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SUMMARY
The Arabidopsis thaliana BLADE-ON-PETIOLE genes encode a pair of transcriptional coactivators that regulate
lateral organ architecture by promoting cell differentiation in their proximal regions. To gain insight into the
roles of BOP genes early in land plant evolution, we characterized the functions of Physcomitrella patens BOP1
and BOP2 and their negative regulator Pp-miR534a. We show that in DPpMIR534a mutants lacking mature
Pp-miR534a, cleavage of PpBOP1/2 is abolished, leading to elevated PpBOP1/2 transcript levels. These loss-offunction mutants display an accelerated gametophore development thus correlating elevated levels of
PpBOP1/2 with premature bud formation. This is further supported by our finding that exposure to cytokinin,
which is known to induce bud formation on caulonema, downregulates PpMIR534a transcription and increases the accumulation of PpBOP1 in apical caulonema cells. Reporter gene fusions showed that PpMIR534a is
ubiquitously expressed in protonema whereas PpBOP1/2 accumulation is restricted almost exclusively to
potent caulonema apical cells and their side branch initials, but absent from differentiated cells. Together, our
data propose that PpBOP1/2 act as positive regulators of protonema differentiation and that Pp-miR534a is
required to control the timing of the juvenile-to-adult gametophyte transition by spatially restricting their
expression to caulonema stem cells. As protonemata develop, increased cytokinin levels downregulate
Pp-MIR534a transcription in these cells until a threshold level of PpBOP1/2 is reached that triggers cell
differentiation and bud formation.
Keywords: BLADE-ON-PETIOLE, miR534, cytokinin, juvenile-to-adult transition, Physcomitrella patens.

INTRODUCTION
Bryophytes are believed to have shared a common ancestor
with flowering plants >400 MYA (Kenrick and Crane, 1997).
A study comparing the transcriptomes of the Physcomitrella
patens gametophyte and the Arabidopsis sporophyte identified considerable overlap in the expression of homologous
genes, suggesting that gemetophytic and sporophytic tissues share at least some similar gene sets (Nishiyama et al.,
2003). Indeed, phylogenetic analysis has shown that several
key developmental gene families in Arabidopsis are present
in mosses. These genes are suggested to belong to an
‘ancestral toolkit of land plants’, a hypothetical group of
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deeply conserved developmental genes that have played
significant roles in shaping land plant morphology since
early evolution (Floyd and Bowman, 2007). To date, the roles
of only a few of these genes have been determined in mosses,
revealing insightful similarities (Menand et al., 2007b;
Mosquna et al., 2009) or differences (Sakakibara et al., 2008;
Tanahashi et al., 2005) between mosses and flowering
plants.
The Arabidopsis BLADE-ON-PETIOLE1 (AtBOP1) (Ha et al.,
2003) and AtBOP2 (Hepworth et al., 2005; Norberg et al.,
2005) genes constitute a separate gene clade in the
1
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NON-EXPRESSOR OF PR1 (NPR) small gene family (Dong,
2004). These important developmental genes encode a
Broad-Complex, Tramtrack, and Bric-a-Brac/POX virus and
zinc finger (BTB/POZ)-ankyrin transcriptional coregulators
that are redundantly expressed in undifferentiated cells at the
base of developing lateral organs (Ha et al., 2004; Hepworth
et al., 2005; McKim et al., 2008; Norberg et al., 2005). Loss-offunction Atbop1/2 mutants develop a range of lateral organ
growth defects (Ha et al., 2007; Norberg et al., 2005) and lack
a floral abscission zone (McKim et al., 2008), indicating that
AtBOP1/2 are required to repress indeterminate growth and
promote differentiation in the proximal regions of lateral
organs (Hepworth et al., 2005; Norberg et al., 2005; Ha et al.,
2007) and in the abscission zone (McKim et al., 2008).
Recently, AtBOP1/2 have been shown to promote cell differentiation at the leaf base and in floral shoots by activation of
ASYMMETRIC LEAVES2 (AS2) (Jun et al., 2010) and APETALA1 (AP1) (Xu et al., 2010) transcription, respectively.
We previously cloned Pp-miR534a from the moss P. patens (Arazi et al., 2005). This miRNA has not yet been
identified in any other land plant and hence is considered
to be moss specific. Three genes, encoding proteins with
homology to the Arabidopsis BOP proteins, have been
predicted as targets of Pp-miR534a (Axtell et al., 2007).
Here, we functionally characterized these BOP-like genes
and their negative regulator Pp-miR534a. Based on their
expression patterns combined with a molecular and phenotypic analysis of gene-disruption mutants, we suggest a
conserved role for PpBOP1/2 in promoting cell differentiation and show that Pp-miR534a is required for control of
the juvenile-to-adult gametophyte transition via regulation
of the spatial and temporal expression of PpBOP1/2 in
protonema cells.
RESULTS
P. patens encodes BOP-like genes that are
post-transcriptionally regulated by Pp-miR534
Three protein-encoding genes (accession numbers Phypa_119190, Phypa_121620 and Phypa_3260) were predicted
as putative targets of Pp-miR534 which is encoded by two
loci (PpMIR534a and PpMIR534b) in the P. patens genome
(Axtell et al., 2007) (Figure 1a). Consistent with previous
results (Axtell et al., 2007), we confirmed that Phypa_119190
and Phypa_121620 are cleaved in a position that indicates
targeting by Pp-miR534 (Figure 1a), but could not detect a
cleavage product for Phypa_3260 by RNA ligase-mediated
(RLM) RACE. Unlike Phypa_119190 and Phypa_121620, the
sequence of Phypa_3260 harbors a mismatch located in the
‘seed’ region of Pp-miR534 (nucleotides 2–7 at the miRNA 5¢
end) (Figure 1a). A perfect base pairing in this region was
found to be crucial for miRNA-target recognition and subsequent posttranscriptional target cleavage in animals and
plants (Brodersen and Voinnet, 2009). Nevertheless, miRNA-

