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Summary
Trans-acting small interfering RNAs (tasiRNAs) are a class of higher-plant endogenous siRNAs that, like
miRNAs, direct the cleavage of non-identical transcripts. tasiRNAs derive from non-coding transcripts (TAS)
that are converted into dsRNA by a RNA-dependent RNA polymerase (RDR6), following their initial miRNAguided cleavage. The dsRNA is then processed by a dicer-like enzyme 4 into phased 21-nucleotide siRNAs. To
date, tasiRNAs have been identified only in Arabidopsis, and their identity and function in other land plants are
unknown. Here, a set of endogenous small RNAs that correspond in a phased manner to a non-coding
transcript (contig13502) were identified in the moss Pyscomitrella patens. Northern analysis suggests that
contig13502-derived small RNAs are expressed in the juvenile gametophyte. In addition, miR390-guided
cleavage of contig13502 at two sites flanking the small RNAs cluster was validated by 5¢ RACE. These cleavages
are predicted to provide defined termini for the production of phased siRNAs. To elucidate the biogenesis of
identified siRNAs, we cloned and generated knock-out mutants for an RDR6 moss homologue (PpRDR6). These
mutants exhibited an accelerated transition from juvenile to mature gametophyte. In addition, RNA blots
demonstrated that they lacked contig13502-derived siRNAs, suggesting that PpRDR6 is required for siRNA
biogenesis. A target gene, which showed homology to an AP2/EREBP transcription factor, for one phased
siRNA, was validated, corroborating its identity as a trans-acting siRNA. Taken together, our data indicate that
contig13502 is a novel TAS locus and suggest a role for derived tasiRNAs in the regulation of gene expression
in moss.
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Introduction
Trans-acting small interfering RNAs (tasiRNAs) are a special
subgroup of 21–22-nucleotide endogenous siRNAs that
were recently discovered as regulators of gene expression in
higher plants (Allen et al., 2005; Peragine et al., 2004;
Vazquez et al., 2004; Williams et al., 2005). Like mRNAs, but
in contrast to other classes of endogenous siRNAs, which
typically direct the cleavage of perfectly complementary
transcripts, including the transcript from which they are
derived (Brodersen and Voinnet, 2006), tasiRNAs guide in
trans the cleavage of partially complementary cellular transcripts that have little overall resemblance to their precursor
RNAs (TAS) (Allen et al., 2005; Peragine et al., 2004; Vazquez
et al., 2004; Williams et al., 2005; Yoshikawa et al., 2005).
Three families of TAS genes, TAS1, TAS2 and TAS3, have
ª 2006 The Authors
Journal compilation ª 2006 Blackwell Publishing Ltd

been identified in Arabidopsis (Allen et al., 2005; Peragine
et al., 2004; Vazquez et al., 2004; Yoshikawa et al., 2005).
TAS1- and TAS2-derived tasiRNAs target a set of mRNAs
that encode proteins of unknown functions (Allen et al.,
2005; Peragine et al., 2004; Vazquez et al., 2004; Yoshikawa
et al., 2005) or that encode pentatricopeptide repeat proteins
(Allen et al., 2005; Peragine et al., 2004; Yoshikawa et al.,
2005), respectively. The TAS3 locus specifies two tasiRNAs
that target a set of mRNAs for several auxin response factors
(ARFs) (Adenot et al., 2006; Allen et al., 2005; Fahlgren et al.,
2006; Garcia et al., 2006; Williams et al., 2005). Arabidopsis
mutants with defects in RNA-dependent RNA polymerase
6 (RDR6) and suppressor of gene silencing 3 (SGS3) lack
TAS3-derived tasiRNAs, and exhibit accelerated transition
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from the juvenile to the adult phase during vegetative
development (Gasciolli et al., 2005; Peragine et al., 2004;
Xie et al., 2005; Yoshikawa et al., 2005). In has been demonstrated that this transition is normally suppressed by
TAS3 tasiRNAs in an ARGONAUTE7-dependent manner,
through negative regulation of ARF3 mRNA (Adenot et al.,
2006; Fahlgren et al., 2006). A hypomorphic rdr6 mutant
Arabidopsis consistently accumulates wild-type TAS3
tasiRNAs but not TAS1 and TAS2 tasiRNAs (Adenot et al.,
2006). Additionally, tas3 mutants, but not tas1 or tas2
mutants, exhibit leaf morphology defects, suggesting that
TAS3 is required for normal leaf development (Adenot
et al., 2006).
It has been demonstrated that biogenesis of tasiRNAs is
initiated by an miRNA-mediated cleavage of precursor
transcripts. In Arabidopsis, miR390 and miR173 set the phase
for the production of tasiRNAs by guiding single site-specific
cleavage of TAS1 and TAS2 transcripts (Yoshikawa et al.,
2005) and TAS3 transcripts (Allen et al., 2005), respectively.
The cleaved transcripts are then converted to dsRNA through
the activities of RDR6 and SGS3 (Peragine et al., 2004;
Vazquez et al., 2004; Yoshikawa et al., 2005). A dicer-like 4
(DCL4) enzyme then catalyses tasiRNA formation in 21nucleotide increments, starting from the miRNA processed
end of the precursor (Gasciolli et al., 2005; Xie et al., 2005;
Yoshikawa et al., 2005). Thus, the resulting tasiRNAs are
accurately phased with respect to the miRNA-guided cleavage site. In contrast to miR173, which has been cloned only
from Arabidopsis (Park et al., 2002), miR390 is deeply
conserved among the land plant lineage and has been cloned
from Arabidopsis (Gustafson et al., 2005), rice (Sunkar et al.,
2005) and even from basal land plants such as moss (Arazi
et al., 2005; Axtell and Bartel, 2005; Talmor-Neiman et al.,
2006). In addition, homologous transcripts of TAS3, with a
predicted miR390 target site, have been found in various
dicotyledonous and monocotyledonous species, which suggests that TAS3 is conserved in higher plants (Allen et al.,
2005). However, until now, no evidence for the existence of
TAS loci and derived tasiRNAs in lower land plants has been
found. Determination of the identity of tasiRNAs and target
genes among lower plants would be an important step in
elucidating the evolution and function of this special class of
small RNAs in land plants.
Here we describe the identification of a novel TAS
(TAS4) and derived tasiRNAs in moss. Cleavage site
analysis suggests that phasing of TAS4-derived tasiRNAs
is directed by miR390 from both ends of the tasiRNA
cluster, and that a putative AP2/EREBP transcription factor
serves as a target for one phased tasiRNA. In addition, we
show that a moss RDR6 homologue is required for
tasiRNAs biogenesis, which suggests that a tasiRNA
pathway is preserved in moss and raises the possibility
that tasiRNAs, like miRNAs, played important roles during
land plant evolution.

