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MicroRNAs (miRNAs) are approximately 21-nucleotide-long RNAs processed from nuclear-encoded transcripts, which
include a characteristic hairpin-like structure. MiRNAs control the expression of target transcripts by binding to reverse
complementary sequences directing cleavage or translational inhibition of the target RNA. Artificial miRNAs (amiRNAs) can
be generated by exchanging the miRNA/miRNA* sequence within miRNA precursor genes, while maintaining the pattern of
matches and mismatches in the foldback. Thus, for functional gene analysis, amiRNAs can be designed to target any gene of
interest. The moss Physcomitrella patens exhibits the unique feature of a highly efficient homologous recombination mechanism,
which allows for the generation of targeted gene knockout lines. However, the completion of the Physcomitrella genome
necessitates the development of alternative techniques to speed up reverse genetics analyses and to allow for more flexible
inactivation of genes. To prove the adaptability of amiRNA expression in Physcomitrella, we designed two amiRNAs, targeting
the gene PpFtsZ2-1, which is indispensable for chloroplast division, and the gene PpGNT1 encoding an N-acetylglucosaminyltransferase. Both amiRNAs were expressed from the Arabidopsis (Arabidopsis thaliana) miR319a precursor fused to a
constitutive promoter. Transgenic Physcomitrella lines harboring the overexpression constructs showed precise processing of
the amiRNAs and an efficient knock down of the cognate target mRNAs. Furthermore, chloroplast division was impeded in
PpFtsZ2-1-amiRNA lines that phenocopied PpFtsZ2-1 knockout mutants. We also provide evidence for the amplification of the
initial amiRNA signal by secondary transitive small interfering RNAs, although these small interfering RNAs do not seem to
have a major effect on sequence-related mRNAs, confirming specificity of the amiRNA approach.

During the last decade, small nonprotein-coding
RNAs (20–24 nucleotides [nt] in size) have been demonstrated to be involved in RNA-mediated phenomena
such as RNA interference (RNAi), cosuppression, gene
silencing, and quelling (Matzke et al., 1989; Napoli et al.,
1990; de Carvalho et al., 1992; Romano and Macino, 1992;
Lee et al., 1993; Hamilton and Baulcombe, 1999). Major
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classes of small RNAs include microRNAs (miRNAs)
and small interfering RNAs (siRNAs), which differ with
respect to their biogenesis (Bartel, 2004; Chapman and
Carrington, 2007). MiRNAs are approximately 21-nt
RNAs that are encoded by endogenous MIR genes.
Their primary transcripts form precursor RNAs exhibiting a partially double-stranded stem-loop structure
that is processed by DICER-LIKE proteins to release
mature miRNAs (Bartel, 2004). MiRNAs are recruited
to the RNA-induced silencing complex (RISC), where
they become activated by unwinding of the double
strand and subsequently bind to complementary mRNA
sequences resulting in either direct cleavage of the
mRNA or repression of their translation by RISC
(Bartel, 2004; Kurihara and Watanabe, 2004; Brodersen
et al., 2008). Recently, miRNAs have been identified as
important regulators of gene expression in both plants
and animals (Jones-Rhoades et al., 2006), and particular
miRNA families were shown to be highly conserved in
evolution (Jones-Rhoades et al., 2006; Axtell et al., 2007;
Fahlgren et al., 2007; Fattash et al., 2007; Axtell and
Bowman, 2008). In contrast, precursors of siRNAs
form perfectly complementary double-stranded RNA
(dsRNA) molecules (Myers et al., 2003). They originate
from transgenes, viruses, and transposons and may
require RNA-dependent RNA polymerases for dsRNA
formation (Waterhouse et al., 2001; Aravin et al., 2003).
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Unlike miRNAs, the diced siRNA products derived from
the long complementary precursors are not uniform in
sequence, but correspond to different regions of their
precursor. Whereas miRNAs mainly mediate posttranscriptional control of endogenous transcripts, siRNAs
have been implicated in transcriptional silencing of
transposable elements as well as posttranscriptional
control of endogenous and exogenous RNAs, for example, viral transcripts (Waterhouse et al., 2001; Aravin
et al., 2003; Myers et al., 2003; Ossowski et al., 2008).
Previous reports demonstrated that the alteration of
several nucleotides within the miRNA sequence does
not affect its biogenesis as long as the positions of
matches and mismatches within the precursor stem
loop remain unaffected (Vaucheret et al., 2004). This
raises the possibility of modifying miRNA sequences
and creating artificial miRNAs (amiRNA) directed
against any gene of interest resulting in posttranscriptional silencing of the corresponding transcript
(Zeng et al., 2002; Parizotto et al., 2004; Alvarez et al.,
2006; Niu et al., 2006; Schwab et al., 2006; Warthmann
et al., 2008). In addition, genome-wide expression
analyses in Arabidopsis (Arabidopsis thaliana) have
shown that plant amiRNAs exhibit high specificity
similar to natural miRNAs (Schwab et al., 2005, 2006),
such that their sequences can easily be optimized to
knock down the expression of a single gene or several
highly conserved genes without affecting the expression of other genes.
The moss Physcomitrella patens has become a recognized model system to study diverse processes in
plant biology, which was mainly based on the unique
ability to efficiently integrate DNA into its nuclear
genome by means of homologous recombination enabling the generation of targeted gene knockout lines
(Schaefer, 2002). Furthermore, based on the predominant haploid phase of Physcomitrella’s life cycle, the
frequency of phenotypic deviations caused by the
disruption of a single gene is higher compared to
seed plants (Egener et al., 2002). Nevertheless, the
generation of targeted knockout mutants in Physcomitrella has limitations. For example, despite the haploid
genome, homologs might still compensate for each
other and one cannot recover knockouts of genes with
essential functions. Furthermore, the targeted knockout of a single gene requires several cloning steps,
repetitive selection of transgenic lines, and detailed
molecular analysis of putative knockout candidates.
The recently published Physcomitrella genome (Rensing
et al., 2008) now opens the way for medium- to largescale analysis of gene functions in a postgenomic era
(Quatrano et al., 2007) requiring the development of
new techniques. The posttranscriptional silencing of
genes by amiRNAs may serve as an appropriate tool
to speed up such analyses because they can be designed to target several genes (as long they contain at
least one conserved sequence stretch), amiRNAs can
be expressed from inducible promoters, and amiRNA
constructs can easily be generated using a standardized cloning procedure (Schwab et al., 2006).
Plant Physiol. Vol. 148, 2008

