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* Background and Aim The cytoskeleton plays an important role in the synthesis of plant cell walls. Both
microtubules and actin cytoskeleton are known to be involved in the morphogenesis of plant cells through their
role in cell wall building. The role of ARP2/3-nucleated actin cytoskeleton in the morphogenesis of cotyledon
pavement cells has been described before. Seedlings of Arabidopsis mutants lacking a functional ARP2/3 complex
display specific cell wall-associated defects.

* Methods In three independent Arabidopsis mutant lines lacking subunits of the ARP2/3 complex, phenotypes
associated with the loss of the complex were analysed throughout plant development. Organ size and anatomy, cell
wall composition, and auxin distribution were investigated.

* Key Results ARP2/3-related phenotype is associated with changes in cell wall composition, and the phenotype
is manifested especially in mature tissues. Cell walls of mature plants contain less cellulose and a higher amount of
homogalacturonan, and display changes in cell wall lignification. Vascular bundles of mutant inflorescence stems
show a changed pattern of AUX1-YFP expression. Plants lacking a functional ARP2/3 complex have decreased
basipetal auxin transport.

* Conclusions The results suggest that the ARP2/3 complex has a morphogenetic function related to cell wall
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synthesis and auxin transport.
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INTRODUCTION

Plant cell shape is primarily dependent on the cell wall. The plant
cell wall is a rigid structure on which the plant protoplast exerts
turgor pressure (Cosgrove, 2005). Although turgor pressure
remains constant during plant cell growth, the cell wall is locally
modified and assembled to produce regions with higher or lower
plasticity (Cosgrove, 2005; Szymanski and Cosgrove, 2009).
This is believed to be the key mechanism leading to the growth
and morphogenesis of individual plant cells. Therefore, under-
standing the mechanisms controlling plant cell wall assembly
and dynamics is pivotal to understanding plant morphogenesis.
The cytoskeleton is a dynamic protein structure involved
in transport of organelles and processes of cell shaping in all
eukaryotic cells. In plants, the cytoskeleton is known to control
cell wall assembly. It has been well established that microtu-
bules play a major role in the deposition of cellulose micro-
fibrils into the cell wall; early observations noted parallel

orientation of cortical microtubules and cellulose microfibrils
in plant cells (Ledbetter and Porter, 1963). More recent obser-
vations confirmed the role of microtubules in guiding move-
ment of the cellulose synthase (CESA) enzyme complex in the
plasma membrane, controlling the orientation of newly depos-
ited cellulose (Paredez et al., 2006; Li et al., 2012). The role of
the actin cytoskeleton in the growth and polarity of tip-growing
cells has been widely investigated. It is clear that the actin cyto-
skeleton is one of the main determinants needed for the growth
and polarity of tip-growing cells such as pollen tubes and root
hairs (Baluska et al., 2000; Ketelaar, 2013; Vazquez et al., 2014;
Hepler and Winship, 2015). Actin filaments are involved in the
transport of exocytic vesicles delivering the cell wall material
from Golgi apparatus to the cell wall in tip-growing cells (Kim
and Brandizzi, 2014; Rounds et al., 2014; Gendre et al., 2015).
The actin cytoskeleton also participates in the anisotropic
growth of a plant cell. However, the mechanism of its function
in building the cell wall is only partially understood. Similar
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to polar growth, actin filaments are necessary for delivery of
vesicles containing cell wall components to the plasma mem-
brane and the cell wall. This was supported by studies in which
plant growth was severely inhibited either by interfering with
actin polymerization (Baluska et al., 2001) or by knocking out
several myosin genes (Peremyslov et al., 2010). A general acto-
myosin-driven cytoplasmic streaming was shown to contribute
to plant cell expansion, confirming the importance of the actin
cytoskeleton in the distribution and delivery of cell wall mater-
ial to growing cell walls (Peremyslov et al., 2015). The role of
individual actin isotypes was demonstrated by Kandasamy et
al. (2009), where multiple defects in cellular and organ morph-
ology and root hair development were observed. Moreover,
5-d-old etiolated seedlings of act2act7 mutants contained less
cellulose and displayed altered delivery of post-Golgi apparatus
CESA containing vesicles to the plasma membrane (PM) and
modified the lifetime of CESA complexes in the PM, suggest-
ing involvement of the actin cytoskeleton in cellulose synthesis
(Sampathkumar et al., 2013).

Seedlings of Arabidopsis mutants lacking a functional
ARP2/3 complex display phenotypes suggesting a role of
ARP2/3-controlled actin nucleation in cell wall synthesis.
Defects in the cotyledon pavement cell shape and cotyledon
and hypocotyl cell-cell adhesion were reported for mutants
lacking ARP2/3 complex subunits (Le et al., 2003; Mathur
et al., 2003a, b; El-Assal et al., 2004a; Kotchoni et al., 2009;
Zhang et al., 2013b) as well as in mutants lacking subunits of
ARP2/3-activating complex WAVE/SCAR (Qiu et al., 2002;
El Assal et al., 2004b; Basu et al., 2005, 2008; Zhang et al.,
2005; Djakovic et al., 2006). A typical phenotype of all these
mutants is characterized by distorted trichomes (Mathur et al.,
1999; Szymanski et al., 1999; Le et al., 2003; Li et al., 2003;
Schwab et al., 2003; Basu et al., 2004, 2005; El-Assal et al.,
2004a, b). This phenotype has been associated with cytoskel-
eton organization-based defective deposition of the cell wall
in growing trichomes (Yanagisawa et al., 2015). In root tips
of brkl (Djakovic et al., 2006; Le et al., 2006) and arp2 (Li
et al., 2003) mutants, occasional changes in cell wall depos-
ition were reported; for example, abnormal deposition of the
cell wall material was observed in three-way junctions between
cells (Dyachok et al., 2008). However, no changes in the carbo-
hydrate composition of the cell wall were found in seedlings of
several distorted mutants such as brkl and arp2 (Dyachok et
al., 2008) or spki-1 (Qiu et al., 2002).