Results
Several cloned small RNAs correspond to contig13502 in a
phased manner
Previously we cloned a set of 100 non-structural small
RNAs from P. patens protonema (Arazi et al., 2005). Among
those small RNAs, we identified three (Pp_17, Pp_40 and
Pp_19) that mapped to a single non-coding expressed sequence tag (EST) BI488366 and appeared to be, at least
partially, in phase with each other (Arazi et al., 2005). A
recent query of the P. patens public EST database with
BI488366 revealed that it is identical to a region (nucleotides
463–712) at the 3¢ end of an EST contig, designated contig13502. Using PCR and 3¢ RACE, we confirmed that contig13502 encodes a single transcript in moss (data not
shown). Sequence analysis of the 757 bp EST suggests that
it contains a 53 amino acid open reading frame, with no
significant similarity to known proteins, which raised the
possibility that it is a non-coding transcript. Moreover, further sequencing of the protonema small RNA library (Arazi
et al., 2005) identified eight small RNAs, in addition to
Pp_17, Pp_19 and Pp_40, that perfectly matched contig13502, bringing to 11 the total number of cloned small
RNAs that are predicted to be derived from this transcript
(Table 1). Four cloned small RNAs corresponded to contig13502 in the sense orientation and seven small RNAs
were complementary to contig13502 (Figure 1a). We refer
to these small RNAs according to their position relative to
the known 5¢ of contig13502, and their sense (þ) or antisense ()) orientation (Table 1). Six small RNAs, siR3(þ),
siR6(þ), siR7()), siR9()), siR10()), siR11()), occurred in almost perfect 21-nucleotide increments, two on the sense
strand and four on the antisense strand (Figure 1a). An
additional small RNA, siR8()), is a processing variant of
siR9()) that is shifted by one nucleotide at its 5¢ end. This
phased arrangement of cloned small RNAs was reminiscent
of the tasiRNA arrangement along TAS1-3 transcripts (Allen
et al., 2005; Vazquez et al., 2004; Yoshikawa et al., 2005).
Moreover, as tasiRNAs are generated from non-coding TAS
transcripts at 21-nucleotide intervals by a DCL4 enzyme
(Gasciolli et al., 2005; Xie et al., 2005; Yoshikawa et al.,
2005), we suggest that siR2(þ), which is separated by 40
nucleotides from siR3(þ), is also found in-phase (Figure 1a,
40 nt). The remaining small RNAs, siR1()), siR4(þ) and
siR5()), are found in a different register, having 4, 7 and 13
nucleotide overlaps with siR2(þ) or siR6(þ) respectively
(Figure 1a). By using either a sense or an antisense contig13502 RNA probe, we detected 20–21-nucleotide small
RNAs in the protonema, thus confirming the in vivo processing of contig13502 (Figure 1b). Sequence alignment
between contig13502 and TAS1-3 genes did not find any
significant homology, suggesting that it represents a novel
land plant TAS. Therefore, we designated it TAS4.

ª 2006 The Authors
Journal compilation ª 2006 Blackwell Publishing Ltd, The Plant Journal, (2006), 48, 511–521

Trans-acting siRNAs in moss 513
Table 1 Cloned small RNAs predicted to
be derived from the contig13502 transcript

Small RNAa

Length

Sequence

Phasing

siR1())
siR2(þ)
siR3(þ)
siR4(þ)
siR5())
siR6(þ)
siR7())(Pp_17)
siR8())
siR9())
siR10())(Pp_40)
siR11())(Pp_19)

23
21
22
21
21
21
21
21
21
21
20

CCTATTTTCGCCCCCTAGGAGGG
TAGGTGAGCTGGGGTCACCTT
CAAGACCCTAGCTATGGCTCCA
TAGCTATGGCTCCATAGGGTG
TCATCACACCCTATGGAGCCA
TAGGGTGTGATGAGTGCTTCA
AGGCAGTAGAAGAGCACCGGA
TATCACAAGGGTAGGTGGGCA
ATATCACAAGGGTAGGTGGGC
GACACGCAGACACGCGCGGCC
ATATACAACCGATACAGGAG

No
Yes
Yes
No
No
Yes
Yes
Yesb
Yes
Yes
Yes

a

(þ) sense strand, ()) antisense strand.
Shifted by one nucleotide relative to siR9()).

b

(a)

