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Actin-Related Protein2/3 Complex Component ARPC1 Is
Required for Proper Cell Morphogenesis and Polarized
Cell Growth in Physcomitrella patens

Phillip A. Harries, Aihong Pan, and Ralph S. Quatrano?
Department of Biology, Washington University, St. Louis, Missouri 63130-4899

The actin-related protein2/3 (Arp2/3) complex functions as a regulator of actin filament dynamics in a wide array of
eukaryotic cells. Here, we focus on the role of the Arp2/3 complex subunit ARPC1 in elongating tip cells of protonemal
filaments of the moss Physcomitrella patens. Using RNA interference (RNAI) to generate loss-of-function mutants, we show
dramatic defects in cell morphology manifested as short, irregularly shaped cells with abnormal division patterns. The arpc1
RNAi plants lack the rapidly elongating caulonemal cell type found in wild-type protonemal tissue. The absence of this cell
type prevents normal bud formation even in response to cytokinin treatment and results in filamentous colonies lacking
leafy gametophores. In addition, arpc1 protoplasts show an increased sensitivity to osmotic shock and are defective in their
ability to properly establish a polarized outgrowth during regeneration from a single cell. This failure of arpc1 protoplasts to
undergo proper tip growth is rescued by ARPC1 overexpression and is phenocopied in wild-type protoplasts treated with
Latrunculin B, a potent inhibitor of actin polymerization. We show in moss that ARPC1, and by inference the Arp2/3 complex,
plays a critical role in controlling polarized growth and cell division patterning through its regulation of actin dynamics at the

cell apex.

INTRODUCTION

The plant actin cytoskeleton is known to be required for proper
cell growth and division as well as for defining cell shape (Cleary,
1995; Fowler and Quatrano, 1997; Martin et al., 2001; Smith,
2003). Although the plant cytoskeleton has been well studied,
little is known regarding what has emerged in recent years as an
essential regulator of actin dynamics in several eukaryotic
systems: the actin-related protein2/3 (Arp2/3) complex. This
seven-subunit complex contains the actin-related proteins Arp2
and Arp3 as well as five novel proteins designated ARPC1-5. The
complex was first discovered in Acanthamoeba (Machesky et al.,
1994) and has subsequently been found in many diverse eukary-
otic organisms. The Arp2/3 complex nucleates the formation of
actin filaments (Mullins et al., 1998; Pollard and Borisy, 2003) and
has been shown to localize to the branch points in dense actin
meshworks in animal cells (Svitkina and Borisy, 1999). Loss-of-
function mutations in individual subunits are lethal in single-
celled organisms, such as Saccharomyces cerevisiae (Winter
et al., 1999), as well as in multicellular eukaryotes such as
Caenorhabditis elegans (Sawa et al., 2003) and Drosophila
(Hudson and Cooley, 2002). Interestingly, despite the fact that
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Arp2/3 complex subunits are known to exist in a 1:1 stoichiom-
etry with each other (Robinson et al., 2001), knockouts of differ-
ent subunits in S. cerevisiae, for example, show some variation
in their terminal phenotypes (Winter et al., 1999). Such pheno-
typic differences between subunit knockouts may be attributed
to specialized roles of individual subunits within the complex.

Based upon the strong actin filament nucleation activity of the
Arp2/3 complex observed in many of the aforementioned model
systems, tip-growing cells provide attractive sites for potential
Arp2/3 complex activity in plants. Tip growth is known to be
dependent upon dynamic actin as established by studies using
inhibitors of actin polymerization. Latrunculin B (Lat B), for
example, binds actin monomers and has been shown to inhibit
the elongation of maize (Zea mays) pollen tubes in a concentration-
dependant manner (Gibbon et al., 1999). Additionally, studies
have shown that inhibition of actin polymerization under
conditions that still allow cytoplasmic streaming and vesicle
transport stops tip growth in pollen tubes (Vidali et al., 2001;
Vidali and Hepler, 2001). Although it has been long established
that actin filaments are critical for the myosin-driven delivery of
exocytotic vesicles to the growing tip (Pope et al., 1979;
Tominaga et al., 2003), the idea that actin dynamics may be
critical for tip growth in plants is relatively recent.