The morphogenesis of walled plant cells with complex
shapes requires the proper coordination of executive structures
such as the cytoskeleton with signalling pathways determining
the polarity of cell expansion. This coordination depends on the
plant hormone auxin’s directional cell-to-cell transport, which
defines numerous morphogenic effects, including polarity es-
tablishment (Shao and Dong, 2016). Recent progress in our
understanding of mutual interactions between actin and auxin
revealed several developmental regulatory loops that include
both transcriptional and post-transcriptional processes (Nick,
2009; Durst et al., 2013; Zhu and Geisler, 2015; Eggenberger
et al.,2017). Through its effect on the localization of auxin car-
riers, actin plays an important integration role for other phyto-
hormonal pathways, as shown for the auxin efflux carrier PIN2
and brassinosteroids (Lanza et al., 2012). The extensibility of
the cell wall increases upon auxin-induced extrusion of protons
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into the apoplast, which is associated with the action of PM
H*ATPases and acidification of the apoplast (Hager ez al., 1991;
Takahashi eral.,2012; Barbez et al., 2017). Both these processes
have been recently shown to be triggered by TIR1-mediated
auxin signalling in Arabidopsis hypocotyls (Fendrych et al.,
2016). Moreover, auxin locally modifies mechanical properties
of the cell wall, thus enabling morphogenesis of walled cells
(Braybrook and Peaucelle, 2013). Disruption of auxin trans-
port is accompanied by low differentiation of plant tissues and
formation of thinner cell walls (Ranocha et al., 2010, 2013).
On the other hand, mechanical properties of the cell wall may
modulate auxin signalling by affecting the localization of auxin
efflux carrier PIN1 (Feraru et al., 2011; Nakayama et al., 2012;
Braybrook and Peaucelle, 2013).

Most studies of ARP2/3 complex mutants have focused on
changes in the early stages of development of plant seedlings.
Here, we compared phenotypes of three independent mutants,
arp2, arpc4 and arpc5, in several developmental stages. Well-
known defects in trichome shape and cell-cell adhesion were
clearly detectable in all tested mutant plants in both cotyledons
and true leaves. On the other hand, increased circularity of coty-
ledon epidermal pavement cells was not observed in true leaves.
The mutants showed a decreased thickness of mature organs, i.e.
leaves and inflorescence stems. The cell wall in inflorescence
stems was thinner in mutants and changes in the deposition of
lignin were observed as well. Biochemical analysis revealed a
decreased amount of cellulose and increased homogalacturonan
fraction in inflorescence stem cell walls, while no changes were
detected in young seedlings. Changes to inflorescence stem cell
walls were accompanied by reduced basipetal auxin transport in
the inflorescence stems and decreased amount of auxin influx
carrier AUX1 in the provasculature. Our analysis shows that the
ARP2/3 complex plays a role in the control of cell wall synthesis
and auxin-controlled morphogenesis in plants.

MATERIALS AND METHODS

Plant material

Arabidopsis thaliana plants were grown in peat pellets under a
photoperiod of 16: 8 h and 23 °C. For in vitro cultivation, plants
were grown on vertical agar plates with half-strength Murashige
and Skoog medium (MS/2) supplemented with 1 % (w/v) su-
crose. Arabidopsis thaliana lines used in this study were Col-0
(WT), SALK_077920.56.00 (arp2), SALK_013909.27.65
(arpc4) and SALK_123936.41.55 (arpc5), obtained from
NASC T-DNA mutant collection (Scholl et al., 2000). Plants car-
rying DR5::GUS (Ulmasov et al., 1997) or AUX1::AUX1:YFP
(Swarup et al., 2004) were crossed with the arpc5 mutant line,
and homozygous arpc5 plants expressing the reporter gene
selected from an F, generation were used. All mutants were
genotyped for homozygosity; primers used and details of PCR
and qRT-PCR are shown in Supplementary Data Fig. S1.

Resin-embedded sectioning of cotyledons

Fourteen-day-old cotyledons were fixed [50 mM
Na-cacodylate buffer (NCB), 2 % glutaraldehyde, 1 %



Sahi et al. — ARP2/3 complex links cell wall assembly and auxin distribution

paraformaldehyde, 1 % DMSO, 0.1 m sucrose] for 45-60 min
under low pressure. Samples were then washed in 100 mm
NCB three times for 15 min and post-fixed in 1 % OsO, for
45 min. Samples were gradually dehydrated in an acetone
series. Samples were further infiltrated in a solution of acetone/
vinyl cyclohexene dioxide (ERL), 3: 1, overnight. This was fol-
lowed by the incubation in acetone/ERL 1: 1 for 4 h, acetone/
ERL 1: 3 for 4 h and finally the samples were kept overnight in
pure ERL. The resin was heat hardened at 70 °C and samples
were sectioned using an ultramicrotome to 2 pm. Sections on
glass slides were stained in a methylene blue — azure II staining
solution [1 % methylene blue and 1 % borax in distilled water
mixed with 1 % azure II in distilled water 1: 1 (v/v)] for a few
seconds on a hot plate (50-55 °C). Samples were washed with
distilled water and observed using an Olympus Provis AX 70
transmitted light microscope.

Hand sectioning

Transverse sections 200 um thick were taken from the base
of 6-week-old inflorescence stems and the midrib region in
the central part of freshly harvested 5th mature leaves using
a hand microtome. The sections were immediately stained in
0.01 % aqueous solution of calcofluor white (CW) or 0.5 %
aqueous solution of toluidine blue O (TBO) solutions for 2 min
(Soukup, 2014). Lignin detection was performed in 1 % (W/v)
phloroglucinol in 18 % HCI until sections were stained red,
and mounted in glycerol acidified with 5 % H,SO, (Soukup,
2014). Samples were observed using transmitted light (TBO
and lignin) or fluorescence (CW; excitation at 355 nm, emis-
sion at 433 nm) microscopy (Olympus Provis AX 70).