43 nt

m i R 390 -5 ’

s i R 2( + )

siR1(-)
40 nt

s i R 3 ( +)

siR4( +)

si R6( + )

siR5(-)

siR9(-)
siR8(-)

siR7(-)

si R1 1 ( -)

s i R 1 0 (- )

m iR3 9 0-3 ’

(b)

(c)

1/17

15/17

1/17

5/5

3 0 1 . U U C C A C U G G G C G U U AU C C C U C U U G A G C U G A G A A G A C A . .
||||.||||||||.||||||
3’-CCGCGAUAGGGAGGACUCGAA-’5

5 41.GGUUGUAUAUCACUCC UGAG CUACGGG ..
| .|. |||| ||||||||||
3’-CCGCG-AUAGGGAGGACUCGAA-’5

m i R 390 - 5 ’

miR390-3’

Figure 1. contig13502 corresponds to endogenous small RNAs and serves as a target for miR390.
(a) Positions, relative orientations and nucleotide sequences of cloned small RNAs are marked by arrows. Predicted Dicer processing sites and miR390
complementary sequences are indicated. Nucleotide numbers are relative to the 5¢ end of contig13502 as found in the EST database.
(b) RNA gel blot analysis of contig13502 siRNA accumulation in wild-type plants. Low molecular weight RNA was extracted from one week old protonema
(equivalent to 160 lg total RNA) and hybridized to either sense or antisense contig13502 (nucleotides 320-603) RNA probe.
(c) Experimental validation of miR390 cleavage sites in contig13502 as marked in (a). Cleavage sites were determined by modified 5¢ RNA ligase-mediated RACE. The
nucleotide positions within contig13502 are indicated. The miR390 sequence and partial sequence of contig13502 are shown. The arrows indicate the positions of
inferred cleavage sites, and the numbers above indicate the fraction of cloned PCR products terminating at these positions.

miR390-guided cleavage of TAS4
In Arabidopsis, two miRNAs, miR173 and miR390, set the
phase for the production of tasiRNAs from TAS1 and TAS2,
and from TAS3, respectively, by directing their site-specific
cleavage (Allen et al., 2005; Yoshikawa et al., 2005). In contrast to miR173, which has been identified only in Arabid-

opsis, miR390 is highly conserved among land plants (Axtell
and Bartel, 2005) and we previously cloned it from moss
(Arazi et al., 2005). Therefore, to test the possibility that the
putative TAS4 serves as target for miR390, we used PATSCAN (Dsouza et al., 1997) to search for TAS4 sequences
that were complementary to miR390, according to the
empirical parameters for miRNA target recognition (Schwab

ª 2006 The Authors
Journal compilation ª 2006 Blackwell Publishing Ltd, The Plant Journal, (2006), 48, 511–521

514 Mali Talmor-Neiman et al.
et al., 2005). This search identified one miR390 complementary sequence with three mismatches upstream of
siR2(þ) (Figure 1a, miR390-5¢). An RNA ligase-mediated
(RLM) 5¢ RACE analysis (Llave et al., 2002) was performed to
validate the cleavage of TAS4 at this target site. Two 5¢ RACE
products could be amplified from protonema cDNA: a
349 bp product of the size predicted for specific cleavage at
the miR390-5¢ site, and a smaller product of 105 bp. Cloning
and sequencing of the 349 bp amplified product revealed
that 88% of sequenced 5¢ ends terminated at a position
predicted to pair with the 10th nucleotide of miR390
(Figure 1c, miR390-5¢), indicating that it represented a bona
fide miR390-mediated cleavage product. Furthermore, the
deduced cleavage site was found to be in almost perfect
register (43 nucleotides) with siR2(þ) (Figure 1a), suggesting
that miR390-mediated cleavage might set the correct register for processing of phased tasiRNAs. Surprisingly, cloning
and sequencing of the 105 bp amplified product revealed
that all sequenced 5¢ ends terminated at an identical position (Figure 1c, miR390-3¢), just one nucleotide upstream of
the predicted processing site of siR11()) (Figure 1a, miR3903¢). Manual alignment to miR390 at that site revealed an
overall low complementarity (seven mismatches), but perfect complementarity to the miR390 seed sequence (nucleotides 2–11, Figure 1c, miR390-3¢) that is critical for target
recognition (Mallory et al., 2004; Schwab et al., 2005). Thus,
we concluded that specific miR390-mediated cleavage
occurred at the miR390-3¢ site also. Such cleavage is predicted to set the correct register for processing of phased
tasiRNAs from the TAS4 3¢ end.

coding sequence. Interrogation of the SMART database
(http://smart.embl-heidelberg.de) with the deduced amino
acid sequence showed a significant similarity of amino
acids 534–919 to the catalytic domain of RNA-dependent
RNA polymerases, and of the N-terminal residues 5–76 to
an RNA recognition motif (RRM) found in RDRs, which
suggested that the cloned cDNA encoded a putative RDRlike protein. Phylogenetic reconstruction indicated that this
protein belongs to the class of RDR6 proteins, therefore we
designated it PpRR6 (Figure 2). Alignment of PpRDR6 with
known higher-plant RDR6 enzymes showed around 40%
identity, including conservation of the DLDGD motif (Figure 3) that is characteristic of the catalytic domains of
higher plants RDR1, 2 and 6 (Wassenegger and Krczal,
2006).
It has been established that an RDR6 enzyme (Dalmay
et al., 2000b; Mourrain et al., 2000) is required for the
biogenesis of tasiRNAs in Arabidopsis (Peragine et al.,
2004; Vazquez et al., 2004; Yoshikawa et al., 2005). To
address the question of whether PpRDR6 is involved in the
biogenesis of TAS4-derived siRNAs, knock-out (KO) mutants
of the corresponding gene were generated by homologous
recombination with a targeting construct designed to
disrupt the third intron of the PpRDR6 gene (Figure 4a). We
generated two strains of PpRDR6 gene disruptants (Pprdr6
lines), and confirmed by PCR analyses that the expected
PpRDR6 locus in each was replaced with the targeting