mediated translational inhibition, which seems to be widespread in plants (Chen, 2004; Brodersen et al., 2008), of
Phypa_3260 through an imperfect Pp-miR534 target site
cannot be excluded since a mismatched miRNA target site
was shown to have the potential to repress target protein
accumulation (Dugas and Bartel, 2008). Search of the NCBI
protein database with the target protein sequences identified significant homology to the Arabidopsis NPR family
AtBOP1 and AtBOP2 proteins (Dong, 2004). This analysis
identified an additional P. patens gene, Phypa_31431, which
encodes an NPR1-like protein that does not contain a
Pp-miR534 target site. Phylogenetic reconstruction indicated
that Phypa_119190, Phypa_121620 and Phypa_3260 belong
to the BOP clade of the NPR family (Figure 1b) and therefore
we designated them P. patens BOPs (PpBOPs). Search of
the NCBI conserved domain database with the PpBOP sequences identified two putative protein-interaction domains
that are similarly organized and highly conserved between
PpBOPs and AtBOPs: a BTB/POZ domain (Cl02518) located
at their N termini and a downstream ankyrin repeat
(cd00204) (Figure 1c). In addition, five cysteine residues in
the BTB/POZ domain of AtBOPs (Jun et al., 2010) that are
involved in oligomerization in NPR1 (Mou et al., 2003) are
also conserved in PpBOP2 and PpBOP3, and four of them in
PpBOP1 (Figure 1c). In the C-terminal portion downstream
of the ankyrin repeat, PpBOPs are less conserved to Arabidopsis BOPs. They have longer C-termini that lack the
conserved stretch of His residues (Figure 1c).
PpBOP1 is localized to the cytoplasm and nucleus
Dual subcellular localization to the cytoplasm and nucleus
has been observed for AtBOP1 (Jun et al., 2010) and AtBOP2
(Hepworth et al., 2005). The nuclear localization of AtBOP1 is
necessary and sufficient for its function as a transcriptional
activator whereas the cytoplasmic localization is suggested
to maintain protein homeostasis (Jun et al., 2010). To test
whether PpBOP1 has a similar subcellular localization,
we transiently transformed C-terminal and N-terminal
PpBOP1–GFP fusion constructs into P. patens protoplasts
and Nicotiana benthamiana leaf epidermal cells. In both
plant systems, C-terminal as well as N-terminal PpBOP1–
GFP fusions were localized to both the cytoplasm and
nucleus (Figure 2a,b,d,e). However, in contrast to the
uniform fluorescence signal observed in the nucleus, we
detected punctate GFP fluorescence in the cytoplasm (Figure 2a,b,d,e). The fluorescent dots did not colocalize with
the mitochondria or peroxisomes (data not shown) and
might be due to oligomerization or aggregation of the
expressed proteins. Immunoblot analysis using an anti-GFP
antibody of proteins from N. benthamiana leaves infiltrated
with PpBOP1–GFP expression constructs detected an 90-kDa
band (Figure 2g), similar to the predicted size of GFP-tagged
PpBOP1 (90.8 kDa). We did not detect any additional proteins in the analyzed extracts indicating that the observed
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Figure 1. Sequence analysis of PpBOP-like genes.
(a) Alignment of Pp-miR534a and Pp-miR534b (reverse complemented) and complementary sequences of PpBOP1 (Phypa_119190), PpBOP2 (Phypa_121620), and
PpBOP3 (Phypa_3260). The arrow indicates the mapped cleavage site within PpBOP1 and PpBOP2 transcripts.
(b) An unrooted phylogenetic tree based on members of the Arabidopsis and P. patens NPR families was constructed by the neighbor-joining method (MEGA
program, version 4) (Tamura et al., 2007).
(c) Sequence alignment of Arabidopsis and P. patens BOP proteins generated with CLUSTALW (Thompson et al., 1994). The BTB/POZ and ankyrin-repeat (ANK)
domains are indicated according to PpBOP1 prediction. Conserved cysteine residues are marked by arrowheads. The residues encoded by the Pp-miR534a target
sequence are marked by +.

localization patterns were due to the expression of intact
full-length fusion proteins.
Deletion of PpMIR534a causes elevated PpBOP1/2 transcript
levels and early formation of gametophores
Expression analysis (Arazi et al., 2005) and deep sequencing
data (Axtell et al., 2007) previously indicated that PpmiR534a is abundantly expressed in the juvenile gametophyte or protonema and is strongly downregulated in
the adult gametophyte. In contrast, Pp-miR534b is almost

absent from protonema (480 fold less than Pp-miR534a) and
present at levels lower than Pp-miR534a in the adult gametophyte (Axtell et al., 2007) suggesting that PpMIR534a
encodes the major miR534 species. Therefore, to gain insight
into the function of Pp-miR534, we generated PpMIR534atargeted deletion mutants by means of homologous
recombination (Figure 3a). We identified two independent
deletion mutants (DPpMIR534a-6 and DPpMIR534a-11) with
precise integration of the PpMIR534a-targeting construct at
the corresponding genomic locus, thereby replacing the
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Figure 2. Subcellular localization of PpBOP1.
Indicated constructs were transformed into
P. patens protoplasts (a–c) or agroinfiltrated into
N. benthamiana leaves (d–f) and the subcellular
localizations of PpBOP1–GFP and GFP–PpBOP1
fusion proteins and the GFP control were analyzed by confocal laser-scanning microscopy.
GFP fluorescence images of representative protoplasts and leaf epidermal cells were taken 48 h
post-transformation or agroinfiltration, respectively. n: nucleus.
(g) Immunoblot of total protein extracts isolated from the above infiltrated N. benthamiana
leaves and probed with an anti-GFP antibody.
Protein loading was monitored by Ponceau
staining.