Cell size and number analysis

Quantitative traits (cell and organ size, number of cell lay-
ers in hand sections, thickness of cotyledon, and cotyledon
epidermal cells in semi-thin sections) were measured using
NIS-Elements software (Laboratory Imaging, Praha, Czech
Republic). For stem and cotyledon thickness and cotyledon
epidermal cell thickness, sections were measured 5—10 times
in various positions, and the mean value was calculated
(Supplementary Data Fig. S2A, D, E). The thickness of the 5th
true leaf was measured at the midrib position (Fig. S2B). Cell
numbers of cotyledon semi-thin sections and stem hand sec-
tions were measured at several positions (marked with probes
in Fig. S2F, G), and the mean value was calculated. At least four
biological replicates were performed, and about ten plants for
each variant were analysed in each biological replicate.

Cotyledon pavement cells area and circularity measurements

The circularity and area of pavement cells was assayed in
mature cotyledons (14-d-old in vitro-grown plants) and mature
5th leaves (4-week-old plants grown in peat pellets). Leaves
were stained in an aqueous solution of 1 pm FM4-64 dye for
2 h, and observed under the laser scanning microscope (Leica
TCS SP2). The circularity and area were calculated with ImagelJ
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software (http://rsb.info.nih.gov/ij/;tool: circularity measure-
ment, area measurement) using the following equation:

fcirc = 47TA/p2

where A stands for area and p for perimeter of the pavement
cell. Approximately 300 cells in total from 25 plants were ana-
lysed in each variant.

Hypocotyl thickness and length measurement

Hypocotyl thickness and length were measured in 10-d-
old etiolated plants grown in vitro. For hypocotyl thickness,
seedlings were mounted on a microscopic slide and observed
using transmitted light microscopy (Olympus Provis AX 70).
Hypocotyl thickness was measured at the position of the 5th
cell from the root—hypocotyl boundary using the ImagelJ soft-
ware length measurement tool (Fig. S2C). For hypocotyl length,
seedlings were imaged using a Nikon D 3200 camera and length
was measured using ImagelJ software. Approximately 50 plants
for each variant were analysed.

GUS histochemical staining

Cotyledons, mature leaves and hand microtome cross-sec-
tions of freshly harvested stems were incubated in 90 % ice
cold acetone for 30 min and then washed twice in phosphate
buffer (PB: 0.28 M KH2PO4, 072 M K2HPO4, pH 7.2) for
15 min. They were then incubated in GUS assay buffer (0.1
M K,[Fe(CN),], 0.1 m K,[Fe(CN),], 10 % Triton X-100, 2 mm
5-bromo-4-chloro-3-indoxyl-f-p-glucuronide in PB) at 37 °C
until the sections were stained blue. The sections were then
placed in 70 % ethanol and observed using an Olympus Provis
AX 70 transmitted light microscope.

Local auxin application

Lanolin wax (Medela AG, Baar, Switzerland) was mixed
with 100 mM naphthalene-1-acetic acid (NAA) dissolved in
DMSO to achieve a final concentration of 1 mMm NAA. For
control treatments, lanolin was mixed with DMSO to achieve
the final concentration of 1 % DMSOQO. Lanolin was applied to
the base of 6-week-old DR5-GUS-expressing plants using a
wooden stick. After 7 d, the stems were sectioned at the site of
auxin application, and sections were subjected to GUS staining
as described above.

AUXI1-YFP confocal microscopy in sections

Hand sections 300 pm thick from the base inflorescence
stems of 6-week-old AUX1-YFP and AUX1-YFP/arpc5 plants
were prepared, submerged in water and observed immedi-
ately under a Zeiss LSM 510 confocal microscope using Plan-
Apochromat dry objective (20x, NA=0.8) or C-Apochromat
water immersion objective (40x, NA=1.2). An argon 488 nm
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laser was used for the excitation of fluorescence and the emis-
sion was recorded in the range 505-550 nm using a standard
green fluorescent protein (GFP) filter set. The identity of the
yellow fluorescent protein (YFP) fluorescence emission peak
was independently verified for every image acquired using a
spectral scan spanning the emission range 500-750 nm. The
amount of AUX1-YFP fluorescence in plants used in experi-
ments was monitored in 14-d-old plantlets before use in the
experiment. Only plants showing AUX1-YFP in their root
tips at a level comparable to the WT were used in the study
(Supplementary Data, Fig. S3).

Auxin transport assay

SH-NAA transport was measured in stem segments according
to the original protocol of Okada et al. (1991), as described by
Lewis and Muday (2009). Briefly, 2.5-cm inflorescence stem
segments cut 2 cm from the apex of 6-week-old plants were
immersed into 100 nM water solution of [PH]NAA (specific
radioactivity 20 Ci mmol™!, American Radiolabeled Chemicals,
ARC, Inc., St Louis, MO, USA) for 6 h. Each segment was cut
into 5-mm sections, which were placed individually into the
scintillation vials and extracted for 30 min with 96 % ethanol.
After adding to the scintillation cocktail, vials were shaken for
20 min and radioactivity was immediately measured in a li-
quid scintillation counter (Packard Tri-Carb 2900TR, Packard
Instrument Co., Meriden, CT, USA). Corresponding levels of
SH-NAA in individual sections (expressed in pmol) were plot-
ted as means (xs.d.) from three biological repetitions, each
performed with 8—10 segments (plants). As a control, segments
were immersed in *H-IAA in the opposite orientation, i.e. with
their basal ends.

Carbohydrate analysis of stems and hypocotyls

The analyses of polysaccharides were performed on 4-d-old
dark-grown hypocotyls and 6-week-old stems on an alcohol-
insoluble residue (AIR) prepared as follows. In total, 100 mg
(f. wt) of ground samples was washed twice in four volumes of
absolute ethanol for 15 min, then rinsed twice in four volumes
of acetone at room temperature for 10 min and left to dry in a
fume hood overnight at room temperature.