100

OsRDR3a
OsRDR3b

100
97

Cloning of a P. patens RDR6 homologue and generation of
knock-out plants
To identify moss proteins involved in the biogenesis of
TAS4-derived siRNAs, we queried the moss EST database
(http://moss.nibb.ac.jp/) with the protein sequences of
Arabidopsis RNA-dependent RNA polymerases (RDRs) that
are required for various siRNA-mediated silencing pathways in plants (Brodersen and Voinnet, 2006; Wassenegger and Krczal, 2006). This search identified a single EST
(BQ827639) that encoded a partial open reading frame with
significant similarities to AtRDR1, AtRDR2, AtRDR3c and
AtRDR6. We then used a rapid amplification of DNA ends
protocol on moss genomic DNA (Cormack and Somssich,
1997) to clone the corresponding gene (GenBank accession
number DQ531709). To characterize its full-length open
reading frame, its cDNA was cloned by RT-PCR on total
RNA from 1-week-old protonema. Sequencing of the
amplified product revealed a 3662 bp cDNA (GenBank
accession number DQ531710) that was predicted to encode
a 1152 amino acid protein. The presumptive first ATG was
preceded by an in-frame termination codon, which suggested that the isolated cDNA clone contained the full

AtRDR3a
AtRDR3b

100

AtRDR3c
100

100

AtRDR2
NbRDR2
OsRDR2

95

AtRDR1
NtRDR1

100
100

LeRDR1
OsRDR6

100
AtRDR6
100

100

NbRDR6
PpRDR6

Figure 2. An unrooted phylogenetic tree based on 15 plant RDR-like proteins
was constructed by the neighbour-joining method with 100 bootstrap
sampling (MEGA program, version 3) (Kumar et al., 2004).
Sequences were named according to proposed terminology by Wassenegger
and Krczal (2006). Accession numbers are as follows (in parentheses): LeRDR1
(CAA71421); NtRDR1 (CAA09697); AtRDR1 (AAF79241); NbRDR2 (AAU21243);
AtRDR2 (AAC35535); OsRDR2 (CAE04828); AtRDR3a (NP_179581); AtRDR3b
(NP_179582); AtRDR3c (NP_179583); OsRDR3a (NP_913147); OsRDR3b
(NP_913148); NbRDR6 (AAU21242); AtRDR6 (AAF74208); OsRDR6
(BAC00725); PpRDR6 (DQ531710). At, Arabidopsis thaliana; Le, Lycopersicum
esculentum; Nb, Nicotiana benthamiana; Os, Oryza sativa; Pp, Physcomitrella
patens.
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Figure 3. Sequence alignment of plant RNA-directed RNA polymerases 6 (RDR6).
The multiple alignment was generated with the computer program CLUSTAL W (Thompson et al., 1994). The RDR6 catalytic domain motif DLDGD is marked by
asterisks. Sequences were named according to proposed terminology by Wassenegger and Krczal (2006). Accession numbers are as follows (in parentheses):
NbRDR6 (AAU21242); AtRDR6 (AAF74208); OsRDR6 (BAC00725); PpRDR6 (DQ531710). At, Arabidopsis thaliana; Nb, Nicotiana benthamiana; Os, Oryza sativa; Pp,
Physcomitrella patens.

construct. Fragments with the anticipated sizes were amplified from the genomic DNA of Pprdr6-19 and Pprdr6-35
plants, but not from wild-type plants, indicating that they
contained recombined 5¢ (Figure 4b, 1 þ 2) and 3¢ (Figure 4b, 3 þ 4) ends of the targeting construct. The expression of PpRDR6 in the Pprdr6 lines was analysed by RT-PCR.
As shown in Figure 4(c), the PpRDR6 transcript could be

amplified from the wild-type protonema but not from the
protonema of the Pprdr6 lines (Figure 4c, 1 þ 4), which
suggests that the native transcript is absent from mutant
protonema. Consistently with that interpretation, an aberrant transcript that contains part of the PpRDR6 gene and the
5¢ half of the KO cassette (Figure 4c, 1 þ 2) but not the 3¢ half
(Figure 4c, 3 þ 4) could be amplified from the protonema of
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(a)

(b)

(c)

(d)