(g)

Pp-miR534a foldback sequence with a selection marker cassette (Figure 3b). To exclude additional illegitimate integrations of the PpMIR534a-targeting construct in the nuclear
DNA, the DPpMIR534a mutants were subjected to genomic
DNA blot analysis indicating a single integration of the
targeting construct into the nuclear DNA of both lines
(Figure 3c). Using RT-PCR and RNA gel blots, we did neither
detect Pp-miR534a foldback (Figure 3d) nor the mature
Pp-miR534a (Figure 3e) in both DPpMIR534a mutants.
Accordingly, RLM-RACE could not amplify Pp-miR534amediated cleavage products of PpBOP1/2 from DPpMIR534a
mutant protonemata, while the cleavage product of PpARF
(Fattash et al., 2007), an unrelated Pp-miR160 target, could
be amplified (Figure 3f). Together, these results demon-

strated that DPpMIR534a mutants are Pp-miR534a null
mutants that lack its regulatory function. Consequently, in
cultured protonema tissue we detected increased steadystate transcript levels of PpBOP1/2 in DPpMIR534a mutants
compared with the wild type (Figure 4a,b), thus confirming
the requirement of Pp-miR534a for the negative regulation
of PpBOP1/2 expression during development of the juvenile gametophyte. To examine the effects of elevated
PpBOP1/2 expression on gametophyte development,
DPpMIR534a mutants were subjected to phenotypic analysis. This analysis did not reveal any morphological
abnormalities during the juvenile or adult gametophyte
phases indicating that Pp-miR534a is not required for
morphogenesis. However, compared to the wild type, the
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Figure 3. Generation
and
validation
of
DPpMIR534a mutants.
(a) Scheme illustrating the generation of
DPpMIR534a mutants. The gray box represents
the PpMIR534a foldback sequence replaced by
the knockout cassette. The location of primers
used in (b) and (d) are shown by arrows.
(b) PCR genotyping of DPpMIR534a-transgenic
plants (line numbers are indicated) to verify
precise 5¢ and 3¢ integration of the knockout
construct.
(c) Analysis of the copy number of integrated
knockout constructs in DPpMIR534a mutants.
DNA blot of genomic DNA from DPpMIR534a
mutants and wild type digested with EcoRI (does
not cut within nptII cassette) and PstI (cuts once
within nptII cassette) and hybridized with a
radiolabeled nptII fragment.
(d) RT-PCR analysis of DPpMIR534a mutants to
confirm loss of PpMIR534a transcript. RT-PCR
for PpEF1a served as a control to monitor
efficient cDNA synthesis.
(e) RNA gel blot analysis of Pp-miR534a. Total
RNA (60 lg) from protonemata of wild type and
DPpMIR534a mutant was hybridized with a
Pp-miR534a antisense probe. An antisense
probe for U6snRNA served as a loading control.
(f) Detection of PpBOP cleavage products using
RNA from protonemata of wild type and
DPpMIR534a mutants by RLM-RACE. RLM-RACE
for PpARF targeted by Pp-miR160 served as a
control. 1: PpBOP2, 2: PpBOP1, 3: PpBOP3, 4:
PpARF.

(a)

(b)

(d)

(c)

(e)

(f)

DPpMIR534a mutants displayed consistently early development of gametophores. We observed the development
of leafy gametophores in DPpMIR534a mutants as early as
10 days after inoculation, but not in the wild type
(Figure 4c). This resulted in an approx. three- to four-fold
higher number of developed gametophores per colony
26 days postinoculation (Figure 4d). After 37 days, the
number of gametophores was similar in the wild type
and DPpMIR534a mutants. Thus, a lack of Pp-miR534a
causing elevated levels of PpBOP1/2 is accompanied by an
accelerated transition from the juvenile to adult gametophyte.
PpMIR534a expression patterns during gametophyte
development
To identify sites of Pp-miR534a activity, we fused a 3-kb
genomic DNA fragment located immediately upstream of
the identified PpMIR534a transcription start site to the GUS

reporter gene and transformed the resulting construct
into P. patens protoplasts. We identified two independent
transgenic lines harboring the PpMIR534apro:GUS construct
(Figure 5a) and analyzed the spatiotemporal expression
pattern of PpMIR534a throughout gametophyte development via histochemical GUS staining. Both reporter lines
showed identical GUS staining with uniform GUS activity in chloronema (Figure 5b,c) and caulonema cells
(Figure 5e), buds (Figure 5f) and young gametophore leaves
(Figure 5e). However, GUS staining was not observed in the
leaves and stems of mature gametophores except within
their most basal part (Figure 5h,i). These expression patterns were consistent with Pp-miR534 expression (Arazi
et al., 2005) and deep sequencing data (Axtell et al., 2007),
suggesting that Pp-miR534a is abundantly expressed in the
filamentous protonemata and at early stages of adult
gametophyte development, but strongly downregulated
upon transition to the adult gametophyte phase.
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Figure 4. Molecular and phenotypic analyses of DPpMIR534a mutants.
Expression analysis of PpBOP1 (a) and PpBOP2 (b) during protonema development in wild type and DPpMIR534a mutants by qRT-PCR using primers designed
around the Pp-miR534a complementary site and normalized to PpEF1a in the samples. Error bars indicate means  SD over three biological replicates. All
differences between wild type and DPpMIR534a mutants were statistically significant as determined by Student’s t-test (P < 0.05) (c) Pictures of wild-type and
DPpMIR534a colony sections 10 days postinoculation showing representative gametophores (marked by arrowheads).
(d) Average number of gametophores per colony 26 days postinoculation in wild type and DPpMIR534a mutants. Error bars indicate mean  SE (n = 27). Different
letters indicate significant differences by Tukey-Kramer Multiple Comparison Test (P < 0.05).

