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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
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.
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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
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which the endogenous gene albino 1 (al-1) is posttran-
scriptionally silenced as a consequence of the introduc-
tion of cognate transgenes. By using both sense and an-
tisense RNA probes corresponding to the region of the
al-1 gene present in the transgenic construct (Fig. 1A,C),
we found that small RNA molecules in both sense and
antisense polarity with a size of ∼25 nt were present in
the al-1 silenced strain but not in a wild-type unsilenced
strain. This result provides evidence that small RNA in-
termediates are a general feature of posttranscriptional
gene silencing. Although the introduced transgenic con-
struct does not contain a promoter, previous results (Co-
goni et al. 1996) indicated that unexpected transcription
of transgenic loci was associated with the occurrence of
gene silencing. In particular, chimeric transgenic tran-

scripts containing sequences corresponding both to the
al-1 gene and to the bacterial vector were specifically
found in silenced strains (Cogoni et al. 1996). These chi-
meric transcripts could be recognized by the cell as ab-
errant and therefore able to induce the cascade of events
leading to RNA degradation. To analyze if chimeric
transgenic transcripts are, indeed, templates for produc-
tion of sense/antisense small RNA, we used vector se-
quences as probes (Fig. 1C). We found that small RNAs
corresponding to the vector sequences are specifically
accumulated in the silenced strains (Fig. 1B). Moreover,
the small RNAs were found in both sense and antisense
polarity, suggesting that, to produce siRNAs, transgenic
sense RNA transcripts should first be converted to
dsRNA. Then, in keeping with findings in other systems
(Hammond et al. 2001), the dsRNA is likely to be pro-
cessed into small sense/antisense RNA by an RNase III
activity as in the case of Dicer in Drosophila. The fact
that previous experiments in Neurospora failed to detect
transgenic RNA in antisense polarity, only detecting
sense transgenic RNA (Cogoni et al. 1996), might indi-
cate that dsRNA is immediately processed on produc-
tion, thus making its detection difficult.

The silencing of the al-1 gene can be relieved by mu-
tations occurring in three loci called qde, which encode
cellular components of the silencing machinery (Cogoni
and Macino 1997). To establish the role of the qde genes
in siRNA accumulation, we looked at the presence of
siRNA in the three qde mutants. We found that muta-
tions in qde-1 and qde-3 genes but not in the qde-2 gene
abolish the accumulation of siRNAs (Fig. 2), suggesting
that both qde-1 and qde-3 gene products are involved
either directly in generating the small RNAs or in steps
required upstream in the silencing pathway. This finding
is consistent with the proposed roles of these two genes.
qde-1 encodes a putative RNA-dependent RNA polymer-
ase enzyme (Cogoni and Macino 1999a) that has been
hypothesized to be involved in the production of anti-
sense RNA using transgenic RNAs as templates, leading
to the formation of dsRNAs, which are subsequently
processed into small RNAs by a RNase III-like activity
(Bernstein et al. 2001). The role of qde-3, which encodes
a DNA helicase (Cogoni and Macino 1999b), has been
proposed to be involved in a nuclear step necessary for
the activation of gene silencing, perhaps by modifying

Figure 1. Small 25-nt sense and antisense RNAs derived from
transgenic transcripts are associated with PTGS. RNA blot hybrid-
ization: 50 µg (each lane) of enriched low-molecular-weight RNAs
prepared from either untransformed wild-type (unsilenced) or al-1
silenced strain (6xw). Identical RNA blots were hybridized with the
following RNA probes: (A) Probes 1 and 2 corresponding to the du-
plicated al-1 region that are able to recognize small RNAs derived
from both the transgenic and endogenous al-1 gene. The presence of
the upper bands in wild-type and 6xw lanes were due to nonspecific
hybridization of the RNA probe. (B) Probes 3 and 4 were, instead,
specific for the transgenic chimeric RNA. 30 pmoles per lane of
25-nt DNA oligonucleotides in sense (S) and antisense (AS) orienta-
tion were used to verify the hybridization specificity and also as size
markers in both A and B. (C) Schematic representation of plasmid
pal-1.6 and RNA probes.