Figure 4. RDR6 targeting construct, confirmation of disruption and phenotype analysis.
(a) Schematic of the disruption of the PpRDR6 locus. The locations of primers used in (b) and (c) are shown by arrowheads. Exons are indicated by boxes. P35S,
CaMV 35S promoter; nptII, neomycin phosphotransferase II; Tnos, nopaline synthase terminator.
(b) PCR genotyping analysis of Pprdr6 plants. Products of PCRs performed with equal amounts of genomic DNA as a template and indicated primers or P. patens
phytoene desaturase primers (PpPDS) as a control. P, a plasmid containing the PpPDS genomic clone; M, molecular size marker (kb).
(c) RT-PCR analysis of transgenic lines to confirm loss of RDR6 transcript. Reverse transcription was performed with oligo(dT) primer and amplification with
indicated PpRDR6 primers or PpPDS primers as an RT efficiency control. Control amplification reactions (Control) include genomic DNA as template (1 þ 2, 3 þ 4) or
a plasmid containing the PpRDR6 cDNA (1 þ 4) or the PpPDS genomic clone (PpPDS). M, molecular size marker (kb).
(d) Phenotypic analysis of Pprdr6 plants. Protonemal colonies of wild-type, Pprdr6-19 and Pprdr6-35 were inoculated on agar plates containing minimal medium
(PpNO3) or minimal medium supplemented with 2.7 mM ammonium tartrate. The plates were incubated under normal growth conditions for 15 days.
Representative leafy gametophores are marked by arrows.
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the Pprdr6 lines. On the basis of the size of the amplified
product (approximately 1.64 kb), we hypothesized that
transcription must proceed through the selection marker,
probably because of failure of the third intron to splice out,
following termination of transcription at the nopaline synthase terminator (Tnos). Thus, it is highly likely that the
Pprdr6 lines do not encode an intact PpRDR6 protein.
To analyse the phenotype of Pprdr6 lines, the growth of
protonemal colonies of wild-type and Pprdr6 lines was
monitored under normal autotrophic conditions. Protonema
pieces of similar size were inoculated onto new agar plates
containing minimal media (PpNO3), and these plates were
incubated under a normal growth regime. Ten days postinoculation, leafy gametophores were observed for Pprdr619 (0.5  0.6 gametophores per colony) and Pprdr6-35
(3.3  1.3 gametophores per colony). At that time, no
gametophores were observed in wild-type plants. The first
leafy gametophores were observed in wild-type plants
5 days later (Figure 4d, PpNO3). The early development of
leafy gametophores was even more pronounced when
protonemata were inoculated in minimal medium supplemented with ammonium (PpNH4). The presence of ammonium ions in PpNH4 increases the yield of secondary
chloronemata, delays gametophore development, and
maintains the moss in vegetative state (Ashton and Cove,
1977). As expected, 15 days post-inoculation, no gametophores were observed in wild-type colonies. Nevertheless, by
that time several gametophores were observed in Pprdr6-19
and Pprdr6-35 colonies (Figure 4d, PpNH4); the first were
observed 10 days post-inoculation in Pprdr6-19 (0.55  0.7
gametophores per colony) and Pprdr6-35 (1.7  0.8 gametophores per colony). These observations suggest that the
transition from juvenile to mature gametophyte, as manifested by the development of the leafy gametophores, was
accelerated in the Pprdr6 lines compared with the wild-type
plants.

Figure 5. Accumulation of contig13502-derived
siRNAs and not of miRNAs is dependent on
PpRDR6.
(a) RNA gel blot analysis of contig13502 siRNA
accumulation in wild-type and Pprdr6 plants.
Low molecular weight RNA was extracted from
one week old protonema (equivalent to 250 lg
total RNA) and hybridized to either sense or
antisense contig13502 (nucleotides 320-603)
RNA probe. (b-c) RNA gel blot analysis of
indicated siRNAs and miRNAs accumulation in
wild-type and Pprdr6 plants. Low molecular
weight RNA was extracted from one week old
protonema (equivalent to 500 lg (b) or 280 lg (c)
total RNA) and hybridized to DNA oligo probes
complementary to each siRNA or miRNA. The
tRNA and 5S rRNA bands were visualized by
ethidium bromide staining (EtBr) of polyacrylamide gels, and served as loading controls.

(a)

Accumulation of TAS4-derived siRNAs requires PpRDR6
To test whether PpRDR6 was required for the biogenesis of
TAS4-derived siRNAs, we analysed their expression in wildtype and in Pprdr6 protonemata by Northern blots. By using
sense and antisense TAS4 RNA probes, we detected 21nucleotide small RNAs of antisense or sense polarity,
respectively, in wild-type plants but not in PpRDR6 mutant
plants, which indicated that the accumulation of these small
RNAs depends on PpRDR6 activity (Figure 5a). Consistent
with that result, the specific accumulation of sense and
antisense TAS4-derived siRNAs could be detected in wildtype protonema but not in Pprdr6 mutant protonema at a
similar developmental stage (Figure 5b-c). In contrast, similar levels of miR390 and miR535 were detected in wild-type
and Pprdr6 protonema (Figure 5b), which suggests that
miRNA accumulation is PpRDR6-independent.
Predicted and validated targets of TAS4-derived siRNAs
Potential targets of TAS4-derived siRNAs were identified
by searching the P. patens public EST and genomic databases for siRNA complementary sequences that obey
miRNA target rules, as described previously (Talmor-Neiman et al., 2006). This search identified numerous
genomic sequences with complementarity to cloned siRNAs (data not shown). However, in the absence of the
P. patens-annotated genome sequence, the orientation of
only two potential target sequences could be determined,
on the basis of their homology to known proteins:
869920658, a potential target of siR6(þ), which is predicted
to encode a putative APETALA2 (AP2)/ethylene-responsive
element binding factor (EREBP) transcription factor, and
815817570, a potential target of siR11()), which is predicted to encode a putative histone acetyl transferase B. Like
miRNAs (Llave et al., 2002; Palatnik et al., 2003; Tang et al.,

(b)

ª 2006 The Authors
Journal compilation ª 2006 Blackwell Publishing Ltd, The Plant Journal, (2006), 48, 511–521

(c)