PpBOP1-GUS and PpBOP2-GUS accumulation
patterns during gametophyte development
To further elucidate the regulatory roles of Pp-miR534a,
spatial and temporal accumulation of its PpBOP1/2 target
mRNAs was studied during gametophyte development
by inserting the GUS reporter into the corresponding genes
via homologous recombination, replacing their stop codon
(Figure S1a,d). In this way, expression of the gene fusions
relies on the native PpBOP1/2 promoters and the fusion
transcripts will undergo Pp-miR534a-directed cleavage in
cells in which Pp-miR534a is coexpressed. The accumulation
of PpBOP1/2-GUS C-terminal fusion proteins can be monitored by histochemical GUS detection. We generated two
PpBOP1:GUS (Figure S1b,c) lines and one PpBOP2:GUS
(Figure S1e–g) line and first investigated the accumulation
of PpBOP1-GUS and PpBOP2-GUS proteins in the juvenile

gametophyte or protonema (Reski, 1998). Protonema filaments are formed after spore germination and consist of
chloronema cells with perpendicular cell walls and a high
number of chloroplasts, and caulonema cells which are
longer contain less chloroplasts and possess oblique cell
walls (Menand et al., 2007a). In young protonema, which is
enriched in chloronema cells due to growth in the presence
of ammonium ions which delays the choloronema-tocaulonema transition (Jenkins and Cove, 1983), a blue color,
indicative of PpBOP1-GUS (Figure 6a) expression, was specifically observed in only a few tip cells located on the
periphery of the colony. Further microscopic inspection of
the stained cells showed that they had an intermediate
morphology between chloronema and caulonema (Schumaker and Dietrich, 1998): although their cross walls were
perpendicular, which is characteristic of chloronema cells,
their second subapical cells developed a lateral outgrowth or

ª 2011 The Authors
The Plant Journal ª 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), doi: 10.1111/j.1365-313X.2010.04451.x

Pp-miR534a controls BLADE-ON-PETIOLE in moss 7

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 5. GUS expression in PpMIR534apro:GUS plants.
(a) Identification of transgenic PpMIR534apro:GUS plants. PCR genotyping
using indicated primers located at the transformed cassette backbone and
PpMIR534a promoter (upper panel); PpEF1a served as a control (lower panel).
NTC: no template control.
(b–g) Whole-mount GUS staining of PpMIR534apro:GUS (b, e) or wild type (d,
g) colonies grown for 5 (b, d) or 16 (e, g) days postinoculation.
(c, f) Close-up of stained filaments from the colonies shown in (b) and (e),
respectively. b: bud.
(h) GUS staining of a PpMIR534apro:GUS (h) or wild-type (j) mature gametophore.
(i) Close-up of PpMIR534apro:GUS-stained gametophore leaf.

an initial cell as in caulonema filaments (Figure 6a, inset). A
significant and consistent increase in the number of stained
apical cells was observed in PpBOP1:GUS and PpBOP2:GUS
protonemata of similar age grown in the absence of
ammonium ions, which promotes accelerated differentiation of chloronema to caulonema (Figure 6c,d). Upon further
growth and continued differentiation of chloronema apical
cells into caulonema cells, the number of stained apical cells
increased, resulting in staining of most of the caulonema
tip cells 8 days postinoculation (Figure 6e,f,i). A strong GUS
signal was also visible in the emerging side-branch initial
cells (Figure 6g,h). Side-branch initial cells form on the
second subapical cell following division of a caulonema tip
cell and may either divide to form a lateral filament or, in

the presence of cytokinin, undergo transition to the adult
gametophyte forming a bud, which subsequently develops
into a gametophore (Schumaker and Dietrich, 1998). Nevertheless, we noticed that during filament elongation,
PpBOP1/2-GUS staining decayed gradually from the apical
caulonema cells toward the adjacent differentiated subapical cells (Figure 6e–h), and was completely lacking in the
remaining older proximate caulonema and chloronema cells
(Figure 6e,f). Moreover, 13 days postinoculation, when a
few buds were already visible, the number of stained
caulonema tip cells had decreased (Figure 6i) and no GUS
staining was observed in mature gametophore-containing
colonies that had stopped further expansion by spreading of
protonema filaments (Figure 7a). In the mature gametophyte, GUS staining was not observed in the buds or young
gametophore leaves of PpBOP1:GUS plants (Figure 7b),
whereas occasionally, a weak and diffuse GUS signal was
detected in older leaves (Figure 7c). However, specific GUS
staining was detected in the apical cells of axillary hairs
(Figure 7d), which develop at the adaxial base of the
gametophore leaf (Hiwatashi et al., 2001). In addition, specific GUS staining was detected in the basal cells of developing antheridia, the male reproductive organ (Figure 7g,h),
but not in mature antheridia that had already released their
spermatozoids (Figure 7i).
PpBOP1-GUS and PpBOP2-GUS accumulation patterns in
the juvenile gametophyte phase revealed their presence in
caulonema apical and side branch initial cells undergoing
further fate transitions and their absence in differentiated
subapical and subtending cells, suggesting that their activity
is required only in cells that are destined for further
differentiation. In addition, these patterns indicate the
accumulation of PpBOP1/2 in parallel to Pp-miR534a in
apical caulonema and initial cells. In the adult gametophyte,
PpBOP1-GUS protein was restricted to cells of particular
lateral organs of the gametophore.
Opposite effects of cytokinin on PpBOP1 and PpMIR534a
expression in caulonema apical cells
Previous studies have shown that the plant hormones auxin
and cytokinin are both required for the differentiation of
chloronema apical cells into caulonema cells (Cove and
Knight, 1993; Decker et al., 2006). Since PpBOP1/2-GUS
accumulation was detected in apical cells upon their transition to caulonema, the effects of these hormones on
PpBOP1/2-GUS accumulation were examined. Exposing
7-day-old protonemata of PpBOP1:GUS reporter lines for
24 h to growth medium supplemented with 5 lM 1-naphthalene acetic acid (NAA), an enhancer of caulonema cell
formation (Johri and Desai, 1973; Ashton, 1979; Schween
et al., 2003), did not increase the number of GUS-stained
apical cells or change the spatiotemporal pattern of PpBOP1GUS accumulation (data not shown). This suggested that
PpBOP1 expression is not sensitive to auxin and that
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caulonema formation is not sufficient to induce PpBOP1GUS accumulation. However, growth of protonema filaments of identical age on medium supplemented with 5 lM
6-benzylaminopurine (BAP) for 24 h caused a significant
two-fold increase in the number of GUS-stained caulonema
tip cells without affecting the staining specificity, which was
restricted to apical and adjacent subapical cells (Figure 8a,b). Semi-quantitative RT-PCR analysis on identically
treated wild-type protonemata consistently revealed an
approx. two-fold increase in PpBOP1 steady-state transcript
levels in BAP-treated versus untreated protonemata (Figure 8c). We detected a similar cytokinin-induced increase for
PpBOP2 and PpBOP3 transcripts (Figure 8c), indicating a
conserved response of all PpBOP genes to cytokinin.
The BAP-induced increase in GUS staining in PpBOP1:
GUS reporter lines, as well as the elevated PpBOP1 steadystate transcript levels in the treated wild type, could be
caused by two different scenarios: either cytokinin causes
an elevation in PpBOP1 transcription rates or it reduces the
efficiency of Pp-miR534a-mediated post-transcriptional control of PpBOP1. Thus, we analyzed whether the changes
in PpBOP expression might be caused by altered PpMIR534a
expression by exposing 7- and 16-day-old protonemata of
PpMIR534apro:GUS plants to 5 lM BAP for 24 h. Strikingly,
the BAP treatment significantly reduced GUS staining at the
peripheral sites of the colony, particularly in caulonema
apical and subapical cells, whereas the subtending caulonema and chloronema cells remained uniformly stained as
in the untreated control (Figure 8d). These results suggested
that cytokinin can specifically downregulate PpMIR534a
expression in caulonema apical and subapical cells which
is consistent with the elevated PpBOP1 transcript levels
and increased PpBOP1-GUS accumulation in these cells
(Figure 8a,b).
PpBOP1 and PpBOP2 are not required for normal
morphogenesis