Alternative approaches to analyze gene functions
in Physcomitrella were recently reported, which were
based on the expression of classical inverted repeat
sequences resulting in the formation of dsRNA molecules, which give rise to siRNAs and consequently
silence the target transcript (Bezanilla et al., 2003, 2005;
Vidali et al., 2007). One drawback to applying classical
RNAi constructs is the production of a diverse set
of siRNAs from the complete dsRNA, which may affect off-target transcripts. Furthermore, in some cases,
gene silencing triggered by the expression of inverted
repeat sequences was found to be unstable in Physcomitrella (Bezanilla et al., 2005). Additional differences in the action of siRNAs and amiRNAs may
result from their varying mobility within the plant.
Recent studies have shown that transgene-derived or
viral-induced siRNAs are able to move from cell to
cell, whereas miRNAs are not mobile and act cell
autonomously (Tretter et al., 2008).
Independent studies on small RNAs in Physcomitrella
revealed the existence of a diverse miRNA repertoire,
including highly conserved miRNA families (Arazi
et al., 2005; Axtell et al., 2006, 2007; Talmor-Neiman
et al., 2006; Fattash et al., 2007). Furthermore, their
corresponding precursor transcripts share the characteristic hairpin-like structure known from seed plants.
Thus, the design and expression of amiRNAs for the
specific knock down of genes in Physcomitrella should
be feasible. To test amiRNA function in Physcomitrella,
we targeted the gene PpFtsZ2-1, which is required
for chloroplast division (Strepp et al., 1998), and the
PpGNT1 gene encoding an N-acetylglucosaminyltransferase (Koprivova et al., 2003). PpFtsZ2-1 null mutants
form macrochloroplasts, presenting an obvious phenotype, which enables direct evaluation of the efficiency of
the intended amiRNA approach.

RESULTS
Expression and Detection of PpFtsZ2-1-amiRNA and
PpGNT1-amiRNA in Physcomitrella

The use of amiRNAs for efficient gene silencing has
been reported in various seed plants (Alvarez et al.,
2006; Niu et al., 2006; Schwab et al., 2006; Warthmann
et al., 2008), but it has not been tested in nonseed
plants such as the bryophyte P. patens. This is an issue
because functional studies of essential members of the
RNAi machinery in Physcomitrella, such as Dicer and
Argonaute proteins, are still missing (Axtell et al.,
2007). Furthermore, the complement of essential RNAirelated proteins in Physcomitrella differs from that in
seed plants (Axtell et al., 2007; Rensing et al., 2008).
We designed two amiRNAs that were predicted to
target the genes PpFtsZ2-1 and PpGNT1, respectively,
using the amiRNA designer interface WMD (Schwab
et al., 2006; Ossowski et al., 2008). The designed
amiRNAs contain a uridine residue at position 1 and
an adenine residue at position 10, both of which are
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overrepresented among natural plant miRNAs and
increase the efficiency of miRNA-mediated target cleavage (Schwab et al., 2005). Furthermore, we also preferred that the amiRNAs exhibit 5# instability relative
to the miRNA*, which positively affects separation of
both strands during RISC loading (Fig. 1A; Mallory
et al., 2004; Schwab et al., 2005). In previous studies, the
Arabidopsis miR319a precursor was used to introduce
specific nucleotide changes within the miRNA/miRNA*
stem-loop region. Based on the conservation of the
miR319 family among land plants (Jones-Rhoades et al.,
2006; Fattash et al., 2007; Axtell and Bowman, 2008;
Warthmann et al., 2008) and similar secondary structures of miR319 precursor transcripts from Arabidopsis
and Physcomitrella (Fig. 1B; Supplemental Fig. S1),
we hypothesized that the PpFtsZ2-1-amiRNA and
PpGNT1-amiRNA will be correctly processed from the
Arabidopsis miR319a precursor. The PpFtsZ2-1-amiRNA
and PpGNT1-amiRNA and the corresponding miRNA*
sequences were introduced into the miR319a precursor by overlapping PCR using primers harboring the
respective amiRNA and miRNA* sequences, cloned
into the plant expression vector pPCV downstream
of a double cauliflower mosaic virus 35S promoter
(Fig. 1A) and used for transfection of Physcomitrella
protoplasts. After selection of regenerating plants,
genomic DNA of individual lines was analyzed by
PCR with primers flanking the amiRNA sequence
present in the expression constructs to identify transgenic lines that had integrated the PpFtsZ2-1-amiRNA
and PpGNT1-amiRNA constructs, respectively. Eight
of 12 regenerated lines derived from the transformation with the PpFtsZ2-1-amiRNA construct and seven
of 12 regenerated lines derived from the transformation with the PpGNT1-amiRNA construct produced
the expected PCR amplicon. Thus, we cannot exclude that some lines survived the antibiotic selection
without the integration of the DNA constructs. From
the lines harboring an overexpression construct, three
PpFtsZ2-1-amiRNA lines and two PpGNT1-amiRNA
lines were selected for further analysis (Fig. 1C). As the
generated amiRNA overexpression constructs do not
contain homologous sequences of the Physcomitrella genome, the constructs are expected to integrate into the
Physcomitrella genome by an illegitimate recombination event. To prove the correct maturation of the
PpFtsZ2-1-amiRNA and PpGNT1-amiRNA from the
Arabidopsis miR319a precursor and its accumulation
in the transgenic lines, we performed small RNA gelblot analyses with antisense probes for both amiRNAs.
Accumulation of the mature PpFtsZ2-1-amiRNA and
PpGNT1-amiRNA was detected in all lines analyzed,
demonstrating that the amiRNAs are efficiently processed from the Arabidopsis miR319a precursor in
Physcomitrella (Fig. 1D). However, normalization of
the PpFtsZ2-1-amiRNA and PpGNT1-amiRNA hybridization signals to the U6snRNA controls revealed
amiRNA expression levels that differed up to 8-fold
for the PpFtsZ2-1-amiRNA and up to 5-fold for the
PpGNT1-amiRNA between the individual lines (Fig. 1D).
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AmiRNA-Directed Cleavage of PpFtsZ2-1 and
PpGNT1 mRNAs