Figure 2. Analysis of small RNA accumulation in qde mutants. (A)
RNA blot hybridization of low-molecular-weight RNAs prepared
from the 107 strain (qde-1−), the 820 strain (qde-2−), the 627 strain
(qde-3−), the untransformed wild-type strain (unsilenced), and an
al-1 silenced strain (6xw). Sense and antisense probes are the same
as in Figure 1. (B) Northern blot on total RNA extracts hybridized
with a probe specific for al-1 mRNA.
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the chromatin state of the transgenic loci, allowing for
the production of the silencing RNA signal.

The fact that in a qde-2 mutant background the al-1
mRNA is not degraded even in the presence of the same
amount of small RNA found in a silenced strain (Fig. 2)
indicates that the qde-2 gene product is not necessary for
siRNA production but is essential for some steps re-
quired in the sequence-specific RNA-degradation pro-
cess guided by siRNAs. Consistent with this hypothesis,
AGO2, a homolog of QDE2, has recently been found to
be a component of a multiprotein complex (RISC; Ham-
mond et al. 2001) that is required in dsRNA-induced
gene silencing (also called RNA interference, RNAi) in
Drosophila. Purified RISC complexes were found to re-
tain the ability to induce degradation of target RNAs and
to contain small RNAs that are hypothesized to confer
sequence specificity to the ribonuclease complex (Ham-
mond et al. 2000).

We tested whether QDE2, like its Drosophila homolog
AGO2, is associated with small RNAs in the posttran-
scriptional mechanism in Neurospora. With this aim, we
purified the QDE2 protein complex from a Neurospora
strain expressing a Flag-epitope-tagged version of QDE2.
We transformed an al-1 transgenic strain (820) in which
the silencing of the al-1 gene was released by a deletion
of the qde-2 gene, with a plasmid containing the qde-2
gene tagged at its N terminus with the Flag epitope and
under the control of its own promoter. Several strains
showing the recovery of al-1 silencing were isolated, in-
dicating that Flag–QDE2 functions in gene silencing as
the wild-type QDE2 does in vivo. The expression of the
Flag–QDE2 was confirmed by Western analysis using an
anti-Flag antibody on extracts from two independent
transgenic lines (Fig. 3A). Moreover, the Flag–QDE2 was
also recognized by antibodies against QDE2, and appears
to be roughly the same size as the wild-type QDE2 (Fig.
3A). We purified Flag–QDE2 from Neurospora whole-cell
extracts by immunopurification with anti-Flag affinity
gel beads and elution by competition with Flag peptide.
Protein extracts were prepared from an al-1 silenced
strain expressing Flag–QDE2 and in parallel, as negative
control, from two al-1 silenced strains (6xw) containing
a native un-Flagged version of QDE2. SDS-PAGE and
silver staining revealed several proteins specifically pre-
sent in the immunopurification (IP) from the strains ex-
pressing Flag–QDE2 (data not shown). Furthermore,
three of these bands were recognized by immunoblotting
analysis using an anti-QDE2 antibody (Fig. 3B). Presum-
ably, the species with the lowest mobility corresponds to
the full-length Flag–QDE2, and the two faster-migrating
species could be produced by proteolysis of the full-
length form. The same three species were also detected
by using a QDE2-specific antibody. In contrast, the na-
tive QDE2 protein of the 6xw strain was only detected in
flowthrough of the IP but not in IP eluates, indicating
that native QDE2 protein was not bound by Flag gel
beads.

To verify whether small RNA molecules were associ-
ated with the QDE2 protein, immunopurified protein
fractions from both the Flag–QDE2-expressing strain and
the silenced (6xw) strain were used to extract RNA,
which was then analyzed by Northern blotting with an
al-1 riboprobe. We found that 25-nt RNAs corresponding
to the al-1 gene were present in the eluate of the Flag–
QDE2-expressing strain; in contrast, these RNAs were
not detected in the eluate of the silenced strain (Fig. 3C).