Figure 6. Accumulation patterns of PpBOP1/2–GUS fusion proteins during
juvenile gametophyte development.
(a–d) Global view of GUS-stained colonies (as indicated above) 5 days
postinoculation onto minimal media with (a, b) or without (c, d) ammonium.
The inset in (a) shows a close-up of a typical stained tip cell.
(e–h) Global (e, f) and magnified (g, h) view of stained colony sections 8 days
postinoculation. cau: caulonema, sa: subapical cells, arrowheads: side-branch
initial cells. The insets in (e, f) show close-ups of representative caulonema
filaments, bars = 100 lm. The insets in (g, h) show close-ups of caulonema
apical cells.
(i) Average number of stained apical cells in colonies grown on minimal
medium without ammonium for the indicated period postinoculation. Error
bars indicate mean  SE of at least three independent counts, n = 28.
Different letters indicate significant differences by Tukey-Kramer Multiple
Comparison Test (P < 0.05).

A loss-of-function approach was chosen to assess the
function of PpBOP1/2 in the moss gametophyte. Several
independent single mutants (DPpBOP1, DPpBOP2) and two
independent double mutants (DPpBOP1/2) in which parts of
the coding region of PpBOP1 or PpBOP2 (Figure S2d) or
both were replaced with a selection marker by homologous
recombination were generated. Proper integration of
the disrupting constructs into the corresponding PpBOP loci
was confirmed by amplifying and sequencing the junction
sites between the selection marker and the genomic locus
(Figures S2b,e and S3a). RT-PCR analyses demonstrated
that the single (Figure S2c,f) and double (Figure S3b)
mutant lines are RNA null for the corresponding PpBOP
gene(s). However, detailed phenotypic analysis of the single
and double mutants throughout gametophyte development
did not reveal any phenotypic deviations compared to the
wild type. This analysis suggested that PpBOP1 and PpBOP2
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Figure 7. Detection of PpBOP1–GUS fusion protein in the adult gametophyte phase.
(a) Whole-mount GUS staining of a 17-day-old
PpBOP1:GUS colony.
(b) Close-up of a stained young gametophore.
P: leaf primordium.
(c) A mature gametophore showing weak GUS
staining in the older leaves.
(d) A mature gametophore showing GUS staining in the axillary hairs (ah). Inset shows a single
axillary hair at a higher magnification.
(e, f) GUS-stained wild-type gametophores without (e) or with gametangia (f, upper leaves were
removed). an: antheridia, ar: archegonia.
(g) A gametophore with gametangia (some
leaves were removed) showing staining in the
basal cells of developing antheridia (an), but not
in empty antheridia (ea) or archegonia (ar).
Stained developing (h) and empty antheridia (i)
at a higher magnification.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

are not essential for normal development of the moss
gametophyte and raised the possibility of functional
redundancies among the three members of the PpBOP
family.
DISCUSSION
We identified and characterized the P. patens homologs of
the important developmental genes AtBOP1 (Ha et al., 2003)
and AtBOP2 (Hepworth et al., 2005; Norberg et al., 2005). The
moss BOPs, like the Arabidopsis BOPs, contain two conserved protein–protein interaction domains, a BTB/POZ
domain (Collins et al., 2001) and an ankyrin repeat (Sedgwick
and Smerdon, 1999), the unique arrangement of which is
characteristic of members of the plant NPR family (Cao et al.,
1997; Ryals et al., 1997). Moreover, PpBOPs contain several
conserved cysteine residues which are likely to be involved
in NPR1 cytoplasmic oligomerization through intermolecular
disulfide bonds (Figure 1c). These include NPR1 Cys82 that
has been demonstrated to be required for oligomerization
(Mou et al., 2003). We observed a punctate localization pattern of PpBOP1–GFP fusion proteins within the cytosol of
transiently transfected P. patens protoplasts. Interestingly, a
BTB/POZ domain located at the N terminus of the human
LAZ3/BCL6 protein has been previously shown to be
responsible for its punctate nuclear localization and its
homodimerization in vivo (Dhordain et al., 1995), suggesting