The expression of the PpFtsZ2-1-amiRNA and
PpGNT1-amiRNA should cause cleavage of the cognate mRNAs within the region complementary to the
amiRNA sequences. To prove this, we performed 5#
RACE-PCRs to detect specific PpFtsZ2-1 and PpGNT1
mRNA cleavage products. Using 5# RACE-ready
cDNA prepared from one PpFtsZ2-1-amiRNA, one
PpGNT1-amiRNA overexpression line, and wild type,
cleavage products of the expected size were only
amplified from the amiRNA lines. Conversely, in
wild type, the 5# RACE-PCRs yielded exclusively
fragments derived from the full-length transcripts
(Fig. 1E). The PCR products corresponding to the
expected size of the PpFtsZ2-1 and PpGNT1 mRNA
cleavage products in the amiRNA lines were cloned
and sequenced to determine the precise mRNA cleavage sites. In 12 of 18 clones analyzed, PpFtsZ2-1 mRNA
cleavage occurred between nucleotide positions 11
and 12 with respect to the PpFtsZ2-1-amiRNA sequence, whereas the remaining six clones resulted
from cleavage of the PpFtsZ2-1 mRNA between nucleotides 12 and 13 (Fig. 1E). Normally, in plants,
cleavage within a target transcript that is mediated by
a 21-nt miRNA occurs between positions 10 and 11
with respect to the miRNA sequence (Llave et al.,
2002), suggesting that the actual amiRNAs produced
from the PpFtsZ2-1-amiRNA construct were shifted by
1 or 2 nt. However, the sequencing of six independent
clones of PpGNT1 mRNA cleavage products revealed
that cleavage occurred between positions 10 and 11
with respect to the PpGNT1-amiRNA sequence (Fig.
1E), indicating precise processing of the PpGNT1amiRNA from the precursor construct.
Target sites in plant mRNAs normally share high
sequence complementarity to the respective miRNA
(Schwab et al., 2005). To prove the specificity of the
expressed PpFtsZ2-1-amiRNA, we analyzed whether
the mRNA of PpFtsZ2-2, the closest homolog of
PpFtsZ2-1, is targeted by the PpFtsZ2-1-amiRNA.
Compared to the PpFtsZ2-1-amiRNA recognition site
in PpFtsZ2-1, the corresponding region within the
PpFtsZ2-2 sequence contains two mismatches at positions 12 and 16. 5# RACE-PCRs were performed using a
PpFtsZ2-2 gene-specific primer. PCR products indicating amiRNA-guided cleavage products were not obtained. Instead, the 5# RACE-PCR yielded exclusively
fragments corresponding to the PpFtsZ2-2 full-length
transcript (Fig. 1E). Thus, the PpFtsZ2-1-amiRNA exhibits high specificity, comparable to natural miRNAs.
AmiRNAs Efficiently Down-Regulate PpFtsZ2-1 and
PpGNT1 mRNA Levels

As we detected amiRNA-directed cleavage of the
PpFtsZ2-1 and PpGNT1 target mRNAs, we next analyzed the target transcript levels by RNA gel blots.
Compared to wild type, we detected strongly reduced
Plant Physiol. Vol. 148, 2008
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Figure 1. Analysis of Physcomitrella lines expressing PpFtsZ2-1-amiRNA and PpGNT1-amiRNA. A, Scheme illustrating the
PpFtsZ2-1-amiRNA and PpGNT1-amiRNA overexpression constructs. The modified ath-miRNA319a precursor DNA fragments
were cloned into the SmaI and BamHI sites of the pPCV plant expression vector containing a double 35S promoter, nos
terminator, and hpt selection marker cassette. Primers that were used for molecular analyses of the transgenic lines are indicated
Plant Physiol. Vol. 148, 2008
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steady-state levels of PpFtsZ2-1 and PpGNT1 mRNAs in
the respective amiRNA overexpression lines (Fig. 2A).
However, PpFtsZ2-1 transcript levels were reduced
to 1% to 2% in PpFtsZ2-1-amiRNA lines, whereas
PpGNT1 mRNA levels dropped to 10% to 20% in
PpGNT1-amiRNA lines when compared to wild-type
plants. Furthermore, the efficiency of posttranscriptional silencing of PpFtsZ2-1 was similar in all three
amiRNA overexpression lines, even though they differed with respect to the PpFtsZ2-1-amiRNA accumulation (Fig. 1D), whereas the reduction of PpGNT1
transcript levels correlated with the PpGNT1-amiRNA
expression levels. From these results, we conclude that
amiRNAs confer efficient down-regulation of their
target mRNAs in Physcomitrella. As a control, we also
analyzed the steady-state levels of the sequencerelated PpFtsZ2-2 mRNA in PpFtsZ2-1-amiRNA overexpression lines. In agreement with the absence of
amiRNA-induced mRNA cleavage products, PpFtsZ2-2
transcript levels were similar in wild-type and the three
PpFtsZ2-1-amiRNA lines (Fig. 2A).
The 5# RACE-PCR experiments performed with
one of the PpFtsZ2-1-amiRNA lines yielded additional
fragments that differed substantially in size from the
expected cleavage products (Fig. 1E). After amiRNAmediated cleavage of the mRNA, the cleavage products may serve as templates for synthesizing cRNA
by RNA-dependent RNA polymerase (Vaistij et al.,
2002) leading to the formation of dsRNA. Subsequently, the dsRNA may be processed into secondary
siRNAs, resulting in spreading of the initial amiRNA
signal (Fig. 2B). This mechanism, known as transitivity, usually is initiated by dsRNA triggers. In plants,
the transitivity occurs in both directions of the initial
dsRNA trigger (Moissiard et al., 2007), whereas in
animals, spreading of the initial signal occurs only
upstream of the trigger (Pak and Fire, 2007). However,
the onset of transitivity is a rare event after miRNAmediated target cleavage (Howell et al., 2007; Moissiard
et al., 2007) and is normally not observed after
amiRNA-mediated target cleavage (Schwab et al.,
2006). To investigate the possibility of transitivity, we
used sense and antisense oligonucleotides derived

from PpFtsZ2-1 and PpGNT1 mRNA regions downstream of the amiRNA recognition site for RNA gelblot analysis. Sense and antisense siRNAs were only
detected in PpFtsZ2-1-amiRNA and PpGNT1-amiRNA
lines, respectively, but not in wild type (Fig. 2C). We
conclude that amiRNAs allow for efficient downregulation of mRNAs in Physcomitrella and the generation of transitive siRNAs from mRNA cleavage products
may amplify the initial amiRNA trigger. However,
the transitive effects are apparently not sufficient to
have a major impact on sequence-related genes, as the
PpFtsZ2-2 steady-state RNA levels were unaffected in
PpFtsZ2-1-amiRNA overexpression lines (Fig. 2A).
PpFtsZ2-1-amiRNA Overexpressors Phenocopy PpFtsZ2-1
Null Mutants