The dry weight of samples was measured. After saponi-
fication of the AIR (10 mg) with 0.1 m NaOH, pectins were
extracted from this pellet with 0.5 % ammonium oxalate at
80 °C for 2 h as described (Krupkova et al., 2007; Mouille
et al., 2007; Neumetzler et al., 2012). Uronic acids were then
quantified by colorimetry using the m-phenyl-phenol-sulfuric
acid method as described (Nolen and Pollard, 2007).

The residual pellet was then used to determine the mono-
saccharide composition of the cell wall. Neutral monosac-
charide composition was performed on 10 mg of AIR after
hydrolysis in 2.5 M trifluoroacetic acid (TFA) for 1.5 h at
100 °C as described by Harholt et al. (2006). To determine the
cellulose content, the residual pellet obtained after the TFA
hydrolysis was rinsed twice with ten volumes of water and
hydrolysed with H,SO, as described by Updegraff (1969). The
released glucose was diluted 500 times and then quantified
using HPAEC-PAD chromatography as described previously
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(Harholt et al., 2006; Krupkova et al., 2007; Mouille et al.,
2007).

RESULTS

Epidermal pavement cell shape and size defects are more
pronounced in cotyledons than in mature leaves in ARP2/3
complex mutants

We have compared three lines of Arabidopsis carrying T-DNA
insertions in the ARP2, ARPC4 and ARPC5 genes. In all three
lines, mature leaves had distorted trichomes typical for the dis-
torted group of mutants (Fig. 1A). Expression of ARP2, ARPC4
and ARPC5 was determined by qRT-PCR in arp2, arpc4 and
arpc5 mutant homozygous lines (Fig. 1B). The amount of tran-
scripts reaching background levels in all tested mutants suggests
their knock-out character. In all three mutant lines, cotyledon
epidermal pavement cells were less lobed (Fig. 1C), having sig-
nificantly higher circularity (Fig. 1D) and cell area (Fig. 1E)
when compared with WT plants. In contrast, the phenotype
of decreased lobe formation was not detectable in 5th mature
leaves of arp2, arpc4 and arpc5 mutants (Fig. 1F) and even sig-
nificantly decreased circularity was observed here for the arpc5
mutant. Fifth mature leaf pavement cell areas were significantly
higher in arpc4 and arpc5 mutants (Fig. 1G). Cell—cell adhe-
sion defects, demonstrated as gaps between epidermal cells,
were observed in all mutants in cotyledons, as well as in 5th
true leaves (Supplementary Data Fig. S4). Gaps were observed
frequently between pavement cells, as well as pavement cells
and stomatal guard cells in cotyledons (Fig. S4A, B). Gaps in
mature leaves were observed exclusively to be adjacent to sto-
mata (Fig. S4C, D).

These results suggest different ARP2/3-dependent epidermal
cell morphogenesis in cotyledons and true leaves.

Radial thickness and elongation of above-ground organs is
disturbed in ARP2/3 complex mutants

We have analysed changes in the thickness and length of
the above-ground organs. A significant decrease of cotyledon
thickness was detected only in the arpc5 mutant (Fig. 2A).
However, the thickness of the midrib region of the 5th mature
leaf was significantly decreased in all tested mutants (Fig. 2B).
Similarly, while the diameter of young (10-d-old) dark-grown
hypocotyl was significantly decreased only in the arpc4 mu-
tant (Fig. 2C), the diameter of mature inflorescence stems was
significantly decreased in all three mutants (Fig. 2D). In con-
trast, the length of both young dark-grown hypocotyls (Fig. 2E)
and mature inflorescence stems (Fig. 2F) were decreased in all
tested mutants.

Altogether, on the organ level, both hypocotyl and inflor-
escence stem elongation are disturbed in all three distorted
mutants tested. Defects in organ thickness appear consistently
in organs formed during post-embryonic development, perhaps
because organ expansion is manifested primarily in older plants.

To understand how the epidermal layer contributes to the
decreased thickness of cotyledon in the arpc5 mutant, the
number of all cell layers and average thickness of adaxial
epidermis were analysed on semi-thin cotyledon transverse
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sections. As shown in Fig. 3A, the number of cell layers in all
mutants was similar to that of the WT. Therefore, decreased
cotyledon thickness in the arpc5 mutant is not associated with
the loss of cell layers. Interestingly, the adaxial epidermal layer
was significantly thicker in arp2 mutants, but arpc4 and arpc5
mutants were comparable to the WT (Fig. 3B). This suggests
that in cotyledon, cells originating from layers other than ad-
axial epidermis must contribute to the decreased thickness of
arpc5 cotyledon. Cell layer counting in each 5th mature leaf
was not possible due to the complex non-stratified structure of
this tissue.

Analysis of the number of cell layers in inflorescence stems
was performed across the whole radius of the stem, and sep-
arately in the interfascicular and cortex region (Fig. 3C). The
number of cell layers decreased significantly when measured
along the inflorescence stem radius, with approx. 25 cells
for WT plants, and around 20 cells in mutants (Fig. 3D).
This suggests that the loss of cells due to a lower number
of periclinal divisions contributed to the decrease in inflor-
escence stem thickness in all mutants. It is possible that all
tissues contributed to the loss of inflorescence cell layers; the
interfascicular region, for example, also showed a decreased
number of cell layers (Fig. 3F), albeit not significantly for
arp2 mutants. Similarly, the number of cortex cell layers was
decreased for arpc4 and arpc5 mutants, although the differ-
ence was not statistically significant in arpc4 mutants when
compared to WT (Fig. 3H). The trend of cell layer loss was
partially compensated for by cell volume growth, which is
indicated by the greater cross-sectional area of interfascicular

cells (Fig. 3G) and the thickness of inflorescence stem epi-
dermis (Fig. 3E).