518 Mali Talmor-Neiman et al.
2003), higher plant tasiRNAs control gene expression posttranscriptionally by targeting cognate mRNAs for degradation (Allen et al., 2005; Peragine et al., 2004; Vazquez
et al., 2004; Yoshikawa et al., 2005). To validate that cleavage of 869920658 and 815817570 mRNAs occurred in vivo
at siR6(þ) and siR11()) inferred target sites, respectively,
an RLM 5¢ RACE was performed. 5¢ RACE products could
be amplified for 815817570 and 869920658 from a protonema cDNA. Sequencing of the 869920658 amplified
products revealed that all such products terminated at a
position that paired with the 10th siR6(þ) nucleotide from
its 5¢ end, indicating that they represented authentic
siR6(þ)-mediated cleavage products (Figure 6a). Consistent
with that interpretation, RT-PCR analysis suggested that
the transcript level of 869920658, which was predicted to
be negatively regulated by siR6(þ), was up-regulated in
Pprdr6-19 and Pprdr6-35 protonemata that lacked siR6(þ),
compared with wild-type plants (Figure 6b). Sequencing of
the 815817570 cloned products failed to reveal a cleavage
site at the predicted position within the transcript, with
only one out of eight cloned sequences terminating at a
position that paired with the 5¢ end of siR11()) (Figure 6b).

(a)

Discussion
Here we have presented evidence for the presence of
tasiRNAs and their corresponding TAS4 in one of the oldest
groups of land plants. Several observations supported our
classification of TAS4 as a TAS gene. Firstly, our data indicated that both sense and antisense TAS4-derived small
RNAs were expressed in the protonema of wild-type
P. patens (Figure 1b). Moreover, we cloned 11 of these small
RNAs (Table 1) and found that eight corresponded to TAS4
in a phased manner, which is reminiscent of the arrangement of Arabidopsis tasiRNAs along cognate TAS1-3 transcripts (Allen et al., 2005; Yoshikawa et al., 2005). In
addition, all phased small RNAs obey the strand asymmetry
rules for RISC assembly (Khvorova et al., 2003; Schwarz
et al., 2003), implying that they function as siRNAs and enter
into an as yet unidentified RISC-like complex in moss. Secondly, we showed that one of the phased siRNAs, siR6(þ),
guides the cleavage of an endogenous non-identical mRNA,
indicating that it acts in trans to regulate the mRNA
expression, similar to plant miRNAs and tasiRNAs (Brodersen and Voinnet, 2006). Thirdly, one of the unique features of

Figure 6. Validation of siR6(þ) and siR11()) target genes.
(a) The mRNA cleavage site was determined by
modified 5¢ RNA ligase-mediated RACE. The
siRNA sequences and partial sequence of the
corresponding mRNAs are shown. The arrows
indicate the positions of inferred cleavage sites
and the numbers above indicate the proportion
of cloned PCR products terminating at the various positions.
(b) RT-PCR analysis of 1 lg total RNA prepared
from 7-day-old protonema of wild-type and
Pprdr6 mutants. 869920658 mRNA was amplified by using primers located on both sides of the
siR6(þ) complementary site. PpPDS was used as
a control. P, a plasmid containing a PpPDS
genomic clone; M, molecular size marker (kb).
The number of cycles of amplification is indicated in parentheses.

(b)
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TAS primary transcripts, unlike transcripts processed to
other types of siRNAs, is that they serve as targets for an
miRNA (Allen et al., 2005; Yoshikawa et al., 2005). Allen
et al. (2005) demonstrated that miR390-guided cleavage of
TAS3 set the correct phase for tasiRNA processing. Our
present results suggest that the TAS4 transcript serves as an
miR390 target in moss (Figure 1c). However, in contrast to
TAS3, which was cleaved only once downstream of the
tasiRNAs cluster, TAS4 was cleaved at two miR390 target
sites, located at either end of the tasiRNAs cluster
(Figure 1b). Finally, our data suggest that the specific
expression of TAS4-derived siRNAs is abrogated in Pprdr6
knock-out plants that lack PpRDR6, a homologue of AtRDR6.
These observations are consistent with the absence of
tasiRNAs from Atrdr6 mutant plants (Allen et al., 2005;
Peragine et al., 2004; Vazquez et al., 2004; Yoshikawa et al.,
2005), and fit the current model that an RDR6 is involved in
the conversion of single-stranded pri-tasiRNA into a dsRNA
tasiRNA precursor (Brodersen and Voinnet, 2006).
The current model for tasiRNA biogenesis states that
DCL4-catalysed processing of a pri-tasiRNA duplex starts
from a single end that is defined by site-specific miRNAguided cleavage by either miR173 or miR390 (Allen et al.,
2005; Yoshikawa et al., 2005). As dicers are known to process
dsRNA from both ends (Zhang et al., 2002), it is still not
understood how DCL4 systematically selects the dsRNA end
located at the miRNA cleavage site as the starting point for
tasiRNA processing. Our present findings, which suggest
that both ends of TAS4 are defined by miR390-guided
cleavage, provide a possible explanation, in that initiation of
tasiRNA processing from either side of the TAS4 duplex
would result in correctly phased tasiRNAs. In this regard, a
second miR390 target site in TAS3, located upstream of the
tasiRNA cluster, was recently predicted (Fahlgren et al.,
2006). However, as the complementarity between miR390
and TAS4 at the 5¢ site (DG ¼ )21.3 kcal mol)1) is better than
that at the 3¢ site (DG ¼ )16 kcal mol)1), miR390-guided
cleavage at the former is predicted to be much more
efficient. This is reasonable because cleavage at the 5¢ site
is required to remove the cap structure, a process that has
been hypothesized to induce the conversion of ssRNA to
dsRNA by RDR6 (Gazzani et al., 2004). It remains to be
determined how often cleavage at the 3¢ site occurs, and
whether it is essential for correct tasiRNA processing.
To date, mRNAs encoding auxin response factors (ARFs),
pentatricopeptide repeat proteins, and proteins with unknown function have been identified as targets of tasiRNAs
in Arabidopsis (Allen et al., 2005; Peragine et al., 2004;
Vazquez et al., 2004; Williams et al., 2005). What is the
biological role of tasiRNAs in moss? Although we have
identified numerous genomic sequences with complementarity to identified tasiRNAs, the relevance of most of them as
tasiRNA targets has not been determined because the
P. patens genome has not yet been annotated. Neverthe-