In this study, we have chosen two genes to evaluate
the use of an amiRNA expression system in Physcomitrella. The targeted deletion of PpGNT1 that is involved in the N-glycosylation of proteins did not cause
any phenotypic deviations (Koprivova et al., 2003). In
agreement with this previous study, the two characterized PpGNT1-amiRNA lines were indistinguishable from Physcomitrella wild-type plants. In contrast,
PpFtsZ2-1 null mutants, which were generated by targeted gene disruption and lack expression of PpFtsZ2-1
mRNA, are impeded in chloroplast division leading
to the formation of macrochloroplasts (Strepp et al.,
1998). In our study, the expression of PpFtsZ2-1amiRNA led to strongly reduced PpFtsZ2-1 mRNA
levels. To compare knockout and amiRNA lines, we
investigated the phenotypes of the three PpFtsZ2-1amiRNA lines. In all lines, the accumulation of the
amiRNA targeting PpFtsZ2-1 resulted in impaired
chloroplast division and the formation of macrochloroplasts that phenocopied the PpFtsZ2-1 null mutants
(Fig. 3; Supplemental Fig. S2). The formation of macrochloroplasts in the PpFtsZ2-1-amiRNA lines was observed in all tissues and cells analyzed indicating
an efficient production of mature amiRNAs from constitutively expressed precursor transcripts. Furthermore, we did not observe any particular phenotypic

Figure 1. (Continued .)
by arrows. B, Secondary structures of foldbacks of the P. patens miR319d precursor (ppt-MIR319d) and Arabidopsis miR319a
precursor (ath-MIR319a). The mature miRNA is highlighted in green with uppercase letters. C, PCR screen to identify transgenic
lines harboring the PpFtsZ2-1-amiRNA and PpGNT1-amiRNA expression constructs. WT, Wild type; amiRNA lines, 1, 2, and 3
for PpFtsZ2-1-amiRNA; 1 and 2 for PpGNT1-amiRNA; PpEF1a, control PCRs. D, Expression analysis of PpFtsZ2-1-amiRNA and
PpGNT1-amiRNA in Physcomitrella wild type (WT), and lines harboring the PpFtsZ2-1-amiRNA or PpGNT1-amiRNA
expression constructs. Fifty micrograms of each RNA was blotted and hybridized with a PpFtsZ2-1-amiRNA and PpGNT1amiRNA antisense probe, respectively. Hybridization with an antisense probe for U6snRNA served as control. PpFtsZ2-1amiRNA and PpGNT1-amiRNA expression levels were normalized to the U6snRNA control hybridization. Numbers indicate the
relative PpFtsZ2-1-amiRNA and PpGNT1-amiRNA expression levels. E, Top, 5# RACE-PCRs for the genes PpFtsZ2-1 and
PpFtsZ2-2 from wild type (WT) and line 1 expressing the PpFtsZ2-1-amiRNA; bottom, 5# RACE-PCR for the gene PpGNT from
wild type (WT) and line 1 expressing the PpGNT1-amiRNA. The arrows mark PCR fragments corresponding to the expected size
of the cleavage products that were isolated, cloned, and sequenced. The right images show the sequence complementarity of
PpFtsZ2-1, PpFtsZ2-2, and PpGNT1 to the amiRNA sequences. The determined cleavage sites within the PpFtsZ2-1 and PpGNT1
mRNAs are marked by vertical arrows and numbers above indicate the number of sequenced products cleaved at this site.
[See online article for color version of this figure.]
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Figure 2. Expression analysis of PpFtsZ2-1, PpFtsZ2-2,
and PpGNT1, and detection of transitive siRNAs. A,
Left, RNA gel blots (20 mg each) from wild type (WT)
and PpFtsZ2-1-amiRNA overexpression lines (1–3)
hybridized with PpFtsZ2-1 and PpFtsZ2-2 probes;
right, RNA gel blots (20 mg each) from wild type (WT)
and PpGNT1-amiRNA overexpression lines (1 and 2)
hybridized with a PpGNT1 probe. The ethidium
bromide-stained gels below indicate equal loading.
The hybridization signals were normalized to the rRNA
bands, and the PpFtsZ2-1, PpFtsZ2-2, and PpGNT1
expression levels in wild type were set to 1. Numbers
indicate the relative PpFtsZ2-1, PpFtsZ2-2, and
PpGNT1 mRNA levels. B, Scheme illustrating the
generation of transitive siRNAs from amiRNA target
cleavage products requiring an RNA-dependent RNA
polymerase (RdRP) to generate dsRNA, which is
subsequently processed into siRNAs. Black line,
mRNA; gray box, amiRNA binding site; curved line,
amiRNA. C, Detection of sense and antisense transitive
siRNAs produced from PpFtsZ2-1 (left) and PpGNT1
(right) mRNA cleavage products by RNA gel blots
hybridized with oligonucleotides derived from regions
downstream of the amiRNA binding sites. Hybridization with an antisense probe for U6snRNA served
as control.

differences among the transgenic lines expressing the
PpFtsZ2-1-amiRNA, which is consistent with the similar degree of PpFtsZ2-1 mRNA reduction. Our results
demonstrate that the expression of amiRNAs in Physcomitrella leads to efficient silencing of their target
mRNAs comparable to the effects of targeted gene
knockouts.

