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INTRODUCTION TO PLANT CELL SHAPE CONTROL
AND THE ACTIN CYTOSKELETON

Plant cell shape is defined and constrained by a tough
outer cell wall. Morphogenesis is the output of complex
interactions among turgor pressure, cytoplasmic con-
trol of cell wall material properties, and the regulated
rheological properties responses of the cell wall (Baskin,
2005; Szymanski and Cosgrove, 2009; Cosgrove, 2016).
The vacuole and cytosol are osmotically balanced with
a high concentration of solutes that creates a lower cy-
toplasmic water potential compared with the extracel-
lular space. As a result, water moves across the plasma
membrane into the cytoplasm until the hydrostatic
pressure on the wall is equal to the water potential
difference between the cytoplasm and the extracellular
space. Changes in cell volume occur when the hydro-
static pressure on the wall exceeds the yielding
threshold (Lockhart, 1965). Growth proceeds gradually
as secretion and cell wall synthesis maintain cell wall
thickness and the cell volume increases.

Although turgor pressure is an isotropic force push-
ing outward on the plasma membrane and the cell wall
equally at all locations, the resulting stresses in the cell
wall are heterogeneous and are affected by cell geom-
etry (Jordan and Dumais, 2010) and the material
properties of the wall (Yanagisawa et al., 2015). Cell
wall stress is strongly reduced by adjacent cells that are
joined by a middle lamella (Kutschera and Briggs,
1988). Cell wall stress is also influenced by subcellular
gradients in cell wall thickness, modulus, or cellulose
fiber alignment (Fayant et al., 2010; Yanagisawa et al.,
2015). Therefore, a detailed mechanistic understanding
of growth control requires knowledge about how the
cell wall is patterned, and how cytoskeletal and cell
wall systems feedback on one another over time.

A dynamic network of filamentous elements, the
cytoskeleton, holds the key to patterning of the cell
wall during growth. This review focuses on the actin
cytoskeleton during cell morphogenesis. The field is
progressing rapidly, enabled by forward- and reverse-
genetic analyses in an ever-increasing number of plant
species. The characterization and function of plant actin
cytoskeletal proteins have been reviewed previously in
several comprehensive reviews (Ren and Xiang, 2007;
Li et al., 2015). The field has been further empowered by
broad adoption of quantitative phenotyping and high
spatiotemporal resolution live-cell imaging. The dy-
namics of single actin filaments (Staiger et al., 2009;
Smertenko et al., 2010; Augustine et al., 2011), actin
network remodeling (Vidali et al., 2010; Breuer et al.,
2017), organelle/cargo motility (Ueda et al., 2010), and
genes of interest are being analyzed from a broader
perspective that often includes cell wall heterogeneity,
intracellular flow patterns, and growth. This Update
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focuses on the integration of cytoskeletal, endomem-
brane, and cell wall functions during morphogenesis and
highlights recent studies illuminating how plant cells use
the actin cytoskeleton to control patterns of cell growth.

A SYSTEMS-LEVEL ANALYSIS OF ACTIN-BASED
CELL MORPHOGENESIS

The first important point alluded to above is that the
actin cytoskeleton functions as part of a cellular system
in which vesicle trafficking, organization of actin net-
works, and cell wall assembly are integrated and feed-
back on one another over space and time. For example,
Brefeldin A (BFA) is a fungal toxin that inhibits Arf
family guanine nucleotide exchange factors and vesicle
trafficking in the endomembrane system (Ritzenthaler
et al., 2002). In tip-growing cells, treatment with BFA
leads to disassembly of dynamic actin networks near the
pollen tube tip (Hörmanseder et al., 2005), and applica-
tion of the actin polymerization inhibitor Latrunculin B
(LatB) causes mislocalization and eventual dispersal of
secretory vesicles that are normally clustered at the cell
apex (Preuss et al., 2004; Bibeau et al., 2018). The inter-
dependence of the actin, endomembrane, and cell wall
systems has been confirmed in subsequent genetic and
pharmacological studies (Szumlanski and Nielsen, 2009;
Y. Zhang et al., 2010).
The actin and endomembrane components are part of

broader network of spatially and temporally controlled
oscillators that pattern growth, ultimately by defining
the local mechanical properties of the wall (Zerzour
et al., 2009). In cells that use a diffuse growth mecha-
nism, the microtubule and actin cytoskeletons work
cooperatively to maintain cell wall mechanical prop-
erties and spatial heterogeneity that support long-term,
irreversible cell expansion (Yanagisawa et al., 2015).
The output of the process is an altered cell shape that
persists or the generation of a growth axis that can
be reoriented in response to a directional cue. How
the cytoskeleton senses and responds to the geometry
of the cell wall to generate or maintain a predictable
growth pattern is an important unanswered question.
Actin-based cell morphogenesis is also a multidimen-