Moreover, small RNAs were detected in the flowthrough
fraction of the 6xw strain, indicating that siRNAs copu-
rify with QDE2.

On the whole, our results are in accordance with other
findings obtained in Drosophila in vitro systems, which
indicate that AGO2, a homolog of QDE2, is one con-
stituent of a multicomponent nuclease complex in-
volved in RNAi and also contains small RNA as cofac-
tors (Hammond et al. 2001). Furthermore, members of

Figure 3. QDE2 copurifies with small RNAs. (A) Characterization
of antibodies. �-Flag monoclonal and �-QDE2 antibodies were used
in Western analysis of total proteins extracted from two deletion
qde-2 mutants that express Flag–QDE2 protein (lines 1f-qde-2 and
2f-qde-2), a wild-type (unsilenced) strain, and a qde-2 deletion mu-
tant strain 820 (qde-2−). The estimated protein size is shown on the
left. (B) QDE2 protein was immunopurified with anti-FLAG affinity
gel beads from protein extracts of two Flag–QDE2 strains and of the
al-1 silenced strain 6xw (silenced). Western analysis, using as probe
�-QDE2 antibody, was performed on the flowthrough fraction (FT)
and on the immunopurified fraction (Flag-IP). Three bands were spe-
cifically detected only in immunopurified fractions of Flag–QDE2-
expressing strains (lines 1f-qde-2 and 2f-qde-2). The slower-migrat-
ing band comigrates with the wild-type version of QDE2 (unsi-
lenced), total extract, indicating that the two additional faster-
migrating bands could be proteolyzed forms produced in the IP
elution step. A band corresponding to QDE2 is present in the
flowthrough (FT) fraction of the silenced (6xw) strain only, indicat-
ing that the wild-type QDE2 is not bound by the anti-Flag affinity
gel beads. (C) Small RNA molecules were extracted from the Flag-IP
protein fractions and analyzed by Northern blotting using a ribo-
probe specific for the al-1 sequence. Small RNAs of ∼25 nt were
detected in the RNA preparations from the immunopurified fraction
of the Flag–QDE2 strain (line Flag-IP/1f-qde-2) but not in the 6xw
strain (Flag-IP/6xw). In contrast, small RNAs are detected in the
flowthrough of 6xw (FT/Silenced) but not in the Flag–QDE2 strain
(FT/1f-qde-2). The weakness of the signal in the flowthrough frac-
tion recovered from the 6xw strain is explained by the high dilution
of this fraction. A small-RNA-enriched preparation from the total
RNA extracted from the 6xw strain is used as a positive control.
Sense (S) and antisense (AS) 25-nt oligonucleotides are used as size
markers.
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this protein family occur in almost all the eukaryotes,
and several of them are implicated in gene silencing. In
addition to qde-2 of Neurospora and ago-2 of Drosophila,
rde-1 is required for RNAi in C. elegans (Tabara et al.
1999), and argonaute 1 (ago-1) is involved in PTGS in
Arabidopsis (Fagard et al. 2000). Although the role of the
QDE2/AGO2/RDE1/AGO1 family in gene silencing is
well established, their biochemical function is still un-
known, as is also still unclear whether they participate
in the same step of the silencing pathway. These pro-
teins have in common two motifs: a domain called PAZ
and a domain called PIWI. The function of both these
domains has yet to be defined; however, it has been sug-
gested that the PAZ domain (Cerutti et al. 2000), which
is also contained in Dicer, could be involved in mediat-
ing protein–protein interactions occurring between
Dicer and AGO2 (Hammond et al. 2001). Using an ap-
proach combining genetic and biochemical analysis, we
found that QDE2 is dispensable for siRNA accumulation
but required for steps in posttranscriptional gene silenc-
ing in which siRNA are used as cofactors to direct se-
quence-specific degradation. However, further studies
will be required to understand if small RNAs interact
directly with QDE2 or if they are bound to another pro-
tein belonging to the QDE2 protein complex and that
copurifies with QDE2. Of particular interest is that the
components and biochemical mechanism underlining
the targeting and degradation of mRNA appear to be very
similar in gene silencing phenomena induced either by
trangenes as in Neurospora or by dsRNA as in Dro-
sophila. Therefore, the emerging view is that different
gene silencing pathways might converge in a universally
conserved biochemical process that involves enzymes
able to process dsRNA into small RNAs and specialized
proteins like QDE2/AGO2 that use these small RNAs as
guides to direct the RNA degradation. However, al-
though in RNAi phenomena the injected dsRNA is the
direct source of siRNA, in transgene-induced gene si-
lencing additional steps are required to generate dsRNA
molecules and eventually siRNA. These might involve
the recognition and modification of transgenes at the
DNA level. For instance, PTGS is not efficiently main-
tained in Arabidopsis mutants that are impaired in a
SWI2/SNF2 chromatin component (ddm1; Jeddeloh et al.
1999) or in the major DNA methyltransferase (met1;
Finnegan and Dannis 1993), suggesting that DNA meth-
ylation and chromatin structure play a key role in trans-
gene-induced gene silencing (Morel et al. 2000). A simi-
lar role in modifications of chromatin of transgenic loci
has been also hypothesized for the RecQ DNA-helicase
QDE3 in N. crassa.