DISCUSSION

The successful use of amiRNAs for the specific
down-regulation of genes was shown for the dicotyledonous plants Arabidopsis, tomato (Solanum lycopersicum), and tobacco (Nicotiana tabacum), and for the
monocot rice (Oryza sativa; Parizotto et al., 2004;
Alvarez et al., 2006; Niu et al., 2006; Schwab et al.,
2006; Qu et al., 2007; Ossowski et al., 2008; Warthmann
et al., 2008). In most cases, the amiRNA was expressed
from endogenous miRNA precursors. However, high
expression rates of amiRNAs were achieved in tobacco
and tomato using the Arabidopsis miR164b precursor
sequence indicating correct processing of conserved
Plant Physiol. Vol. 148, 2008

pre-miRNAs within seed plants (Alvarez et al., 2006).
In our study, we tested the application of amiRNAs for
the specific silencing of genes in the bryophyte Physcomitrella making use of an amiRNA expression system, where the Arabidopsis miR319a precursor serves
as the backbone for amiRNA expression and subsequent maturation and was developed to control gene
expression in Arabidopsis (Schwab et al., 2006). The
miR319 family belongs to the highly conserved amiRNA
families, even over large evolutionary distances, and
was also found in Physcomitrella (Arazi et al., 2005;
Jones-Rhoades et al., 2006; Fattash et al., 2007). Notably, miR319 stands out in that there is also considerable sequence conservation in the foldback, not only
in the miRNA itself. Our comparison of the Arabidopsis miR319a precursor and the Physcomitrella miR319
precursor sequences confirmed nucleotide sequence
conservation outside the miRNA/miRNA* region,
implying similar foldback structures of the Arabidopsis and Physcomitrella miR319 pre-miRNAs. Indeed,
we detected the correct processing of a mature 21-nt
PpFtsZ2-1-amiRNA and PpGNT1-amiRNA, respectively, from the Arabidopsis miR319a precursor in
689
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Figure 3. Impeded plastid division and
formation of macrochloroplasts in
PpFtsZ2-1-amiRNA overexpressors. A,
Light microscopy from protonema and
leaves of wild type (WT) and one
PpFtsZ2-1-amiRNA overexpression line
(size bars, 100 mm). B, Confocal laserscanning microscopy from protonema
and leaves of wild type (WT) and one
PpFtsZ2-1-amiRNA overexpression line
(size bars, 50 mm). Red, Chlorophyll autofluorescence in plastids. See Supplemental
Figure S2 for phenotypes of the other
two PpFtsZ2-1-amiRNA lines.

transgenic Physcomitrella lines, indicating that the reconstructed miR319a pre-miRNA contains the essential recognition and processing information to enter
the Physcomitrella miRNA biogenesis pathway. The
PpFtsZ2-1 mRNA cleavage products were, however,
offset by 1 and 2 nt relative to the expected products
(Llave et al., 2002), suggesting that the PpFtsZ2-1amiRNA was shifted by 1 or 2 nt, respectively, relative
to the intended amiRNA. A similar effect has been
observed for some Arabidopsis amiRNAs (Schwab
et al., 2006). Because the originally designed amiRNAs
were perfectly complementary, the shifted amiRNAs
should still adhere to the targeting rules for miRNAs.
The observation of shifted cleavage products suggested
that release of the PpFtsZ2-1-amiRNA/miRNA* duplex from the precursor was not always precise,
consistent with observations on endogenous miRNAs
(Rajagopalan et al., 2006). Nevertheless, the Arabidopsis miR319a precursor can be used routinely for the
expression of amiRNAs in Physcomitrella as the apparent shift by 1 nt during the maturation of the amiRNA
may result in a mismatch at the 3# end of the miRNA,
which is not affecting target mRNA cleavage (Schwab
690

et al., 2005). Furthermore, cleavage of the PpFtsZ2-1
mRNA within the amiRNA recognition site indicates
correct amiRNA/amiRNA* duplex recognition and
amiRNA loading into the RISC complex.
Previous studies have shown that the transcript
levels of amiRNA targets are in most cases anticorrelated with corresponding amiRNA levels (Schwab
et al., 2006). Among PpFtsZ2-1-amiRNA and PpGNT1amiRNA lines analyzed, the amiRNA expression levels
varied 8-fold and 5-fold, respectively. Nevertheless, the
amiRNA expression caused a similar reduction of
PpFtsZ2-1 and PpGNT1 mRNA levels to 1% to 2% and
10% to 20%, respectively, compared to transcript levels
in wild type. This suggests that the amount of amiRNAs
is not limiting in any of the lines. Instead, it is
likely that the competition of natural miRNAs and
amiRNAs in RISC loading determines the efficiency
of posttranscriptional silencing of the PpFtsZ2-1 and
PpGNT1 transcripts.
The formation of macrochloroplasts in the PpFtsZ2-1amiRNA lines indicated impeded plastid division
and resembled the phenotype of PpFtsZ2-1 knockout
lines, which completely lack a functional transcript
Plant Physiol. Vol. 148, 2008
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(Strepp et al., 1998). We therefore conclude that the
remaining PpFtsZ2-1 transcripts in the amiRNA lines
are not able to generate sufficient PpFtsZ2-1 protein to
support proper plastid division. In addition, amiRNA
expression in the transgenic lines seems to be stable
over long time periods as we did not observe any
phenotypic reversion to wild-type plastids in the
PpFtsZ2-1-amiRNA overexpression lines after 1 year of
subculture. We anticipate that the described amiRNA
expression system will result in similar silencing
efficiencies of any target gene and thus can be routinely used as an alternative to the generation of
knockout mutants in Physcomitrella.
The efficient silencing of PpFtsZ2-1 and PpGNT1 by
amiRNAs might be enhanced by the generation of
transitive siRNAs, as we detected such siRNAs from
the 3# cleavage products of the PpFtsZ2-1 and PpGNT1
mRNAs. Usually, transitive siRNAs are produced
from exogenous RNA sequences such as viruses or
sense transgene transcripts (Baulcombe, 2004), but the
formation of transitive siRNAs from miRNA-guided
cleavage products appears to be the exception (Howell
et al., 2007; Moissiard et al., 2007). Furthermore, transitivity was suggested not to be a major factor contributing to amiRNA efficacy in previous studies,
although this was inferred only indirectly from the
lack of effects on sequence-related transcripts (Schwab
et al., 2006; Warthmann et al., 2008). Although we
cannot exclude that siRNAs, which are produced from
amiRNA-mediated mRNA cleavage products, can affect other genes not targeted by the original amiRNA,
the PpFtsZ2-1 homolog PpFtsZ2-2, which shares high
identity in sequence stretches of the coding region
(Supplemental Fig. S3), seemed unaffected in PpFtsZ2-1amiRNA lines. We detected neither cleavage products
by 5# RACE-PCR, indicating siRNA-mediated cleavage of PpFtsZ2-2 transcripts, nor reduced PpFtsZ2-2
steady-state mRNA levels, pointing to a posttranscriptional silencing of this gene. Thus, even though
transitivity might be more common in Physcomitrella,
the specificity of posttranscriptional silencing is apparently sufficient to silence single members of highly
conserved gene families. Moreover, it might be preferable to design amiRNAs lacking perfect sequence
complementarity at the 3# end, as this reduces transitivity (Moissiard et al., 2007).