Therefore, various tissues within the inflorescence stem were
affected in ARP2/3 mutants regarding loss of cell numbers, cell
expansion and cell differentiation.

Cell wall thickness, lignification and cellulose content is changed
in ARP2/3 complex mutants

Changes in tissue organization in the interfascicular layers of
inflorescence stems of three mutants lacking the ARP2/3 com-
plex suggested that cell wall composition could be changed in
these tissues. Lignification occurs in xylem cells of vascular tis-
sues as well as in interfascicular tissues. Therefore, we analysed
cell wall thickness and lignification degree in inflorescence
stem tissues. Phloroglucionol-HCI staining revealed reduced
lignification in all three mutants, which was especially pro-
nounced in interfascicular tissues (Fig. 4A—D). Interfascicular
cell walls of the cells shown in Fig. 4A-D were significantly
thinner in all three mutants (Fig. 41). In contrast, phloem cap
cells in mutants displayed extensive lignification, which was
only rarely observed in WT (Fig. 4E-H, J).

We analysed the cell wall composition of etiolated hypocotyls
and mature inflorescence stems. This did not reveal any changes
in the cellulose, hemicellulose or ammonium oxalate-extracted
homogalacturonan fraction content in etiolated hypocotyls
(Fig. 5A, C, E). However, the cellulose content was decreased
in inflorescence stems for all mutants tested when compared
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to WT, with a statistically insignificant difference for arpc5
(Fig. 5B). The cellulose/hemicellulose ratio was increased in
mutants (Fig. 5D), although the increase was not statistically
significant for the arp2 mutant. Finally, the homogalacturonan
fraction was increased in all mutants, with the arpc4 increase
not statistically significant (Fig. 5F).

These results suggest specific changes in the cell wall com-
position occurring during post-embryonic development.

Auxin distribution is disrupted in ARP2/3 mutants

Since the above-mentioned phenotypes suggested changed
morphogenesis of above-ground tissues in ARP2/3 mutants, an
important morphogenic phytohormone, auxin, was tested for
its involvement in these effects. To test if observed changes
of tissue and cell organization in ARP2/3 mutants are asso-
ciated with changes in the distribution and levels of auxin,
arpc5 mutants were crossed with the DR5::GUS marker line.
Histochemical analysis of GUS expression in in vitro grown
7-d-old cotyledons revealed that in DR5::GUS plants, coty-
ledons contained DRS signal along the vasculature, but this
signal was decreased in DR5::GUS/arpc5 mutants (Fig. 6A, B).
Importantly, this effect was restricted only to the early stages
of cotyledon development. The difference between WT and

mutant plants was gradually abolished during further develop-
ment, as documented for ex vitro growing cotyledons after 11
and 14 d (Supplementary Data Fig. S5). Similarly, the amount
of GUS in the inflorescence base stem cross-sections did not
show any difference between DR5::GUS and DR5::GUS/arpc5
plants (Fig. 6C, D).

To further test the response of mature arpc5 tissues to auxin,
NAA was applied locally to the inflorescence stem base of
6-week-old plants. After 7 d, cross-sections were analysed
for the amount of GUS. This local external auxin application
resulted in high GUS expression in control DR5::GUS plants
with GUS being strongly upregulated in both xylem and phloem
vascular poles and even in the pith (Fig. 6E). In contrast, mu-
tant DR5::GUS/arpc5 plants responded only mildly (Fig. 6F)
in the inner tissues, suggesting reduced lateral permeability or
the distribution of auxin between tissues in general. In this pro-
cess, the importance of the major auxin influx carrier AUX1
being localized in the inflorescence stem procambial and pro-
toxylem cells has been documented for overall stem develop-
ment. Quadruple mutants lacking all auxin influx carriers aux1/
lax1/lax2/lax3 display similarities to the ARP2/3 mutants tested
in our work, namely in the disturbed organization of vascular
tissues and reduction of inflorescence stem diameter (Fabregas
et al., 2015). To follow the distribution of AUX1 in arpc5, a
marker line expressing AUX1::AUX1:YFP was crossed with an
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Fi1G. 3. Loss of cell layers and cell size changes in ARP2/3 mutants. (A,B) Transverse sections of 14-d-old cotyledons were used to analyse cell layer number

and size. The number of cell layers in the cotyledon is not changed (A), while the thickness of the epidermal cell layer is increased in the arp2 mutant, but not in

arpc4 and arpe5 mutants (B). (C) Hand sections of the inflorescence stem base of 6- to 7-week-old plants were used to analyse cell layer numbers and sizes in the

cortex (cx), interfascicular region (if) and epidermis (e). (D) The number of cells per inflorescence stem radius decreased in all ARP2/3 mutants tested. (E) Stem

epidermal cells are significantly thicker in all mutants tested. (F) The number of interfascicular cell layers is significantly lower in arpc4 and arpc5 plants, while the

decrease is not significant in arp2 mutants. (G) Interfascicular cell area is significantly increased in inflorescence stems of all mutants. (H) The number of cortex
cell layers is not significantly changed in ARP2/3 mutants. Toluidine blue staining (C). *P <0.05, **P < 0.01.

arpc5 mutant. Confocal microscopy of fresh hand sections of
inflorescence stems revealed that AUX1:YFP was localized in
procambial and protoxylem cells in control AUX1::AUX1:YFP
plants (Fig. 6G), but AUX1::AUX1:YFP/arpc5 had greatly
reduced signal, suggesting much lower abundance of AUXI
in the provascular tissues in the arpc5 mutant (Fig. 6H). This
indirectly suggests a decreased ability of ARP2/3 mutants to
generate auxin maxima needed for vasculature development.
However, this might also influence overall basipetal transport of
auxin in the inflorescence stem. To test how all studied ARP2/3
mutants (arp2, arpc4 and arpc5) transport auxin in the basip-
etal direction, auxin transport assays were performed in the in-
florescence stem segments. As shown in Fig. 61, the application
of *H-NAA, a synthetic auxin primarily marking the activity of
auxin efflux carriers (Delbarre et al., 1996; Parry et al., 2001),
for 6 h to the apical part of WT inflorescence stems resulted in
its transport through the tissue and the accumulation in the last

segment 15-25 mm from the application point. In contrast, the
majority of applied *H-NAA accumulated in the first segment
of all three mutants, suggesting reduced basipetal transport of
auxin through their inflorescence stems (Fig. 61). The transport
of JH-NAA was almost negligible when measured in inverted
segments (Supplementary Data Fig. S5).