An important part of the silencing mechanism is also
played by the RNA-dependent RNA polymerases (RdRP).
Although the role of RdRP is still not completely clear,
evidence exists that in transgene-induced gene silencing
phenomena, RdRPs are required to convert transgenic
RNA to dsRNA (Dalmay et al. 2000). However, a puta-
tive RdRP encoded by ego-1 was also found to be par-
tially required for RNAi in C. elegans, in which the si-
lencing inducer is a dsRNA, suggesting that the function
of RdRPs is not merely the production of an initial
dsRNA from a single-stranded RNA template. Indeed,
recent findings indicate that siRNAs can work as prim-
ers for RdRP activity both on dsRNA and sense-targeted
mRNA templates (Lipardi et al. 2001). Thus, RdRP could
work in a silencing amplification step by copying

dsRNA, increasing their concentration, or converting
part of the target mRNA into dsRNA. This amplification
step could be important to increase the effectiveness of
PTGS (Lipardi et al. 2001; Sijen et al. 2001). However,
our results show that a mutation in qde-1 completely
abolishes both target mRNA degradation and siRNA ac-
cumulation, suggesting that the RdRP codified by qde-1
function is not limited to the ancillary function of in-
creasing silencing strength but is likely to be required for
the initial step of dsRNA production using single-
stranded transgenic RNAs as templates.

In addition to the role played in posttranscriptional
gene silencing, the QDE2 family of proteins has been
shown to have important functions in development. For
example, in Drosophila, the piwi gene is necessary for
the maintenance of the germ-line stem cell population
(Cox at al. 1998), and ago1 is required for embryogenesis
(Kataoka et al. 2001). In C. elegans, two other members
of this family, alg-1 and alg-2, are also involved in de-
velopment (Grishok et al. 2001). It is interesting to note
that endogenously produced small RNAs, called small
temporal RNAs (stRNAs), similar in size with siRNA are
also involved in specific developmental gene regulation
events in C. elegans. However, whereas in gene silencing
siRNAs are used as guides to induce degradation of ho-
mologous mRNA, in developmental gene regulation
stRNAs work as guides to block translation of target
mRNA containing the 3� untranslated region sites
complementary to the stRNA. Thus, it appears that
small RNAs in association with proteins belonging to
the QDE2 family may be part of a general conserved
mechanism to control gene expression either at the post-
transcriptional or translational level. The recent identi-
fication of a number of genes coding for small RNAs in
vertebrates and invertebrates (Lagos-Quintana et al.
2001; Lau et al. 2001; Lee and Ambros 2001) further sup-
ports the argument for the widespread nature of such a
regulatory mechanism. Therefore, the characterization
of the function of small RNAs and the QDE2 protein
family has implications not only in gene silencing but
also in gene regulation in general.