CONCLUSION

Compared to the conventional targeted gene knockout approach in Physcomitrella, the expression of
amiRNA provides several advantages. (1) The generation and molecular analysis of amiRNA overexpression lines is sped up as each regenerated transgenic
line harboring an amiRNA expression construct and
should produce the desired mature amiRNA. (2)
Instead of the generation of multigene knockout lines,
which is experimentally difficult, but feasible (Hohe
et al., 2004), amiRNAs are likely to be particularly
Plant Physiol. Vol. 148, 2008

useful for targeting groups of closely related genes
(Alvarez et al., 2006; Schwab et al., 2006). (3) AmiRNAs
can be expressed from inducible or tissue-specific
promoters (Schwab et al., 2006) enabling the analysis
of genes with essential functions that cannot be analyzed by targeted gene disruption. Provided that other
amiRNAs have a similar effect on the knock down of
their cognate target genes in Physcomitrella as observed
in this study, they can be considered as an efficient
alternative tool to the targeted gene knockout approach
for reverse genetics studies in Physcomitrella.

MATERIALS AND METHODS
Plant Material and Growth Conditions
Physcomitrella patens plants were cultured in modified liquid Knop medium containing 250 mg L21 KH2PO4, 250 mg L21 KCl, 250 mg L21
MgSO4·7H2O, 1,000 mg L21 Ca(NO3)2, and 12.5 mg L21 FeSO4·7H2O (pH 5.8)
or on solid Knop plates. Erlenmeyer flasks containing 400 mL of suspension
culture were agitated on a rotary shaker at 120 rpm at 25°C under a 16-h-light/
8-h-dark regime (Philips TLD 25; 50 mM m22 s21). Liquid cultures were
mechanically disrupted every week to maintain the plants in the protonema
stage. Gametophore development was induced by transferring protonema
tissue to solidified Knop medium.

Transformation of Physcomitrella Protoplasts
Polyethylene glycol-mediated transformation of Physcomitrella protoplasts
was performed according to standard procedures (Frank et al., 2005). Briefly,
transformation was carried out using 25 mg of linearized plasmid DNA.
Transformed protoplasts were cultivated for 24 h under standard conditions
in the dark and were then transferred to light. After 10 d, the protoplasts were
transferred to solid Knop medium. Three days later, regenerating plants were
transferred to Knop medium supplemented with hygromycin (Promega). The
selection lasted 2 weeks and was followed by a 2-week release period on Knop
medium without antibiotic followed by another round of selection and
release. Plants surviving the second round of selection were screened by
PCR to confirm integration of the DNA construct.

Generation of Physcomitrella Lines Expressing
AmiRNAs Targeting PpFtsZ2-1 and PpGNT1
AmiRNAs targeting PpFtsZ2-1 (accession no. AJ001586; amiRNA,
5#-TTCGTAATTAACGTGTCCGCG-3#) and PpGNT1 (accession no. AJ429143;
amiRNA, 5#-TTCCAAATAATCAGGACGCTT-3#) were designed using the
amiRNA designer interface WMD (Schwab et al., 2006; Ossowski et al., 2008).
The PpFtsZ2-1-amiRNA and PpGNT1-amiRNA sequences were introduced into
the Arabidopsis (Arabidopsis thaliana) miR319a precursor by overlapping PCR using the following primers. PpFtsZ2-1-amiRNA, miRNA-sense, 5#-GATTCGTAATTAACGTGTCCGCGTCTCTCTTTTGTATTCC-3#; miRNA-antisense, 5#-GACGCGGACACGTTAATTACGAATCAAAGAGAATCAATGA-3#; miRNA*sense, 5#-GACGAGGACACGTTATTTACGATTCACAGGTCGTGATATG-3#;
miRNA*-antisense, 5#-GAATCGTAAATAACGTGTCCTCGTCTACATATATATTCCT-3#; primer A, 5#-CCCGGGTGCAGCCCCAAACACACGCTC-3#; primer
B, 5#-GGATCCCCCCATGGCGATGCCTTAAAT-3#. PpGNT1-amiRNA, miRNAsense, 5#-GATTCCAAATAATCAGGACGCTTTCTCTCTTTTGTATTCC-3#;
miRNA-antisense, 5#-GAAAGCGTCCTGATTATTTGGAATCAAAGAGAATCAATGA-3#; miRNA*-sense, 5#-GAAAACGTCCTGATTTTTTGGATTCACAGGTCGTGATATG-3#; miRNA*-antisense, 5#-GAATCCAAAAAATCAGGACGTTTTCTACATATATATTCCT-3#; same primers A and B as described above. The
plasmid pRS300 harboring the Arabidopsis miR319a precursor was used as
PCR template (Schwab et al., 2006). The resulting precursor fragments were
cloned into the pJET1.2 cloning vector (Fermentas) and sequenced. The modified
ath-miRNA319a precursor DNA fragments were cloned into SmaI and BamHI
sites of the plant expression vector pPCV (Koncz et al., 1989) containing the
cauliflower mosaic virus 35S promoter, nos terminator, and hpt selection marker
cassette. Transgenic lines were analyzed by PCR to identify lines that had
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integrated the amiRNA overexpression constructs using the primers 5#-TGATATCTCCACTGACGAAAGGG-3# and 5#-GGATCCCCCCATGGCGATGCCTTAAAT-3#. PCR primers for the amplification of the Physcomitrella control gene
EF1a were 5#-AGCGTGGTATCACAATTGAC-3# and 5#-GATCGCTCGATCATGTTATC-3#. The one-step isolation of genomic DNA was performed according to the method of Schween et al. (2002).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AJ001586 (PpFtsZ2-1), XM_001766723
(PpFtsZ2-2), and AJ429143 (PpGNT1).