DISCUSSION

Epidermis-related ARP2/3 phenotypes are manifested differently
in cotyledons and mature leaves

Here we show that three independent ARP2/3 mutants, arp2
(Djakovic et al., 2006), arpc4 (SALK_013909) and arpc5 (Li et
al., 2003), have analogous phenotypes, which can be thus asso-
ciated with the loss of ARP2/3 complex function. Phenotypes
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The cellulose content is not changed in hypocotyls (A), but decreased in mature
inflorescence stems in ARP2/3 mutants, with statistically significant decreases
for arp2 and arpc4 mutants (B). Similarly, cellulose/hemicellulose ratio is not
changed in hypocotyls (C), but decreased in mature inflorescence stems, with
statistically significant increases for arpc4 and arpc5 (D). Galacturonic acid
(GalA) content in ammonium oxalate fraction enriched in homogalacturonan
(HG) is not changed in hypocotyls (E), but is increased in mature inflorescence
stems, with statistically significant increases for arpc4 and arpc5 (F). *P <0.05,
##*P < 0.01. AIR: alcohol-insoluble residue.

previously reported with the ARP2/3 complex mutants are
increased circularity of cotyledon epidermal cells (Le et al., 2003;
Mathur et al., 2003a, b; Saedler et al., 2004a), gaps between epi-
dermal cells in cotyledons (Le et al., 2003; Mathur et al., 2003a,
b; El-Assal et al., 2004a, b; Kotchoni et al., 2009; Zhang et al.,
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F1G. 6. Auxin-driven gene expression, transport and AUX1-YFP levels are reduced in ARP2/3 mutants. (A,B) GUS staining of 7-d-old cotyledons of DR5::GUS
control seedlings (A) and DR5:.GUS/arpc5 seedlings (B) showing patchy and less vasculature-associated auxin response in arpc5 mutant plants. (C,D) GUS
staining of 6-week-old inflorescence stem base section of DR5::GUS control plants (C) and DRS5:.GUS/arpc5 plants (D) localized at both phloem and xylem poles
of vascular bundles. (E,F) External application of lanolin with 1 mm NAA to the inflorescence stem base 8 d before the sectioning inducing strong DR5::GUS
expression in the control WT stem especially at both phloem and xylem poles (E), but milder expression in the arpc5 mutant (F). Single confocal section through
the inflorescence stem base sections of AUX1::AUX1:YFP plants (G) and AUX1::AUX1:YFP/arpc5 (H) with reduced AUX1-YFP signal in arpc5 plants. Scale
bar =200 pm (A-F) and 100 pm (G, H). In G and H, 8-bit LUT bar represents the grey range between 0 and 255 (0 blue, 70 green, 140 yellow, 210 red). (I) Auxin
transport assays in inflorescence stem segments isolated from the apical part of cut inflorescence stems of WT and arp2, arpc4 and arpc5 plants. Note reduced
basipetal transport of *H-NAA through inflorescence stem in all three mutants. Scale bar = 200 pm.

2013b), distorted trichomes in true leaves (Mathur et al., 1999;
Szymanski et al., 1999; Li et al., 2003; Le et al., 2003; Schwab
et al., 2003; Basu e al., 2004, 2005; El-Assal et al., 2004a, b),
stomata movements (Li et al., 2014), reduced hypocotyl length
(Dyachok et al., 2011) and reduced plant weight (Le et al., 2003).

The analysis revealed that some phenotypes of mutants lack-
ing the ARP2/3 complex were no longer detectable in pavement
cells of 5th mature true leaves. For example, a strong increase
in area of pavement cells in cotyledons was not noticed consist-
ently in the mutant 5th true leaves. Importantly, increased circu-
larity of cotyledon pavement cells was not further manifested at
all in true leaves in any of the tested mutants. This suggests that
phenotypic manifestation of ARP2/3 complex loss may be over-
ridden by other cell shape-controlling processes in true leaves,
such as mechanical forces (Sampathkumar et al., 2014), or the

ROP signalling cascade (Fu et al., 2002, 2005; Basu et al., 2008).
Interestingly, SPIKE1 was shown to interact with ROP GTPase
proteins (Basu et al., 2008; Ren et al., 2016), thus providing a
possible link between the ROP signalling pathway and ARP2/3-
controlled actin reorganization (Basu et al., 2008). However, our
results suggest differential involvement of the ARP2/3 complex
in cell shape control in cotyledons and true leaves, with rather
negligible involvement of the ARP2/3 complex in pavement cell
lobe formation in mature leaves.

In contrast to the cell shape defect, cell-cell adhesion defects
were found in both cotyledons and true leaves. Similarly, dis-
torted trichomes could be detected in all true leaves as well as
in other organs. These defects seem to be the result of the dis-
ruption of a general pathway or process controlled by ARP2/3-
nucleated actin cytoskeleton, as discussed hereinafter.
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Loss of ARP2/3 complex results in radial growth and elongation
defects in above-ground mature tissues

All three mutants consistently displayed defects in organ ra-
dial expansion, where tissues formed during post-embryonic
development were clearly more affected than tissues in young
seedlings. For example, cotyledon thickness was significantly
decreased only for one mutant, but all mutants displayed sig-
nificantly thinner true leaves. Similarly, hypocotyl thickness
was not consistently decreased in all mutants, but inflorescence
stems were significantly thinner in all mutants tested.