that the punctate localization of PpBOP1–GFP may result
from BTB-POZ-mediated oligomerization or aggregation.
Reduction of the conserved cysteines enables NPR1 monomerization and translocation to the nucleus (Mou et al., 2003)
where it activates transcription by interacting with TGA
transcription factors (Zhang et al., 1999; Despres et al., 2000)
via its BTB/POZ domain (Rochon et al., 2006). Similar to
NPR1, AtBOPs are localized to the cytosol and nucleus
(Hepworth et al., 2005; Jun et al., 2010) can form homo- and
heterodimers (Jun et al., 2010) and interact with the TGA
transcription factor, PERIANTHIA (PAN) (Hepworth et al.,
2005). In addition to the punctate pattern of PpBOP1–GFP
signal within the cytosol, we observed a uniform diffuse
PpBOP1–GFP signal within the nucleus of transfected
P. patens protoplasts, indicating the presence of monomeric
fusion proteins in this compartment. Furthermore, a search
for TGA-like factors in the P. patens genome database, using
published Arabidopsis TGA members (Jakoby et al., 2002)
identified three TGA-like factors that are closely related to the
TGA PAN-clade (Figure S4). This raises the possibility that
PpBOPs might, like their Arabidopsis homologs (Hepworth
et al., 2005), interact with PAN-like TGA factors to activate
transcription. Together, our findings suggest that PpBOPs
function in a mechanism similar to AtBOPs and NPR1.
At present, there are no indications that AtBOPs are
regulated by any known Arabidopsis miRNA at the post
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Figure 8. Cytokinin affects PpBOP1-GUS accumulation and PpMIR534a expression patterns.
(a) Picture of representative 7-day-old PpBOP1-GUS colony sections demonstrating an increase in the number of GUS-stained apical cells following 5 lM BAP
application for 24 h.
(b) Average number of stained apical cells from colonies described in (a). Error bars indicate mean  SE of two independent counts (n = 25). Different letters
indicate significant differences by Tukey-Kramer Multiple Comparison Test (P < 0.05).
(c) Semi-quantitative RT-PCR of PpBOP1-3 mRNAs in 7-day-old wild-type protonemata grown for 24 h in the absence (untreated) or presence of 5 lM BAP. PpPDS
served as a control to monitor RT efficiency. Expression levels relative to untreated samples (indicated below each panel) were determined after normalization based
on the corresponding PpPDS signal. The number of amplification cycles is indicated in parenthesis.
(d) Pictures of representative 7 (upper panel) or 15 (lower panel) day-old PpMIR534apro:GUS colony sections demonstrating a decrease in apical cell (marked by
arrowheads) staining following 5 lM BAP application for 24 h. Insets show representative filament tips at a higher magnification. Size bars = 100 lm.

transcriptional level, whereas PpBOP1/2 expression is post
transcriptionally controlled by miR534a in P. patens.
We demonstrated that Pp-miR534-mediated cleavage of
PpBOP1/2 is abolished in DPpMIR534a mutant protonemata
(Figure 3f), leading to elevated PpBOP1/2 transcript levels
(Figure 4a,b). This indicates that PpBOP1/2 are predominantly regulated in the juvenile gametophyte by Pp-miR534a
and not by Pp-miR534b. This is further supported by the
considerably higher abundance of Pp-miR534a in the protonemata, about 480 times that of Pp-miR534b (Axtell et al.,
2007), and the presence of a mismatch at position 11
between Pp-miR534b and PpBOP1/2 target sequences at
the inferred cleavage site (Figure 1a). A single mismatch at
a similar position between miR165/166 and the Arabidopsis
dominant PHABULOSA mutant target sequence has been
found to strongly reduce its regulation by miRNA-mediated
cleavage (Mallory et al., 2004).
Consistent with previous expression data (Arazi et al.,
2005; Axtell et al., 2007), histochemical analysis of
PpMIR534apro:GUS reporter lines indicated that PpMIR534a

is primarily expressed in the protonemata and almost absent
from mature gametophores. Uniform GUS staining was
observed during protonema development in both chloronema and caulonema cells all along the filaments, suggesting that Pp-miR534a is present in all cells of the juvenile
gametophyte. In contrast, the analysis of Pp-miR534a-sensitive PpBOP1/2:GUS fusions driven by their native promoters revealed that PpBOP1/2-GUS proteins specifically
accumulate in caulonema tip cells and their corresponding
initial cells, and are absent from the other cells. As PpBOP1/2
are the only identified targets of Pp-miR534a (Axtell et al.,
2007), it is highly likely that the specific accumulation of
PpBOP1/2-GUS in caulonema tip and side-branch initial cells
is at least in part the result of clearance of their corresponding mRNAs by Pp-miR534a from the rest of the protonemata,
buds and young gametophore leaves.
The presence of Pp-miR534a in caulonema tip cells and
side-branch initial cells, which accumulate PpBOP1/2,
suggests that Pp-miR534a fulfils a regulatory role other
than spatial restriction in these cells. During protonema
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development, internal cytokinin concentrations gradually
increase, with the highest levels detected just before bud
initiation (Schulz et al., 2000), which marks the transition
to the adult gametophyte (Reski, 1998). Strikingly, exogenously applied cytokinin, which triggers bud formation on
caulonemas (Reski and Abel, 1985; Decker et al., 2006),
caused a decrease in PpMIR534a transcription specifically
in apical caulonema cells. Furthermore, this decrease was
correlated with a significant cytokinin-mediated increase
in PpBOP1-GUS accumulation in the same cells indicating cell-specific cytokinin-dependent control of the
Pp-miR534a-PpBOP regulon. An endogenous cytokininmediated decrease in Pp-miR534a is probably milder and
transient because of its relatively low concentration and
kinetics (Schulz et al., 2000) and may explain why we could
not detect a similar response during the development of
untreated PpMIR534apro:GUS protonemata. Thus, it is not
unlikely that an endogenous cytokinin gradient might
induce a gradual decrease in Pp-miR534a levels, which in
turn would cause a gradual increase in cellular PpBOP1/2
mRNA levels to a threshold, just before budding. Such a
scenario would be in line with a temporal regulatory role
for Pp-miR534a, since temporal regulation by plant
miRNAs involves opposite cellular gradients of a miRNA
and its targets defining a certain target threshold that
induces a developmental transition (Garcia, 2008). Indeed,
a gradual increase in the number of PpBOP1-GUS-accumulating caulonema apical cells was observed in developing protonema before bud formation. In addition, the early
development of gametophores in DPpMIR534a mutants
that show elevated PpBOP1/2 steady-state transcript levels
suggests that spatial regulation of PpBOP1/2 transcript
levels by Pp-miR534a may be required for the proper
timing of the juvenile-to-adult transition and that elevated
PpBOP1/2 transcript levels may result in a premature
transition.
In protonemata, we found PpBOP1/2-GUS accumulation
restricted to the caulonema tip cells and their side-branch
initial cells, both of which are stem cells that can divide and
differentiate into new cell types (Reski, 1998). To extend a
protonema filament, a caulonema tip cell divides to produce a new apical stem cell and a differentiated subapical
cell. An initial cell either generates a new lateral filament by
apical growth or undergoes differentiation into an apical
bud in the presence of cytokinin (Schumaker and Dietrich,
1998). In contrast to its accumulation in these stem cells,
PpBOP1/2-GUS accumulation was significantly reduced in
differentiated subapical and bud cells and completely
disappeared in the more distant nondividing chloronema
and caulonema cells, as well as in the tip and initial cells
of gametophore-containing protonemata that ceased to
expand. This suggests that PpBOP1/2 activity is required in
undifferentiated cells and is dispensable in cells that have
acquired cell fate or stopped dividing. In the mature leafy