Supplemental Data
The following materials are available in the online version of this article.

Small RNA Blots
Total RNA was isolated from protonema using TRIzol reagent (Invitrogen)
and separated in a 12% denaturing polyacrylamide gel containing 8.3 M urea
in Tris-borate/EDTA buffer. The RNA was electroblotted onto nylon membranes for 1 h at 400 mA. Radiolabeled probes were generated by end labeling
of DNA oligonucleotides with [g-32P]ATP using T4 polynucleotide kinase.
The following probes were used. Antisense probe for PpFtsZ2-1-amiRNA,
5#-CGCGGACACGTTAATTACGAA-3#; antisense probe for PpGNT1-amiRNA,
5#-AAGCGTCCTGATTATTTGGAA-3#; detection of sense transitive PpFtsZ2-1
siRNAs, 5#-CCCCAGTGACGGAAGCGTTCAATCTTGCAGACGACATCCTTCGGC-3#; detection of antisense transitive PpFtsZ2-1 siRNAs, 5#-GCCGAAGGATGTCGTCTGCAAGATTGAACGCTTCCGTCACTGGGG-3#; detection of
sense transitive PpGNT1 siRNAs, 5#-GTGAATTTCCTGCAGCATTTAGATGAAAATCCTCCCAAGACAAGG-3#; detection of antisense transitive
PpGNT1 siRNAs, 5#-CCTTGTCTTGGGAGGATTTTCATCTAAATGCTGCAGGAAATTCAC-3#; detection of the U6snRNA control, 5#-GGGGCCATGCTAATCTTCTCTG-3#. Blot hybridization was carried out in 0.05 M sodium
phosphate (pH 7.2), 1 mM EDTA, 63 SSC, 13 Denhardt’s, 5% SDS. Blots were
washed three times with 23 SSC, 0.2% SDS, and one time with 13 SSC, 0.1% SDS.
Blots were hybridized and washed at temperatures 5°C below the melting
temperature of the oligonucleotide.

Detection of mRNA Cleavage Products
Synthesis of 5# RACE-ready cDNAs was carried out according to Zhu et al.
(2001) using the BD Smart RACE cDNA amplification kit (CLONTECH).
Subsequent PCR reactions were performed using the UPM Primer-Mix
supplied with the kit in combination with gene-specific primers derived
from the target gene PpFtsZ2-1 (5#-GACTATCCCTGTGGCTCGCTCAATACCC-3#), a PpFtsZ2-1 nested primer (5#-CCAATAGAGGAGATTGGATTGCGCTCA-3#), a gene-specific primer derived from the gene PpFtsZ2-2
(5#-CCAATACGCGACTTGCATACTGCATAC-3#), and a gene-specific primer
derived from the gene PpGNT1 (5#-ACTTTGGAGCAAGTTCTTCCCAGGTGGA-3#). Amplification products corresponding to the size of the expected
cleavage products were excised from the gel, cloned and sequenced.

Total RNA Gel Blots
Twenty micrograms of total RNA were mixed with an equal volume of
RNA denaturing buffer and incubated for 10 min at 65°C. The RNA gel was
blotted to a Hybond-N+ nylon membrane (GE Healthcare) using a Turbo
blotter (Schleicher & Schuell) with 203 SSC. RNA was fixed by UV crosslinking. Hybridization was carried out with an [a-32P]dCTP-labeled DNA
probe derived from PpFtsZ2-1 amplified with primers 5#-AGACACGTCATTAAAGGT-3# and 5#-TAAGTGTGCAAGAAGATA-3#, a probe derived from
PpFtsZ2-2 amplified with primers 5#-AAGGTAGTACAAATGGGATGGC-3#
and 5#-TCATTAAGTCTGCCACTCCAC-3#, and a probe derived from
PpGNT1 amplified with primers 5#-GCACTCTCGATCGGATTCTC-3# and
5#-TCGGGAGAGATTTCCATGTC-3#. DNA labeling was carried out with the
Rediprime II random prime labeling kit (GE Healthcare). Prehybridization
was carried out at 67°C for 4 h, subsequent hybridization at 67°C overnight.
Blots were washed three times with 0.53 SSC, 0.1% SDS, and one time with
13 SSC, 0.1% SDS at 67°C. Signals were detected using the Molecular Imager
FX (Bio-Rad).

Microscopy
For microscopic analyses, we used the Axioplan 2 epifluorescence microscope equipped with an AttoArc HBO 100-W bulb and the stereomicroscope
Stemi 2000-C (Carl Zeiss). Image acquisition was achieved using the Canon
digital camera EOS D300 (Canon), and confocal laser-scanning microscopy
(TCS 4D; Leica).

692

Supplemental Figure S1. Analysis of Physcomitrella and Arabidopsis
miR319 precursors.
Supplemental Figure S2. Impeded plastid division and formation of
macrochloroplasts in PpFtsZ2-1-amiRNA overexpressors.
Supplemental Figure S3. Nucleotide sequence alignment of PpFtsZ2-1 and
PpFtsZ2-2 coding regions.
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50
50