A stunted hypocotyl phenotype was reported for ARP2/3
mutants (Mathur et al., 2003b; Basu et al., 2004, 2005;
El-Assal et al., 2004b; Li et al., 2004; Saedler et al., 2004D; Le
et al., 2006; Zhang et al., 2008). Here we show that a stunted
hypocotyl phenotype was accompanied by only a mild decrease
in hypocotyl thickness, which further suggests defects in cell
elongation rather than radial cell expansion. Due to regular
organization of inflorescence stem tissues, we were able to
closely analyse the cell structure changes in stem transverse
sections to determine if the decreased thickness was due to the
loss of cell layers, or decreased size of cells. Surprisingly, the
loss of cell layers, which tended to affect all tissues within the
inflorescence stem, was accompanied by generally increased
expansion of individual cells (measured for epidermal and
interfascicular region) in mutants. The radial component of
volume growth was particularly enhanced in the interfascicu-
lar region. Therefore, the reduced thickness of mutant stems
caused by a lower number of periclinal divisions resulting in a
lower number of cell layers was partially compensated for by
increased cell expansion.

ARP2/3 determines cell wall composition

Increased cell size in ARP2/3 mutants was accompanied
by thinner cell walls and reduced lignin content in interfas-
cicular tissues. Indeed, the first report on the localization of
ARP2/3 subunits in plants localized the activity of the ARP2
promoter to the close proximity of xylem vessels, typical
lignin-deposition types of cells (Klahre and Chua, 1999).
The cell walls of mature tissues showed decreased cellulose
content and increased homogalacturonan fraction content,
which was accompanied by the phenotype of thinner organs.
Interestingly, reduced cellulose content was detectable also in
actin isotype mutants (Sampathkumar et al., 2013), but with
the phenotype clearly detectable already in the young seedling
stage. Thinner cell walls, reduced cellulose content, increased
homogalacturonan fraction content and reduced lignifica-
tion in ARP2/3 complex mutants probably decreased further
mechanical properties of the whole inflorescence stem, result-
ing in lower plant height and lignification of phloem cap as
a possible compensatory mechanism. Note that we did not
observe ectopic lignification in ARP2/3 mutants, which has
been observed to accompany cellulose deficiency (Desprez
et al., 2002; Cano-Delgado et al., 2003; Bischoff et al., 2009;
Brabham et al., 2014).

Most phenotypes reported previously in ARP2/3 complex
mutants, as well as new phenotypes described in this work (thin-
ner mature organs and reduced plant height), may be associated
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with defects in cell wall building. For example, the phenotype
of distorted trichomes is caused by abnormal deposition of the
cell wall material during trichome growth (Yanagisawa et al.,
2015). Furthermore, cell-cell adhesion defects are reported
for mutants with altered cell wall composition, such as quasi-
modo2 (Bouton et al., 2002; Mouille et al., 2007). However,
quasimodo2 mutants show rather strong phenotypes such as
plant dwarfism associated with decreased pectin content detect-
able even in the earliest stages of development (Mouille et al.,
2007), which was not observed in ARP2/3 mutants. Although
cell-cell adhesion defects in ARP2/3 mutants are probably
related to cell wall changes, the exact mechanism of their origin
needs further explanation.

Abnormal deposition of cell wall material in the cell cor-
ners of the root tip and reduced rigidity of roots was observed
also by Dyachok et al. (2008). However, the chemical com-
position of the root cell wall of 5-d-old seedlings was un-
changed in ARP2/3 mutants (Qiu et al., 2002; Dyachok et al.,
2008). Our analysis of mutant seedlings confirmed these
results. Hypocotyl cell walls did not reveal any changes in
cellulose content, hemicellulose content or homogalacturonan
fraction. We were also not able to detect any changes through
Fourier-transform infrared analysis of hypocotyl cell walls
(data not shown). We concluded that cell wall composition
changes became prominent later, during post-embryonic de-
velopment. Stunted hypocotyl length has been reported re-
peatedly for ARP2/3 mutants. Although this phenotype may
be associated with problems also in cell wall synthesis, our
data on the rather unchanged diameter of hypocotyls, as well
as unchanged carbohydrate composition and structure of the
cell wall suggest the involvement of other mechanisms, such
as the disturbed light signalization that was reported for roots
of ARP2/3 mutants (Dyachok et al., 2011).

Carrier-mediated auxin transport involving both auxin influx and
efflux is reduced in ARP2/3 mutants

The phenotype of thin cell walls, increased cell volumes of
interfascicular tissues, decreased lignification and altered de-
velopment prompted us to analyse the level of auxin. Indeed,
cell wall quality modulates auxin transport through plant tis-
sues, which is informative for plant development (Braybrook
and Peaucelle, 2013; Paque et al., 2014; Pitaksaringkarn et al.,
2014; Xu et al., 2014). Here we show that the phenotype of
ARP2/3 complex mutants is accompanied by decreased auxin
maxima in cotyledons, and reduced lateral distribution and
basipetal auxin transport as well as decreased expression of
auxin transporter AUX1 in stems. There are two possible
explanations for our observations: they are based either on
the potential role of the ARP2/3 complex in controlling intra-
cellular trafficking processes in cells and tissues needed for
targeted deposition of cell wall components, or on integral
and peripheral plasma membrane proteins involved in auxin
transport.