Despite the fact that no functional Arp2/3 complex has yet
been purified from plants, homologs of all complex members
have been identified in Arabidopsis thaliana. Additionally, func-
tional Arabidopsis homologs of Scar/WAVE family Arp2/3 com-
plex activators have been identified that are capable of activating
bovine Arp2/3 complex in vitro (Frank et al., 2004; Basu et al.,
2005). Families of Arabidopsis mutants defective in trichome
and epidermal cell morphogenesis have proven to be altered in
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Figure 1. P. patens Contains ARPC1, a Member of the Arp2/3 Complex.



Arp2/3 complex subunits or putative complex regulators (Le
et al.,, 2003; Mathur et al., 2003a, 2003b; Basu et al., 2004;
El-Assal et al., 2004). In addition, Arabidopsis lines containing
T-DNA insertions in Arp2/3 complex members show similar cell
morphogenesis phenotypes (Li et al., 2003). In each Arabidopsis
Arp2/3 subunit mutant (Arp2, Arp3, ARPC2, and ARPC5), the
aberrant cell shapes have been tied to actin defects. Surpris-
ingly, lack of Arp2/3 complex in Arabidopsis does not cause
strong phenotypes in tip-growing cells and does not affect the
overall growth or developmental pattern of the plant. Because
different Arp2/3 complex subunit mutants have given varied
phenotypes in other organisms, it is possible that knockouts of
other subunits may have stronger tip growth phenotypes in
plants. It is also possible that other actin filament nucleators
such as formins may make Arp2/3 complex activity redundant
in Arabidopsis tip-growing cells.

The moss Physcomitrella patens is a multicellular plant with
a significantly simpler developmental pattern than that of most
higher plants. It consists of two main tissues: leafy gameto-
phores and filamentous protonema, each a single cell layer
thick (Cove and Knight, 1993). Tip-growing protonemal fila-
ments are composed of two distinct cell types: chloronema and
caulonema. Filaments arise from germinating spores or regen-
erating protoplasts and initially consist entirely of relatively slow
growing chloronemal cells. In response to specific develop-
mental signals, chloronemal cells transition to the more rapidly
growing and morphologically distinct caulonemal cell type
(Schumaker and Dietrich, 1998). Caulonemal cells can produce
side branch initials that are capable of forming either a new
filament or a meristimatic bud that will grow into a leafy
gametophore. Although P. patens is an attractive model system
because of its predominantly haploid life cycle and its ability
to conduct homologous recombination at a high frequency
(Schaefer and Zryd, 1997; Schaefer, 2001, 2002), it is also an ex-
cellent system in which to study tip growth because of its
abundant supply of tip-growing protonemal filaments.

We present here the identification of P. patens Arp2/3 complex
subunit ARPC1 and demonstrate its critical role in tip growth. We
used a recently developed system for RNA interference (RNAI) in
P. patens (Bezanilla et al., 2003, 2005) to generate loss-of-
function mutants in ARPC1. Silencing of the ARPC1 transcript
results in short aberrantly shaped protonemal cells with abnormal
cell division patterns. In addition, arpc? RNAI lines fail to differ-
entiate caulonemal cells as evidenced by lack of filament growth
in the dark as well as by the absence of bud formation. This
deficiency in bud formation results in moss without leafy game-
tophores. arpc1 protoplasts are defective in their ability to form
apolar extension via tip growth and show an increased sensitivity
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to osmotic shock during regeneration. The tip-growth phenotype
of arpc1 protoplasts is phenocopied in wild-type protoplasts
treated with Lat B, an inhibitor of actin polymerization, and is
complemented by expression of the full-length ARPC1 cDNA.