less, our present data suggest that 869920658, a putative
AP2/EREBP transcription factor, is a genuine target of
siR6(þ) in moss. To date, members of this family have not
been predicted as tasiRNA targets in higher plants (Brodersen and Voinnet, 2006). In Arabidopsis, AP2/EREBP transcription factors function in signal transduction pathways of
biotic and environmental stress responses, and some function as key developmental regulators in reproductive and
vegetative organs, including the floral homeotic gene Apetala2 (AP2) (Riechmann and Meyerowitz, 1998). Our present
observations indicate that Pprdr6 mutant plants, which
express elevated levels of 869920658, show an accelerated
juvenile to mature phase change, which suggests that this
developmental event might be promoted by 869920658 and
negatively regulated by TAS4-derived tasiRNAs. Interestingly,rdr6, sgs3 and dcl4 mutants of Arabidopsis all show an
accelerated juvenile-to-adult phase transition (Gasciolli
et al., 2005; Peragine et al., 2004; Xie et al., 2005; Yoshikawa
et al., 2005), and this phenotype is attributed mainly to the
absence of TAS3-derived tasiRNAs (Adenot et al., 2006;
Fahlgren et al., 2006). Thus, it is tempting to speculate that
the highly conserved miR390 regulates developmental
timing through tasiRNAs in both higher plants and mosses,
and that this function has been conserved over four hundred
million years since the divergence of the moss and flowering
plant lineages. Identification of additional targets of TAS4derived tasiRNAs is an important goal for future research.

Experimental procedures
Plant material and culture conditions
Protonemata of Physcomitrella patens (P. patens) sub-species
patens (Ashton and Cove, 1977) were cultured as described previously (Arazi et al., 2005).

Isolation of PpRDR6 genomic and cDNA clones
BQ827639 EST was identified by BLAST N against the P. patens EST
database (http://moss.nibb.ac.jp/blast/blast.html) as a homologue
of RDR6. We then used a rapid amplification of genomic ends
(RAGE) protocol as described by Cormack and Somssich (1997) to
clone the corresponding full-length gene PpRDR6. Briefly, 1 lg of
protonema DNA was digested with EcoRI, extracted with phenol/
chloroform/isoamyl alcohol and precipitated. Digested genomic
DNA was then polyadenylated with terminal transferase (Roche
Applied Science, Mannheim, Germany). Primary RAGE was
performed on 200 ng of polyadenylated genomic DNA using a
universal MercuryTC primer (5¢-CTGGAATTCGCTACGATCCTTTTTTTTTTTTTTTTTTTC-3¢) with either RAGE1 (5¢-GTAATTCAACAACCCAGTCTCGTCC-3¢), RAGE2 (5¢-ACGCCGTCACCTTGACTTGTTCTG-3¢), or RAGE3 (5¢-CGACTTGGATTCAATATATGACTACGATC3¢). Nested RAGE was performed with 1 ll of the corresponding
primary RAGE reaction as a template using a MercuryTC nested
primer (5¢-CTGGAATTCGCTACGATCCT-3¢) with either RAGE1nested (5¢-GAAACTAAATCCTCCAGCAGGCTG-3¢), RAGE2nested (5¢GCTGCATTACTATCATCATTTCTGGC-3¢) or RAGE3nested (5¢-
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GGGTTCTTTACGAAGAATTCCGAGCTC-3¢). Amplified fragments
were cloned and sequenced. On the basis of the genomic sequence,
the full-length cDNA was cloned by RT-PCR using total RNA
extracted from 1-week-old protonema as a template with primers
RDR6UTRfwd (5¢-CGTGACACCTTGATTTCAGAGC-3¢) and RDR6rev
(5¢-CTATTCCTTCTCCTTGACCTTAAGC-3¢).

