] 

Endogenous 
Gene Regulation 

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 

The RNAi mechanism can be triggered by a wide variety of exogenous nucleic acids that represent 
a threat for genome integrity. Thus, different exogenous nucleic acids such as integrative transgenes, 
plasmids, viruses and transposons have been found to trigger the RNAi mechanism against whatever is 
transcribed from them. All the pathways and different types of sRNAs that are produced during this 
response are reviewed in this section.  

2.1. siRNAs Triggered by Randomly Integrated Exogenous Sequences 

The first type of sRNAs found in fungi were siRNAs produced to silence exogenous sequences that 
are homologous to an endogenous gene [7]. In particular, these siRNAs were found in N. crassa after 
the introduction of exogenous sequences, which were randomly integrated at ectopic locations of the 
genome of this fungus [7]. Wild type mycelium of N. crassa shows a bright orange phenotype due to 
the synthesis of carotenoids. Mutations in any of the three structural genes involved in the carotenoid 
biosynthesis, albino-1 (al-1), albino-2 (al-2) and albino-3 (al-3), result in an easily detectable albino 
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Abstract: Yeast and filamentous fungi have been essential model systems for unveiling 

the secrets of RNA interference (RNAi). Research on these organisms has contributed to 

identifying general mechanisms and conserved eukaryotic RNAi machinery that can be 

found from fungi to mammals. The development of deep sequencing technologies has 

brought on the last wave of studies on RNAi in fungi, which has been focused on the 

identification of new types of functional small RNAs (sRNAs). These studies have 

discovered an unexpected diversity of sRNA, biogenesis pathways and new functions that 

are the focus of this review. 
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1. Introduction 

RNAi is a negative regulatory mechanism that represses the expression of target RNAs. It was 

firstly described as a mechanism triggered by double-stranded RNA (dsRNA) in the worm 

Caenorhabditis elegans [1]. However, this phenomenon was previously discovered in plants and fungi, 

in which it was named with the terms co-suppression and quelling, respectively [2,3]. Both in plants 

and fungi, it was observed after transforming a wild type strain with exogenous gene sequences that 

are required for the biosynthesis of different pigments. The result of these transformations was the lack 

of expression of both the transgene and the endogenous homolog sequence, which produced an albino 

phenotype instead of the expected overproduction of pigments [3]. In the case of fungi, these 
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