RESULTS

Molecular Characterization of ARPC1

The full-length ARPC1 cDNA clone was identified from a P.
patens EST library. The ARPC1 cDNA contains a single open
reading frame that encodes a predicted 40-kD polypeptide of
380 amino acids. The ARPC1 homologs from a wide array
of organisms (Figure 1A) share between 37 and 60% amino
acid identity with ARPC1 from P. patens. Solid lines beneath
sequences in Figure 1A specify regions of highest similarity
among the five plant sequences in the alignment. Dashed lines
above sequences specify the regions of greatest similarity
across all sequences. The lack of overlap between the solid
and dashed lines in Figure 1A indicates that plant ARPC1s have
many unique conserved sequences. A comparison of the intron/
exon patterning between Arabidopsis and P. patens ARPC1
reveals a conservation of the intron/exon junctions as well as the
number and size of exons between the two species (Figure 1B).
Interestingly, although the size of corresponding exons (boxes in
Figure 1B) between Arabidopsis and P. patens are almost
identical, the sizes of introns in P. patens ARPC1 are generally
larger than those in Arabidopsis. Eleven of the 14 introns were
on average 111 bp larger in P. patens than in Arabidopsis.

Expression Analysis of ARPC1

To determine the expression pattern of ARPC1 in P. patens, we
performed quantitative RT-PCR analysis on RNA from spore
capsules, protoplasts, protonema, and leafy gametophores
(Figure 2A). Approximately equal amounts of transcript were
detected in protoplasts, protonema, and gametophores with
respect to an internal control. Noticeably less transcript was
detected in RNA isolated from capsules. We have currently
identified a single full-length P. patens ARPC1 sequence, al-
though DNA gel blot analysis (see Supplemental Figure 1 on-
line) indicates the presence of a second copy in the genome.
This is supported by initial sequence data from the P. patens
genomic sequencing project (Joint Genome Institute, U.S. De-
partment of Energy), which has revealed partial sequence of
a second highly identical ARPC1 gene. It seems pertinent to
note that we have been unable to detect ARPC1 by RNA gel

Figure 1. (continued).

(A) Comparison of an ARPC1 amino acid sequence from P. patens with those from other organisms. Amino acid residues in black indicate identity, and
those in gray indicate conserved substitutions. Solid lines beneath sequences specify a high degree of similarity among plant sequences. Dashed lines
across the tops of sequences denote regions of highest similarity across all organisms. The percentage of amino acid identity of ARPC1 from P. patens
with ARPC1 from other organisms is as follows: 56% (Arabidopsis-A and Oryza sativa), 60% (Arabidopsis-B and Populus trichocarpa), 45% (Homo
sapiens), 44% (Fugu rubripes), 40% (C. elegans), 39% (Schizosaccharomyces pombe and Drosophila melanogaster), 37% (S. cerevisiae).

(B) Comparison of the intron/exon patterning of ARPC1 from P. patens and Arabidopsis. Boxes represent exons, and lines represent introns. Exons are

numbered with roman numerals.
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Figure 2. P. patens ARPC1 Expression Analysis.

(A) RT-PCR expression analysis of the ARPC1 transcripts in various
tissues of P. patens. A ubiquitin internal control is shown for each
sample.

(B) RT-PCR analysis of ARPC1 transcript levels in apical versus non-
apical protoplast fractions from P. patens protonemal tissue. A positive
fold change indicates increased expression in the apical fraction, and
a negative fold change indicates an increase in transcript in nonapical
cells. Controls are P. patens genes AGP-1 and PS. Fold change was
calculated as the fold difference in mean band intensity between apical
and nonapical fractions. Each band intensity was adjusted for differ-
ences in a ubiquitin internal control. Bars and error bars indicate means
of 10 experiments + SE.

blot analysis, suggesting that it is a low accumulation transcript
in P. patens.

The fact that apical tip protoplasts are the first to be released
from protonemal filaments gave us the ability to generate
fractions of protoplasts enriched for growing tips. We com-
pared the expression of several genes between the tip-enriched
apical protoplast fraction and a tip-depleted nonapical pro-
toplast fraction by RT-PCR. Arp2/3 complex members ARPC1
and ARP2, as well as arabinogalactan protein-1 (AGP-1),
which localizes to apical tips (R.S. Quatrano, personal commu-
nication), all showed at least a threefold increase in transcript
levels in the apical fraction (Figure 2B). Presenilin (PS) from
P. patens showed twofold lower levels of transcript in the tip-
enriched fraction. RT-PCR band intensities were adjusted for
a ubiquitin internal control, which showed little variation be-
tween apical and nonapical samples (data not shown).