There is no doubt that the actin cytoskeleton participates in cell
wall synthesis (Kandasamy et al., 2009; Sampathkumar et al.,
2013). On the other hand, the ARP2/3 complex may function in
more specific aspects of actin-controlled cell wall building pro-
cesses, such as delivery of cell wall material for specialized cell
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walls in tips of root hairs, trichomes and plasmodesmata (Van
Gestel ef al., 2003; Qiu et al., 2015; Yanagisawa et al., 2015).
Trichomes represent an example of such a specialized cell. The
mechanism behind formation of distorted trichomes in mutants
lacking the ARP2/3 complex was shown to be the disturbed trans-
port of cell wall material (Yanagisawa et al., 2015). The need
for ARP2/3-controlled specialized cell wall deposition probably
increases during plant maturation, when increased mechanical
properties of the cell wall are needed to support expanding tis-
sues. This could explain the cell wall phenotype observed in ma-
ture ARP2/3 mutants, but not in mutant seedlings. Since mutual
interactions between the cell wall and auxin have been described
recently, it is reasonable to link cell wall changes and auxin trans-
port defects observed in ARP2/3 complex mutants. The obser-
vation that the wat/ mutant lacking a vacuolar auxin transporter
has thin cell walls and low lignification in later stages of plant
development (Ranocha et al., 2010, 2013) further justifies the
idea of a cell wall-auxin interaction in ARP2/3 mutants. The
quality of the cell wall is perceived by the cell and influences
auxin homeostasis. Since localization of the auxin efflux carrier
PIN1 was shown to be dependent on the stiffness of the cell wall
(Braybrook and Peaucelle, 2013), changes in the quality of the
cell wall of ARP2/3 mutants might be translated into the local-
ization and function of molecules involved in auxin transport.
On the other hand, our data indicate that auxin transport and ac-
cumulation defects were detectable as early as in the stage of
cotyledon development. Changes to the cell wall composition de-
tectable only later during post-embryonic development support
the hypothesis that ARP2/3-dependent auxin transport defects are
upstream of cell wall and differentiation defects in the mutants
studied here. Note that auxin maxima in root tips of 14-d-old
seedlings were not reduced in mutants, and that auxin distribu-
tion in roots in later developmental stages was not investigated in
our study. Therefore, it needs to be determined if ARP2/3-related
changes in the cell wall structure and auxin distribution are mani-
fested specifically in aerial tissues of Arabidopsis thaliana, or if
the ARP2/3 complex fulfils similar roles in roots as well.

The ARP2/3 complex has been localized to various orga-
nelles in plant cells (Zhang et al., 2013a, b; Havelkova et al.,
2015). ARP2/3 complex subunit ARPC2 was shown to interact
with cortical microtubules (Havelkova et al., 2015). Recently,
NAPI1 was demonstrated to localize to autophagosomes (Wang
et al., 2016). Localization studies thus suggest that the ARP2/3
complex may be involved in the delivery and recycling of
plasma membrane-localized auxin transporters, resulting in
reduced auxin transport. Reduced auxin flow through tissues
would then affect cell wall thickness and lignification, mainly
through the regulated expression of auxin-responsive genes,
including genes for auxin influx and efflux carriers (Ranocha
et al., 2013). Reduced inflorescence stem basipetal transport
of NAA detected in all tested ARP2/3 mutants strongly sug-
gests involvement of the PIN1 auxin efflux carrier, which may
either wrongly localize, or have its expression compromised.
However, pinl mutant plants usually have higher xylem differ-
entiation, which is stimulated by accumulated auxin that can-
not be dragged away from the sites of its synthesis (Galweiler
et al., 1998). In contrast, a close inspection revealed levels of
AUX1 were impaired in ARP2/3 mutants. This is supported
by impaired xylem differentiation previously shown in auxin
influx carrier mutants (Fabregas et al., 2015). Our results
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showing reduced lateral distribution of auxin also suggest that
the ARP2/3 complex might be involved in the localization of
PIN3, 4 and 7 and, therefore, in carrier-mediated lateral auxin
permeability, recently described by Bennett et al. (2016) and
Zou et al. (2016).

CONCLUSION

We show here that three independent lines lacking various
ARP2/3 subunits show similar phenotypes, which are espe-
cially pronounced later during post-embryonic development.
Morphological changes include thin organs and thin cell
walls. Cell walls of inflorescence stems have reduced cellulose
and increased homogalacturonan content. Auxin transport is
reduced in all three ARP2/3 mutants tested in this study. The
auxin influx carrier AUX1 shows changed expression pattern in
stems and auxin maxima are reduced in arpc5 mutants. We sug-
gest that the plant ARP2/3 complex plays a morphogenetic role
through the control of cell wall synthesis and/or auxin transport.

SUPPLEMENTARY DATA

Supplementary data are available at https://academic.oup.com/
aob and consist of the following. Fig. S1: Col-0 plants and mu-
tant lines SALK_077920.56.00 (arp2), SALK_013909.27.65
(aprc4) and SALK_123936.41.55 (arpc5) were obtained from
the NASC T-DNA mutant collection (Scholl et al., 2000). The
homozygous state of the T-DNA insertion was confirmed by
genotyping using the listed primers. Fig. S2: (A-D) Thickness
measurements of (A) cotyledons using semi-thin sections, (B)
midrib region (arrows) of the fully expanded 5th true leaves
using hand sections, (C) hypocotyl thickness and (D) inflores-
cence stem thickness using hand sections. Fig. S3: The level of
AUXI1:YFP expression in stems of 6-week-old plants used in
our study (Fig. 6G, H) was monitored in 14-d-old plantlets. In
vitro-grown 14-d-old plants were carefully placed on a micro-
scopic slide and root tips were analysed by fluorescence mi-
croscopy. Fig. S4: Quantification of cell adhesion defects in
cotyledons and 5th true leaves. Leaves were stained in aqueous
solution of 1 pm FM4-64 dye for 2 h, and observed under the
laser scanning microscope (Leica TCS SP2). Fig. S5: (A-D)
Histochemical analysis of GUS expression in cotyledons of
11- and 14-d-old plants expressing DRS5::GUS marker. (A)
Eleven-day-old WT plants have strong DRS5::GUS signal in
cotyledons. (B) This signal is reduced in arpc5 plants express-
ing DR5::GUS. (C, D) Fourteen-day-old WT and arpc5 plants
have comparable auxin maxima in cotyledons.
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