sional problem. Actin-binding proteins (ABPs) and fila-
ment nucleators that influence growth patterns exist at
the approximately 1- to 100-nm spatial scale. Plant cells
are quite large, and individual cells and specialized sub-
regions of cells exist at the approximately 10- to 100-mm
scale. Actin filaments polymerize and reorganize rapidly
to span these disparate spatial scales, and the cytoplasm is
partitioned such that immediately adjacent regions con-
tain distinct cytoskeletal structures. On a temporal scale,
individual actin filaments are remarkably dynamic with
half-lives on the order of tens of seconds (Staiger et al.,
2009; Smertenko et al., 2010; Augustine et al., 2011; Qu
et al., 2013; Zheng et al., 2013). In hypocotyl epidermal
cells, for example, growth at filament plus ends
approaches 2 mm s21, and disassembly occurs through
prolific severing activity (Staiger et al., 2009). In pollen

tubes, however, comparativelymodest filament growth
rates of,1 mm s21 are balanced by nearly equal rates of
depolymerization at filament minus ends (Qu et al.,
2013; Zheng et al., 2013). These dynamic single actin
filaments coexist with longer-lived, more stable actin
filament bundles in the same regions of cytoplasm.
Moreover, myosin-driven filament translocation also
plays a prominent role in shaping individual filaments
and modulating network architecture (Staiger et al.,
2009; Smertenko et al., 2010; Augustine et al., 2011; Cai
et al., 2014). Plant cell expansion tends to be slow in
comparison to these rates of actin turnover. Tip-growing
cells elongate at rates that vary from approximately 1 mm
min21 to a few mm h21 (Stephan, 2017), and the strain
rates of cells that use a diffuse growth mechanism vary
from a few percent h21 to 30% h21 (Rahman et al., 2007;
Zhang et al., 2011). How are different actin networks as-
sembled and disassembled at the extended time scales
necessary topattern the cellwall, andhoware specific actin
networks constructed locally to carry out specific tasks?

Rapid progress is beingmade in the actin field because
many labs are taking an interdisciplinary approach to
quantitatively analyze the actin cytoskeleton and mor-
phogenesis. Genetic screens provide the necessary col-
lections of mutants and molecular genetic tools to create
increasingly realistic models for cell shape control. So-
phisticated imaging-based assays generate real-time
data on how cytoskeletal proteins affect individual ac-
tin filaments in vitro (Henty-Ridilla et al., 2013) and
how actin networks change over time in vivo (Li et al.,
2015; Breuer et al., 2017). Last and perhaps most im-
portantly, the research community is more broadly
using multivariate live-cell imaging to analyze cyto-
skeletal, endomembrane, and cell wall mechanical
properties as a function of growth. This approach was
pioneered for pollen tube cell biology (Cárdenas et al.,
2006), and is now being used to analyze other tip-
growing cells (Furt et al., 2013) as well as polarized
epidermal cell types that use a diffuse-growth mecha-
nism (Yanagisawa et al., 2015). This review will focus
on actin-based morphogenesis at the systems level and
on recent work that helps to place specific actin as-
semblies into a functional context during tip growth
and polarized diffuse growth.

ACTIN-BASED CONTROL OF TIP GROWTH

Tip growth is a morphogenetic strategy adopted by
pollen tubes, root hairs, and the filamentous growth
stage of moss (Physcomitrella patens) protonemata. A
genetic characterization of tip growth in rhizoids of a
nonvascular plant revealed broadly conserved mecha-
nisms for tip growth (Honkanen et al., 2016). Tip
growth has been the topic of numerous comprehensive
reviews (Ren and Xiang, 2007; Rounds and Bezanilla,
2013; Stephan, 2017). Briefly, tip growth is a strategy by
which an axially symmetric cell establishes a tube-like
protuberance that maintains a roughly hemispherical
geometry at the cell apex as the cell elongates. New cell

Plant Physiol. Vol. 176, 2018 107

Functional Actin Arrays during Cell Morphogenesis

 www.plantphysiol.orgon July 26, 2018 - Published by Downloaded from 
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


wall materials are selectively delivered to the apical
domain (Shaw et al., 2000; Menand et al., 2007; Rojas
et al., 2011), and, during growth, secreted material at
the apex is displaced toward the cell flank. Although
the cell geometry at the apex is more or less maintained
during elongation, the direction of growth can change
in response to a guidance cue, and during this change
the cytoplasm and the cell wall are reorganized to
generate a different growth axis.