Reduction of ARPC1 Transcripts by RNAi

Tolook at loss of ARPC1 function in P. patens, we used a recently
developed method for RNAi in moss (Bezanilla et al., 2005). This
RNAi technique takes advantage of loss of nuclear green
fluorescent protein (GFP) as an internal control for silencing.
We transformed NLS4, a kanamycin-resistant line that uses the
35S promoter to uniformly express a B-glucuronidase (GUS)-
GFP fusion in the nucleus, with either an ARPC1 RNAIi construct
(containing both ARPC1 and GFP inverted repeats) or a GFP
RNAi control plasmid. Because arpc? RNAI lines generate
double-stranded RNA that is a fusion of ARPC1 and GFP
sequences, both transcripts should be targeted for degradation.
All RNAI constructs were driven by the ubiquitin promoter and
contained a hygromycin resistance cassette. Silenced trans-
formants were identified by the absence of GFP in their nuclei
and by their hygromycin resistance. Two arpc7 RNAiI lines were
isolated from independent transformations that gave stable
phenotypes. However, both lines were subsequently found to
lack kanamycin resistance, the marker for nuclear localization
signal (NLS)-GFP-GUS. This suggested that the ARPC1 RNAI
construct may have integrated into the genome at the NLS-GFP-
GUS locus by homologous recombination. A recombination
event at this locus would not be surprising given that the NLS-
GFP-GUS and RNAI constructs share identical plasmid back-
bones. We verified the elimination of the NLS-GFP-GUS insert
using DNA gel blot analysis (see Supplemental Figure 2 online),
and we confirmed the presence of the RNAi construct by PCR
and by testing the arpc? RNAI lines for hygromycin resistance
(data not shown). Additionally, we tested the ability of the arpc1
lines to silence a transformed GFP construct driven by the 35S
promoter using particle bombardment. We found both arpc? and
gfp RNAI lines silenced a transformed GFP (transformation
confirmed by dsRed cobombardment), while wild-type controls
did not (Figure 3A). This result demonstrates the presence of
a functional and actively silencing RNAi construct in these lines.

We used RT-PCR to show that although the gfo RNAi control
line showed no significant decrease in ARPC1 transcript com-
pared with NLS4, both arpc1 lines were reduced in their ARPC1
transcript levels by >79% compared with the controls (Figure
3B). The low level of ARPC1 transcript shows that the arpc1 lines
represent a knockdown rather than a knockout of ARPC1.
Complete loss of ARPC1 function may be lethal because we
were unable to isolate any lines with greater reduction of ARPC1
transcript.

Phenotypic Analysis of arpc1 Lines

The colony morphology of arpc? lines is altered due to the
absence of extension growth of protonema as well as the lack of
leafy gametophores (Figures 4A to 4D). arpc? lines also show
adramatic reductionin cell length as well as abnormal cell shapes
and division patterns in protonemal filaments. Figures 4A to 4H
illustrate the dramatic difference in arpc? colony and filament
morphology in comparison with NLS4 or gfp RNAI controls. This
abnormal appearance is due to filaments composed of short
irregularly shaped cells (Figure 4H, arrow). In addition, cell
branching patterns are altered in these lines. We regularly see
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Figure 3. Active Silencing in arpc1 Lines.

(A) arpc1 RNAI lines silence transformed GFP. Cells from indicated lines
cotransformed by particle bombardment with dsRed and GFP. Merge
shows overlay of dsRed and GFP images. Bars = 100 pm.