Nucleic acid isolation

Transformation of P. patens and generation of knock-out
mutants

RNA gel blot analysis

The targeting construct contained an 818 bp PpRdR6 genomic
sequence (nucleotides 2679–3496), followed by the neomycin
phosphotransferase (nptII) gene, the expression of which was driven by the cauliflower mosaic virus (CaMV) 35S promoter, followed
by 737 bp of the PpRDR6 genomic sequence (nucleotides 3497–
4233). The KO cassette was cloned into the pTOPO plasmid (Invitrogen, Carlsbad, CA, USA). Purified plasmid was linearized, ethanol-precipitated and resuspended in sterile water at a
concentration of 1 mg ml)1.
For transformation of P. patens, 300 ll of a protoplast suspension (1.2 · 106 protoplasts ml)1) was added to 15 ll of the linearized plasmid. After gentle mixing, 300 ll of solution containing
40% polyethylene glycol, 0.1 M CaNO3, 0.38 M mannitol and
10 mM Tris–HCl (pH 8.0) was added, and the suspension was
incubated with occasional mixing for 5 min at 42C, and then for
10 min at room temperature. The protoplast suspension was
diluted to a final volume of 7.5 ml with liquid NH4 medium
(Ashton and Cove, 1977) supplemented with 6.8% mannitol, and
incubated for 18 h in the dark. After 24 h, the protoplasts were
plated in solid PpNH4 medium supplemented with 6.8% mannitol
layered on cellophane. After incubation for a further 6 days, the
cellophane overlays were transferred to PpNH4 medium with G418
(EMD Biosciences, Inc., San Diego, CA, USA) at 50 mg l)1. After
incubation for 10 days, the cellophane overlays were transferred
to PpNH4 medium with no antibiotic for 7 days. Stable G418resistant moss colonies were selected by two more antibiotic/no
antibiotic selection rounds.
To screen for perfect integration of the KO cassette, G418resistant transformants were assayed for incorporation of the nptII
cassette into the PpRDR6 locus by PCR on genomic DNA. Pairs of
primers specific for upstream of the 5¢ junction (RDR6-1-5¢-AACTACTAGCTGCTCTGATTCTCACTC-3¢) with nptII-2 (5¢-TCCAGATCATCCTGATCGACAAGAC-3¢) and downstream of the 3¢ junction
(RDR6-4-5¢-TTCAAATTGAGCTCGGAATTCTTCG-3¢) with nptII-3 (5¢CTATCGCCTTCTTGACGAGTTCTTCTG-3¢) were used. As a PCR
control, PpPDS-specific primers PpPDS-fwd (5¢-TCCACTACGTGTAAGGAGTACTACGACC-3¢) and PpPDS-rev (5¢-CTTGAAATCCTGTACAATGGATTGGG-3¢) were used.

RT-PCR
DNA-free total RNA was isolated from 7-day-old protonema using
the Nucleospin RNA plant kit (Macherey-Nagel, Duren, Germany).
First-strand cDNA synthesis was performed on 1 lg of total RNA
using Superscript II (Invitrogen) and an oligo(dT) primer, according
to the manufacturer’s instructions. Of the resulting 20 ll of cDNA, a
1 ll aliquot was used as a template for PCR reactions with pairs of
specific primers as follows: RDR6-1 with nptII-2; nptII-3 with RDR6-4;
RDR6-1 with RDR6-4; 869920658-fwd (5¢-CCCATGGCAAGCAGTCTACTC-3¢) with 869920658-RACE (5¢-CACAAAGTTGGTACGTGCCTTAGGTCCTCTCATAG-3¢); and PpPDS-fwd with PpPDS-rev as a
control for RT efficiency and for the absence of genomic DNA
contamination.

Total RNA was extracted from protonemata as described previously
(Arazi et al., 2005). Low-molecular-weight (LMW) RNA was purified
from total RNA according to the method described by Dalmay et al.
(2000a).

RNA gel blot analysis of 21- to 25-nucleotide RNAs was performed
according to the method described by Arazi et al. (2005). Radiolabelled oligo probes were generated by end-labelling DNA oligonucleotides complementary to small RNA sequences with c32-ATP by
means of T4 polynucleotide kinase (NEB, Beverly, MA, USA).
Strand-specific RNA probes were generated by in vitro RNA transcription from cDNA clone pGEM-T easy-contig13502 (nucleotides
320–603) in the presence of 32P-a-UTP. Hybridization was performed
in 50% formamide, 5· SSPE, 5· Denhardt’s solution, 0.5% SDS,
3 mg ml)1 dextran sulphate and 0.2 mg ml)1 denatured salmon
sperm DNA. After overnight incubation at 40C, the membrane was
washed twice in 2· SSC and 0.1% SDS for 10 min at 40C. Oligo
probes were hybridized at 40C overnight in EZ hybridization solution (Biological Industries, Beit-Haemek, Israel). Following hybridizations, blots were washed two or three times at 50C with washing
buffer (2· SSC, 0.1% SDS). Autoradiography was performed with a
phosphoimager (Fuji, Tokyo, Japan).

Target prediction
tasiRNA targets were predicted by searching the P. patens EST
database (http://moss.nibb.ac.jp/blast/blast.html) or the P. patens
raw genomic sequences (ftp://ftp.ncbi.nih.gov/pub/TraceDB/).
PATSCAN (Dsouza et al., 1997) was first used to identify putative
targets that contained sequences complementary to any of the
identified siRNAs according to the empirical parameters as formulated by Schwab et al. (2005). Redundant sequences were then
clustered by using the CLUSTAL W sequence alignment tool
(Thompson et al., 1994). The orientation of each putative target sequence was determined following a BLAST X search (Altschul et al.,
1990) against the NCBI protein database (http://www.ncbi.nlm.
nih.gov/BLAST/Blast.cgi?), on the basis of the similarity of its
deduced amino sequence to those of known proteins in the database.

Target validation by cleavage site mapping
A modified procedure for RNA ligase-mediated rapid amplification
of cDNA ends (5¢ RLM RACE) was performed on 10-day-old
protonema cDNA as described previously (Arazi et al., 2005). Genespecific primers used were as follows: contig13502 (5¢-GCCTGT
GGCCGGCTAAGACAACAAAACTA-3¢), 869920658-RACE 869920658RACE-nested (5¢-GCCACTTCCGTTCCTTAGTATTGGGGTCTCTAA3¢),
869920570-RACE
(5¢-TGTCAATGATGTGCTTCCCATGTCCTACTG-3¢), 869920570- RACE-nested (5¢-TACGCAAGATAAGCTCCCATTTGCCATGAG-3¢). The resulting amplified products were gelpurified, cloned and sequenced.
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