A highly specialized and subfunctionalized cellular or-
ganization is associated with the cell apex, and this cyto-
plasmic organization has strict requirements for several
different types of actin filament arrays (Stephan, 2017). At
the spatial scale of the entire cell, one function of the actin
cytoskeleton is to provide spatially organized filaments
and bundles that define the overall intracellular flow pat-
terns. Not all tip-growing cells have rapid and directional
organelle transport that underlies cytoplasmic streaming;
however, for those that do, the streaming often takes on a
reverse-fountain pattern of particle movement (Shimmen
and Yokota, 2004). This flow pattern is powered by
myosin-dependent transport of multiple types of vesicles
and/or organelles along actin filament tracks. For addi-
tional information on the function and regulation of plant
myosins, please see the Ryan andNebenführUpdate in this
issue (Ryan andNebenführ, 2018). Actinfilaments have an
intrinsic polarity, as asymmetric G-actin subunits add
preferentially to the growing plus end of the filament and
ATP hydrolysis lags behind assembly. Plant genomes en-
code class VIII and XI myosins (Reddy and Day, 2001;
Geitmann and Nebenführ, 2015). Myosins XI are actin-
based motors that move exclusively in the direction
of the filament plus end (Tominaga et al., 2003) and are
implicated in long-distance intracellular transport and
cell expansion (Geitmann and Nebenführ, 2015). Myosin
mutants have strong phenotypes in tip-growing cells that
stream (Ojangu et al., 2007; Peremyslov et al., 2008;
Prokhnevsky et al., 2008) aswell as those that don’t (Vidali
et al., 2010). Actomyosin transport and the rate at which
the cytoplasm moves in vacuolated cells appear to be
rate limiting for plant growth, since plants expressing
engineered chimeric myosins with increased velocity
have faster rates of cytoplasmic streaming, enhanced
axial cell expansion, and increased stature (Tominaga
et al., 2013). On the other hand, several studies suggest
that local actin architecture and finely tuned cytoplasmic
organization are more important than general cytoplas-
mic stirring. Specifically, tip growth and a particular
actin array in the apex are sensitive to nM concentrations
of LatB, whereas bulk streaming and actin filament
bundles are only perturbed at much higher concentra-
tions (Gibbon et al., 1999; Vidali et al., 2001).

ASSEMBLY OF ACTIN NETWORKS THAT SPECIFY
CYTOPLASMIC ZONATION AND CELLULAR
FLOW PATTERNS

Given that most myosins are plus-end-directed mo-
tors, the directionality of cytoplasmic flow is defined by

the orientation of actin filaments. Flow patterns in tip-
growing pollen tubes appear to be choreographed by
two actin filament arrays: a cortical collar or fringe of
actin filaments oriented toward the cell apex and axial
bundles of actin filaments in the shank (Fig. 1, left im-
ages). The cortical collar or fringe is an unstable fila-
ment array (Gibbon et al., 1999) that spans from the cell
flank to the subapex proximal to the cell (Lovy-Wheeler
et al., 2005). Actin polymer assembly and disassembly
allow the array to maintain its position relative to the
cell apex, and its importance during tip growth has
been established in many tip-growing cell types
(Stephan, 2017). The precise geometry of actin filaments
in the cortical cytoplasm is not known, but based on
the plus-end-directed movement of plant myosins
(Tominaga et al., 2000) in cells with a reverse-fountain
pattern of intracellular flow, the filament plus ends in
the collar and cortical filaments are likely oriented to-
ward the apex and those within core shank bundles are
predicted to have their plus ends oriented away from
the apex. Computational simulations of actomyosin
flow in pollen tubes indicate that the orientation and
localization of the collar and shank filaments are suffi-
cient to generate observed flow patterns and an accu-
mulation of vesicles in an inverted cone (Kroeger et al.,
2009), and this is supported by experimental data in
which the orientation of filaments in a tip-growing
pollen tube were examined directly (Lenartowska and
Michalska, 2008).