Materials and methods
Plasmids and Neurospora strains
The 6xw stable silenced strain of Neurospora was obtained by transform-
ing spheroplasts of strain FGSC no. 3958 a (qa-2; aro-9) with pX16 con-
taining the qa-2 gene as a selectable marker and a 1500-bp fragment of
the coding sequence of al-1. The qde mutants used for small RNA de-
tection were obtained by UV mutagenesis of the 6xw strain (Cogoni and
Macino 1997). The 820 strain was obtained by transforming 6xw with
pMXY2, which contains a benomyl-resistance �-tubulin gene that func-
tions as a dominant selectable marker in N. crassa. Benomyl-resistant
transformants were selected, and the orange phenotype was rescued.
Southern analysis revealed the deletion of the qde-2 locus probably as a
consequence of recombination of integrated plasmids (PMYX2; data not
shown).

The pal-1.6 plasmid was derived from a pBluescript II SK+ vector in
which a 1500-bp XbaI/ClaI fragment of al-1 was cloned. The pal-1.6
plasmid was digested with ClaI and transcribed with a T3 RNA poly-
merase to obtain a sense transcript (probe 1); it was then digested by XbaI
and transcribed with a T7 RNA polymerase to obtain an antisense al-1
fragment (probe 2). A pBluescript II SK+ was digested with PvuII, tran-
scribed with T3 RNA polymerase for the RNA molecules, and used as
probe 3. A pBluescript II SK+ was digested with SspI, transcribed with T7
RNA polymerase for the RNA molecules, and used as probe 4. To pro-
duce the plasmid for Flag–QDE2 expression, a sequence containing the
entire qde-2 gene with its own promoter was cloned into the BamHI site
of a pBluescript II SK+ without its HindIII site in the polylinker. To
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introduce the Flag epitope at the N terminus of the protein, an 80-bp
fragment was removed and was substituted with a PCR homologous
fragment amplified with 5�-oligo: 5�-CCCAAGCTTGACTACAAGGAC
GACGATGACAAATCGCTCAGCGAGAAGGAG-3� (containing a HindIII
restriction site, a 24-bp sequence coding for Flag epitope, and a region of
homology to qde-2 sequence) and with 3�-oligo: 5�-CCCAAGCT
TCACCTTCTCGCCCATGGT-3�.

QDE2 purification and Western analysis
Frozen mycelia were homogenized in 10% glycerol, 50 mM HEPES, and
135 mM KCl. Extracts were incubated 5 min on ice. After microcentrifu-
gation at 4°C for 10 min, SDS-loading buffer was added to supernatants,
and proteins were denatured at 94°C for 5 min. All protein buffers con-
tained leupeptin (1 µM), pepstatin (1 µM), and phenylmethanesulfonyl
fluoride (50 µM). To purify the Flag–QDE2 protein, mycelia of strains
expressing the Flag–QDE2 and of the 6xw strain as a control were filtered
through cheesecloth, resuspended in 140 mM KCl, 20 mM Tris-HCl (pH
8), and 5 mM MgCl2, and homogenized. Total extracts were centrifuged
at 4°C for 20 min, and supernatants were incubated with �-flag M2 af-
finity gel. After 3 h, beads were harvested and washed with resuspending
buffer. Elution was done in the same buffer containing 100 µg/mL Flag
peptide.