gametophyte, which does not express Pp-miR534a except
in its basal part, PpBOP1-GUS specifically accumulates in
cells located at the proximal region of developing antheridia
and in axillary hairs, both of which are lateral organs. In the
flowering plant Arabidopsis expression of AtBOP genes has
been shown to be restricted to undifferentiated cells located
in the proximal region of developing lateral organs (Ha
et al., 2004; Hepworth et al., 2005; McKim et al., 2008;
Norberg et al., 2005). Thus, in both the Arabidopsis sporophyte and the morphologically distinct P. patens gametophyte, BOP expression is restricted to cells that are
undergoing fate transition and to those located in the
proximal region of lateral organs. It has been suggested
that AtBOP1/2 promotes cell differentiation by activating the
transcription of cell-fate-specification genes (Ha et al., 2007;
McKim et al., 2008) such as AS2 (Jun et al., 2010) and AP1
(Xu et al., 2010). Our results link elevated PpBOP1/2 transcript levels to premature gametophore formation indicating a specific function of PpBOP proteins in promoting bud
differentiation. Taken together, we propose that genes with
BOP-like functions in the gametophyte of ancestral land
plants were recruited to function in the sporophyte during
land plant evolution.
EXPERIMENTAL PROCEDURES
Plant materials and culture conditions
P. patens was cultured on solid or liquid medium. Solid- and liquidgrown protonemata were cultured as described in Arazi et al., 2005
and Frank et al., 2005, respectively. For phenotypic analysis, equal
amounts of mechanically disrupted protonema cultures were
spotted onto solidified medium and incubated under standard
growth conditions. To examine the effects of exogenous cytokinin
and auxin, mechanically disrupted protonemata were subcultured
on solid minimal medium covered with cellophane and were
transferred to plates containing solid minimal medium supplemented with 5 lM 1-naphthalene acetic acid (NAA, Sigma, http://
www.sigmaaldrich.com) or 5 lM 6-benzylaminopurine (BAP,
Sigma) for 24 h.

Plasmid constructs
Knockout (KO) constructs were designed to replace a region of
each targeted gene with a selection cassette. For generation of
DPpMIR534a mutant lines, a 966-bp genomic DNA fragment
encompassing the Pp-miR534a foldback was amplified with primers
#25 + #26 (primer sequences are given in Table S1). From this
fragment, a 200-bp region containing the Pp-miR534a foldback
sequence was released by restriction digest with AleI/NdeI and
replaced by an nptII selection marker cassette. For generation of
DPpBOP1 mutant lines, a 1801-bp genomic DNA fragment encompassing part of the PpBOP1 gene was amplified with primers
#1 + #2. From this fragment, a 360-bp region containing parts of
exon 1 and 2 was released by restriction digest with HindIII and
replaced by an nptII selection marker cassette. For generation of
DPpBOP2 mutant lines, 5¢ and 3¢ parts of the PpBOP2 genomic
sequence were amplified using primer pairs #3 + #4 and #5 + #6,
respectively. The 5¢ amplified product was digested with XhoI/NsiI
and cloned at the 5¢ end of an hptII selection marker cassette
previously inserted into pBluescript. The 3¢ amplified product was
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digested with HindIII/XbaI, thus releasing 50 bp of exon 2, and
cloned at the 3¢ end of the hptII selection marker cassette.
Reporter gene constructs of PpBOP1 and PpBOP2 were designed
to replace their stop codon with a b-glucuronidase reporter gene
(uidA, GUS). Genomic fragments located 5¢ and 3¢ of the stop codon
were amplified using the primer pairs #11 + #12 and #13 + #14 for
PpBOP1, and #15 + #16 and #17 + #18 for PpBOP2, respectively.
Amplified products were cloned following restriction digest into
compatible sites of the pMBL5-GUS-nptII plasmid.
To generate PpMIR534a promoter:GUS fusions, the transcription
start site of PpMIR534a was mapped by 5¢ RACE PCR. Synthesis of
5¢ RACE-ready cDNAs was carried out according to (Zhu et al., 2001)
using the BD Smart RACE cDNA amplification kit (Clontech, http://
www.clontech.com). Subsequent PCRs were performed using the
UPM Primer-Mix supplied with the kit in combination with a
PpMIR534a gene-specific primer (#40). The amplification product
was excised from the gel, cloned and sequenced, revealing the
transcription start site 281 bp upstream of the mature Pp-miR534a
sequence. A 3-kb region upstream of that site was amplified from
genomic DNA with primers #51 + #52 harboring NotI and BamHI
restriction sites, respectively. The PCR product was digested with
NotI/BamHI and cloned into the respective restriction sites of the
vector pHSP-GUS (Saidi et al., 2005), thereby replacing the
Gmhsp17.3B promoter fragment.
For subcellular localization studies, PpBOP1 was tagged at its
N or C terminus with GFP by amplifying its full-length cDNA with
primers pairs #7 + #8 containing XhoI and BamHI at their 5¢ end or
#9 + #10 containing XhoI and EcoRI at their 5¢ end, respectively.
Amplified PpBOP1 products were cloned into the XhoI/BamHI or
XhoI/EcoRI sites of pART7–GFP (Abu-Abied et al., 2006) to generate
C-terminal (pART7–PpBOP1–GFP) or N-terminal (pART7–GFP–
PpBOP1) translational fusions with GFP under the control of CaMV
35S promoter. For transient expression in N. benthamiana, NotI
fragments of pART7–GFP–PpBOP1 and pART7–PpBOP1–GFP were
subcloned into the binary vector pART27 (Gleave, 1992).