(B) Expression level of ARPC1 as determined by RT-PCR in the indicated
lines. Percentage of expression calculated as the percentage of ARPC1
expressed relative to the strongest mean band intensity (GFP-RNAI).
Bars and error bars indicate means of four experiments + SE. The
asterisks show data sets that are statistically different from NLS4
untransformed control as determined by t test analysis (P < 0.0001).

two side branches initiated on opposite sides of a single cell to
form a t-junction (Figure 4G, arrows). This unusual branching
pattern is not present in wild-type filaments (Figures 4E and 4F).
We used Calcofluor staining to better elucidate the individual cell
shapes as well as the patterning of cell division. Figures 4M to 4P
show fluorescence images of Calcofluor-stained filaments, and
Figures 4l to 4L show the corresponding bright-field images. The
arpci lines (Figures 40 and 4P) show atypical division patterns
with cell walls laid down at irregular intervals as well as in ab-
normal locations (Figure 40, arrows) in comparison with controls
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(Figures 4M and 4N). The arrows in Figure 4P show two side
branches initiated from a single initial cell.

Close inspection revealed that arpc? lines clearly lacked the
buds necessary to form gametophores. Bud formation in P.
patens is dramatically enhanced in both number and speed by
the addition of exogenous cytokinin (Brandes and Kende, 1968).
To test the ability of the arpc? lines to form buds, we treated the
tissue with cytokinin, which strongly induced bud formation. A
gfo RNAI line produced buds identical to the NLS4 control
(Figures 5A and 5B, arrows). arpc1 RNA. lines lacked buds after
3 d on cytokinin (Figures 5C and 5D). To further test the ability of
arpc1 lines to form leafy gametophores, we treated for 4 d with
cytokinin and then transferred to normal media lacking hormone.
This type of cytokinin pulse is optimal for producing gameto-
phores because continual exposure to the hormone actually
inhibits the development of buds into full gametophores. Al-
though control lines produced abundant gametophores 14 d after
transfer to normal media, arpc? lines produced none (data not
shown). Additionally, arpc1 tissue was grown for up to 5 months
in standard culture media without producing gametophores.

Because it is known that only caulonemal filament cells are
capable of producing buds (Schumaker and Dietrich, 1998), we
wanted to test for the presence of the caulonemal cell type in our
arpc1 lines. We used the ability of caulonemal but not chlorone-
mal cells to grow in the dark (Cove et al., 1978) as an assay for the
presence of caulonemal cells in our RNAi lines. Figures 5E to 5H
show moss lines grown in the dark for 17 d. Plates were grown
upright to aid visualization because it has been shown that in the
absence of light signals, P. patens filaments will orient their
growth with respect to gravity (Jenkins and Cove, 1983). Al-
though both NLS4 and gfo RNAI lines showed substantial
growth in the dark (Figures 5E and 5F), neither arpc1 RNAI line
demonstrated any detectable growth (Figures 5G and 5H),
indicating the absence of the caulonemal cell type.

Polar Growth in arpc1 Lines

By definition, polar tip-growing cells restrict their elongation to
the very apex of the cell (Heath, 1990). To determine whether
arpc1 lines were inhibited in their ability to undergo polar tip
extension, we used time-lapse video microscopy to monitor the
growth of apical protonemal filament cells. Representative time-
lapse images (Figure 6A) demonstrate the dramatic reduction
in growth observed in arpc1 tip-growing cells compared with
wild-type chloronemal tips. To quantitate the difference in
growth observed between wild-type and arpc? RNAI tip cells,
we calculated the growth rate of apical cells (Figure 6B) in both
lines. We found a significant reduction in the growth rate of arpc1
tip cells (1.9 pm/h) in comparison with wild-type chloronemal tips
(9.0 pm/h).

Because arpc1 lines were found to be defective in tip growth,
we wanted to examine the ability of these lines to initiate apical
growth. Regenerating protoplasts provide an excellent model to
study establishment of a polar axis followed by the initiation of
a polar filament outgrowth (Cove et al., 1996). We found that
arpc1 protoplasts failed to establish a proper polar outgrowth
after 4 d of regeneration (Figure 7), whereas NLS4 and gfo RNAI
control lines had already initiated a filament of four cells in



