51 GCGAGTGGGTGGGGAGGCTTGCAGAA-----CCCCCCCCGTT-GTTCACT 94
||||||||| ||||||
| ||||
||| | ||
| || ||
51 GCGAGTGGGCGGGGAGAGCAGTAGAATAGTGCCCGCGACGAGAGATCGCT 100
95 GCAGCATGCATTCTAGGTCAAGCGTTCGAGCTCTACGCCGAATCGACCGA 144
| || |||| | ||| | ||| ||| || | || || | || |
101 TCTGCGTGCACTTGAGGCCGAGCACTCGGGCGCATCGTCGTCTGGATAGG 150
145 GCTTTGAGTAATGGGGGTCTTTGCAATTTTGGAGAGAGGGACTTGTTGGC 194
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||||
151 ACTGTAGGGAATGAGAGTCTTTGCACTCCCCGGGAGAGGGACT---TGGC 197
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198 TGCGGAGCCTAAATTCTTGCACACGGGATGGGAGTCTTCTTCTTCTTCTT 247
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248 CTTCTTCTTCTTGCGAGACTGGGATACCCGTCACGGCATTTGGAGGTAAT 297
274 GGAGACGACACTGGAAGTTATAACGAAGCGAAAATTAAAGTAATAGGGGT 323
||||||||
|| |||| || || |||||||||||||| ||||| ||
298 GGAGACGAATATGAGAGTTCCAATGAGGCGAAAATTAAAGTGATAGGCGT 347
324 CGGAGGTGGGGGTTCCAACGCCGTAAACCGAATGCTTGAGAGCGAGATGC 373
|| || ||||||||||||||||| |||||||||||||||||||| ||||
348 GGGGGGCGGGGGTTCCAACGCCGTCAACCGAATGCTTGAGAGCGAAATGC 397
374 AAGGGGTAGAATTTTGGATCGTGAATACTGATGCGCAGGCTATGGCCTTG 423
|||| || ||||| ||||| |||||||| ||||| ||||| ||||| |||
398 AAGGTGTGGAATTCTGGATTGTGAATACGGATGCTCAGGCAATGGCGTTG 447
424 TCCCCTGTTCCGGCTCAGAATCGTCTGCAGATTGGGCAAAAATTGACGAG 473
|| || ||||||||||||||||||||||||||||| || ||||||||| |
448 TCTCCGGTTCCGGCTCAGAATCGTCTGCAGATTGGTCAGAAATTGACGCG 497
474 AGGTCTGGGGGCGGGCGGGAATCCAGAAATAGGGTGTAGTGCTGCGGAAG 523
||||||||||||||| || ||||| ||||||||||||||||| |||||||
498 AGGTCTGGGGGCGGGTGGTAATCCGGAAATAGGGTGTAGTGCCGCGGAAG 547
524 AGAGCAAAGCTATGGTGGAAGAAGCCCTACGCGGAGCTGACATGGTTTTC 573
|||||||||||||||||||||||||| |||||||||||||||||||||||
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824 CAAACTTTTGACTGCAGTTGCGCAGTCTACCCCAGTGACGGAAGCGTTCA
||| ||||||||||||||||||||||||||||| ||||||||||| ||||
798 CAAGCTTTTGACTGCAGTTGCGCAGTCTACCCCCGTGACGGAAGCATTCA

823

824 ATCTTGCAGACGACATCCTTCGGCAGGGAGTGCGGGGTATTTCAGATATT
||||||| || |||||||||||||||||||||||||||||||||||||||
848 ATCTTGCCGATGACATCCTTCGGCAGGGAGTGCGGGGTATTTCAGATATT

873

874 ATCACGGTCCCTGGGCTGGTTAACGTAGATTTTGCCGACGTGCGGGCGAT
||||| || ||||| || |||||||| || ||||| || |||||||||||
898 ATCACTGTTCCTGGTCTCGTTAACGTGGACTTTGCGGATGTGCGGGCGAT

923

924 CATGGCTAATGCAGGATCATCTTTGATGGGCATAGGGACCGCCACAGGTA
|||||| ||||||||||||||||||||||| || || ||||| ||||| |
948 CATGGCCAATGCAGGATCATCTTTGATGGGAATTGGAACCGCTACAGGGA

973

797

847

897

947

997

974 AGTCAAGAGCTAGAGAAGCAGCATTGAGCGCAATCCAATCTCCTCTATTG 1023
|||||| ||||||||| ||||||||||| || || || ||||| | |||
998 AGTCAAAAGCTAGAGAGGCAGCATTGAGTGCCATTCAGTCTCCATTGTTG 1047
1024 GATGTGGGTATTGAGCGAGCCACAGGGATAGTCTGGAATATCACTGGGGG 1073
||||||||||||||||||||||||||||| || |||||||| ||||||||
1048 GATGTGGGTATTGAGCGAGCCACAGGGATCGTTTGGAATATTACTGGGGG 1097
1074 AAGCGACATGACTCTCTTTGAGGTAAATGCTGCAGCAGAGGTGATTTATG 1123
|||||||||||| |||||||| || ||||||||||||||||| || ||||
1098 AAGCGACATGACCCTCTTTGAAGTCAATGCTGCAGCAGAGGTAATCTATG 1147
1124 ATTTGGTCGATCCCAACGCAAATCTTATTTTTGGAGCCGTAGTAGACGAA 1173
||||||| ||||| ||||||||||||||||| ||||||||||||||||||
1148 ATTTGGTGGATCCTAACGCAAATCTTATTTTCGGAGCCGTAGTAGACGAA 1197
1174 GCACTTCATGGCCAAGTTAGTATAACTTTGATAGCAACAGGATTTAGTTC 1223
|||||||||| |||| |||| ||||| || ||||||||||| ||||||||
1198 GCACTTCATGACCAAATTAGCATAACCTTAATAGCAACAGGGTTTAGTTC 1247
1224 TCAAGATGAACCTGATGCGCGTAGTATGCAAAATGTGAGTCGTATTTTGG 1273
||||||||| |||||||| || |||||||| ||| ||||| | ||||
1248 TCAAGATGATCCTGATGCACGGAGTATGCAGTATGCAAGTCGCGTATTGG 1297
1274 ATGGACAAGCTGGTCGATCACCGACAGGTTTATCTCAAGGCAGCAATGGC 1323
| || ||||||||||||||| ||| | | ||| | ||| ||||| ||
1298 AGGGTCAAGCTGGTCGATCATCGATGGCCTCATCCCGAGGTGGCAATAGC 1347
1324 TCTGCGATCAATATACCAAGTTTCTTAAGGAAGCGAGGCCAGACACGTCA 1373
||| |||| || ||||||| ||||||| | |||||||| || |
1348 TCTACGATTAACATACCAAATTTCTTACGAAAGCGAGGGCAAAGG----- 1392
1374 TTAA 1377
||
1393 –TAG 1395

Supplemental Figure S3. Nucleotide sequence alignment of PpFtsZ2-1 and PpFtsZ2-2 coding regions. The highly
conserved central region with 89% sequence identity is highlighted in yellow. The PpFtsZ2-1-amiRNA target site is
highlighted in green.