Transient expression of PpBOP1–GFP fusions
in P. patens and N. benthamiana
For transient expression in P. patens protoplasts, the pART7–GFP–
PpBOP1 and pART7–PpBOP1–GFP plasmids were transfected into
protoplasts according to standard procedure (Frank et al., 2005). For
transient expression in N. benthamiana leaves, Agrobacterium
tumefaciens (strain EHA105) cultures harboring the binary plasmids
pART27–GFP–PpBOP1 or pART27–PpBOP1–GFP were infiltrated
into the young leaves of 3-week-old greenhouse-grown N. benthamiana plants as described in Stav et al., (2010). GFP fluorescence
images of P. patens protoplasts and N. benthamiana epidermal
cells were taken 16–48 h after transfection or infiltration using an
Olympus IX81/FV500 (Olympus, http://www.olympus-global.com)
laser-scanning microscope.

background. Regenerating transgenic plants were screened for the
proper integration of the constructs into the corresponding genomic loci by amplifying and sequencing the junction sites between
the selection marker or the GUS gene and the genomic locus.

Histochemical assay for GUS enzyme activity
Tissues were incubated in GUS staining solution (Mosquna et al.,
2009) for 3–16 h. Fixation was performed in 10% formalin for 10 min
followed by incubation for 10 min in 10% acetic acid. Chlorophyll
was removed by serial incubations for 5 min in 10, 30, 50, 75 and
96% ethanol.

Genomic DNA extraction and Southern blot analysis
Genomic DNA was extracted as described before (Khraiwesh et al.,
2010). Genomic DNA (2 lg) was digested with EcoRI or PstI, separated in a 0.8% agarose gel, blotted and hybridized with a radioactively labeled nptII DNA fragment.

Detection of RNA cleavage products by modified
RLM RACE
5¢ RLM-RACE PCR was performed with a modified GeneRacer kit
(Invitrogen, http://www.invitrogen.com) protocol (Llave et al.,
2002). PCRs were performed with the GeneRacer forward primer
and gene-specific primers #41 (PpBOP1, Phypa_119190), #42
(PpBOP2, Phypa_121620), #63 (PpBOP3, Phypa_3260), and #64
(PpARF, Phypa_455438). Amplification products corresponding to
the sizes of the expected cleavage products were excised from the
gel, cloned and sequenced.

Small RNA gel blot
Total RNA from the wild type and DPpMIR534a mutants was separated in a denaturing polyacrylamide gel, blotted and hybridized
with a Pp-miR534a antisense probe (#49, Table S1) as described
previously (Fattash et al., 2007). Hybridization with a U6snRNA
probe (#50, Table S1) served as a control (Kim do et al., 2007).

Semi-quantitative RT-PCR
Total RNA was extracted from 7-day-old protonemata as described
previously (Arazi et al., 2005). First-strand cDNA synthesis was
performed on 2 lg DNA-free total RNA with Superscript II (Invitrogen) and an oligo (dT) primer according to the manufacturer’s
instructions. The resulting 20 ll of cDNA was diluted 1:4 and 4-ll
aliquots were used as a template for PCRs with pairs of specific
primers designed around the Pp-miR534a target site: #19 + #20
(PpBOP1), #21 + 22 (PpBOP2), and #23 + 24 (PpBOP3). RT-PCR of
PpPDS (Talmor-Neiman et al., 2006) served as a control to monitor
RT efficiency and genomic DNA contamination. Quantification of
RT-PCR was performed using the IMAGEJ program (Public domain,
http://rsbweb.nih.gov/ij/).

Generation of transgenic P. patens lines

Quantitative real-time PCR

Purified plasmids harboring reporter or gene-targeting constructs
were transfected into protoplasts as described above. Transgenic
plants were selected on solid medium supplemented with
50 mg L)1 G418 (EMD Biosciences, http://www.emdchemicals.com) or 25 mg L)1 hygromycin B (EMD Biosciences), respectively. The PpMIR534apro:GUS fusion construct was released from
the vector by KpnI/SacI digestion and cotransfected into P. patens
protoplasts with the vector pBSNNN (Horstmann et al., 2004) harboring an nptII selection marker cassette. The generation of
DPpBOP1/2 double mutants was achieved by transfection of a
PpBOP2 gene-disruption construct into the PpBOP1-105 mutant

Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. cDNA synthesis was
performed with the TaqMan reverse transcription reagents kit
(Applied Biosystems, http://www.appliedbiosystems.com) using
random hexamer priming and 1 lg of DNA-digested RNA. Subsequent qRT-PCRs using the SensiMix kit (Bioline, http://www.
bioline.com) were carried out with 50 ng cDNA in three replicates
on a LightCycler 480II (Roche, http://www.roche.com). The following gene-specific primers flanking the Pp-miR534a binding
motif were used for PpBOP1 (#45 + #46) and PpBOP2 (#43 + #44).
For the constitutively expressed reference PpEF1a (Lunde et al.,
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2007), primers #47 + #48 were used. Expression levels of PpBOP1
and PpBOP2 were calculated relative to transcript abundance
of the reference gene employing relative quantification with efficiency correction (Livak and Schmittgen, 2001). Statistical analysis
was performed using Student’s t-test, and the significance level
was set at P £ 0.05.
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