Western blot analyses were performed as follows. Neurospora crassa
protein extracts were separated by electrophoresis on 7% SDS-polyacryl-
amide gel and electrotransferred to nitrocellulose membrane. Blots were
probed with �-flag monoclonal (Sigma) or �-QDE2 polyclonal antibody.
Polyclonal antibodies were raised against two QDE2 peptides: amino
acids 115–129 (WTEPSSNQNLPSKPQ) and amino acids 316–330
(GDERGKQKDGKEVRY). Two rabbits were immunized with a mix of
the coupled peptides, and the antiserum was used for Western analysis in
a dilution of 1:1000. All blots were blocked and washed in TBST with 5%
nonfat dry milk, followed by horseradish peroxidase-labeled anti-mouse
or anti-rabbit IgG (Sigma, BioRad) secondary antibody incubation. The
ECL Western blot chemiluminescence detection kit was applied for im-
munodetection (Amersham).

Small RNA purification and Northern analysis
Small RNA purification was performed as described by Hamilton and
Baulcombe (1999) with minor modifications. Frozen mycelia were ho-
mogenized with a potter in 50 mM Tris-HCl (pH 9.0), 10 mM EDTA, 100
mM NaCl, and 2% SDS. The homogenates were extracted with an equal
volume of phenol-chloroform, and the nucleic acids were precipitated by
adding 3 volumes of absolute ethanol and 1/10 volume of 3 M sodium
acetate (pH 5), over night at −20°C. After centrifugation the pellets were
washed in 70% ethanol, dried, and resuspended in double distilled water.
Incubating this solution for 30 min on ice with polyethylene glycol (MW
8000) at a final concentration of 5% and 500 mM NaCl, we precipitated
nucleic acids with high molecular weight whereas the small RNA mol-
ecules remained in the solution. The supernatants were precipitated with
ethanol as described above. The concentration of the RNA preparation
was quantified by spectrophotometric analysis. Low-molecular-weight
RNAs were separated by electrophoresis in 0.5× TBE through 15% poly-
acrylamide 7 M urea. Ethidium bromide staining was used to verify the
correct loading. Then RNA was electrotransferred in 1× TBE onto Gene
Screen Plus filters (New England Nuclear), and fixed by ultraviolet cross-
linking. To control the size and polarity of low-molecular-weight RNAs,
25-mer oligonucleotides were used as molecular size markers. Oligo-
nucleotides 5�-GCAAGAACGGAAAGAAGCCAAAGGC-3� and 5�-CA
TGAGCAACGTGACGACAAGGCGG-3� were used as sense and anti-
sense controls, respectively, in hybridizations performed with RNA
probes 1 and 2; oligonucleotides 5�-CCTCGAGGGGGGGCCCGGTAC
CCAA-3� and 5�-AAAACGACGGCCAGTGAGCGCGCGT-3� in those
with RNA probes 3 and 4. Prehybridization and hybridization were at
35°C in 50% deionized formamide, 7% SDS, 250 mM NaCl, 125 mM
sodium phosphate (pH 7.2), and sheared, denatured, salmon sperm DNA
(100 mg/mL). After overnight hybridization, membranes were washed
twice in 2× SSC and 0.2% SDS at 35°C for 30 min and once in 20 mM
Tris-HCl (pH 7.5), 5 mM EDTA, 60 mM sodium chloride, and 10 µg/mL
RNase A at 37°C for 1 h to remove unspecific background.

Single-stranded RNA probes were transcribed in both sense and anti-
sense orientation by pal16 and pal17 plasmids with 32P-labeled uridine
triphosphate (50 µCi per 20 µL reaction volume; specific activity 3000
Ci/mmole; New England Nuclear), using T3 RNA polymerase (Roche).

To remove plasmid template, the reaction was incubated at 37°C for 15
min with RNase-free DNase I (Roche). To break labeled transcripts to an
average size of 50 nt, 300 µL of 80 mM sodium bicarbonate and 120 mM
sodium carbonate were added to the transcriptional reaction and incu-
bated at 60°C for 3 h. To stop the hydrolysis reaction of the transcript, 20
µL of 3 M sodium acetate (pH 5.0) was added (Hamilton and Baulcombe
1999).
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