The actin collar or fringe does more than just define
local flow patterns. It establishes a sharp boundary for
cytoplasmic organization, in which organelles such as
ER, Golgi, and mitochondria are transported toward
but diverted from the vesicle-rich clear zone at the

Figure 1. Actin organization in living tip-growing lily pollen tubes (left)
andmoss caulonema (right) detectedwith the Lifeact:GFPactin-binding
probe. Top images are differential interference contrast (DIC) images of
the cell and the bottom images are the same cell imaged for Lifeact:GFP
fluorescence. The cortical actin collar or fringe is indicated with an
arrow; a resliced view showing its cortical location is shown in the inset.
The filaments in the cortical actin collar are predicted to have their plus
ends oriented toward the apex. Actin bundles in the core cytoplasm in
the shank are oriented with their plus ends away from the cell tip. The
densemeshwork of actin filaments focused into an actin spot at the apex
of moss caulonema is labeled in the lower right image. Bars = 5 mm.
Figure is adapted with permission from Vidali et al. (2009a).
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extreme apex (Lovy-Wheeler et al., 2007). Using time-
lapsed imaging and a flow cell system, the Hepler
group showed that selective removal of the actin fringe
with low concentrations of LatB disrupted Ca2+ oscil-
lations and the positioning of the alkaline band that are
needed for polarized growth (Cárdenas et al., 2008).
Conversely, perturbing cellular pH alters the stability
and location of the actin fringe, and this interdepen-
dence between actin organization and alkaline band is
postulated to depend upon the pH-sensitive protein
Actin-Depolymerizing Factor (or ADF; Lovy-Wheeler
et al., 2006). The actin fringe may also define a distal
diffusion boundary for plasma membrane specializa-
tion that confines ROP small GTPase signaling within
the extreme apex (Kost, 2008).
An ongoing and important research challenge is to

determine which cytoskeletal proteins are responsible
for the assembly and maintenance of different sub-
cellular arrays. Genetic approaches are providing im-
portant inroads. Assembly of actin filaments from
monomeric actin, or profilin-actin complexes, is gov-
erned by actin filament nucleators such as formins and
the actin-related protein 2/3 (ARP2/3) complex. Net-
works of actin filament are generated by ABPs that
cross-link and bundle actin filaments, and still others
that sever, destabilize, or protect actin filaments (for
review, see Li et al., 2015). Forward- and reverse-
genetic approaches have identified conserved cyto-
skeletal proteins and novel plant-specific proteins that
are required for normal tip growth. Determining the
precise function of these ABPs in general is not easy.
First, the organization of the actin arrays and growth
are interdependent, so it is a challenge to distinguish
between direct and indirect effects of the mutations on
the actin network. Second, cytoskeletal proteins fre-
quently localize to multiple actin networks (Wu et al.,
2010), different organelle surfaces (Vidali et al., 2009b;
Cheung et al., 2010; van Gisbergen et al., 2012; Zhang
et al., 2013), and traffic through the endomembrane
system (Rounds et al., 2014). Time-lapsed analysis of
actin and ABPs using purified components in vitro
(Michelot et al., 2005; Vidali et al., 2009; Khurana et al.,
2010; Henty et al., 2011) and two-color live-cell imaging
of ABPs and actin in vivo is helping to identify active
pools of ABPs and where they function (van Gisbergen
et al., 2012; Furt et al., 2013; Yanagisawa et al., 2015; Li
et al., 2017).
Formins are evolutionarily conserved filament nu-

cleators and processive elongation factors, and are im-
plicated in Arabidopsis (Arabidopsis thaliana), tobacco
(Nicotiana tabacum; Cheung et al., 2010), moss (Vidali
et al., 2009), and lily (Lilium longiflorum; Li et al., 2017) as
central regulators of the cortical actin system at the
plasma membrane in tip-growing cells. However, these
proteins also colocalize with actin most prominently in
a large vesicle-rich zone at the extreme apex (see be-
low). The Arabidopsis class I formin AtFH5 was the
first to be characterized in terms of localization and
actin network formation in pollen tubes (Cheung et al.,
2010). The lily pollen tube has distinct advantages for

protein localization because the apical fringe is so
prominent, with axially aligned filaments around the
tube circumference that are precisely positioned rela-
tive to the apex (Lovy-Wheeler et al., 2005; Vidali et al.,
2009). Knockdown of lily FORMIN1 (LlFH1), which is a
class I formin with a signal sequence and a membrane-
spanning domain, specifically reduced F-actin in the
tube apex and the actin fringe was disassembled;
however, there was no effect on the aligned bundles in
the pollen tube shank (Li et al., 2017). LlFH1 possesses
nucleation activity in vitro, and the GFP-tagged fusion
protein colocalized with actin as well as the apical
vesicle cluster and the plasmamembrane. Interestingly,
when the apical pool of LlFH1 was bleached in fluo-
rescence recovery after photobleaching (FRAP) experi-
ments, the first location to recover was at or near the
plasma membrane at the flank of the subapex coinci-
dent with the leading edge of the actin fringe. The
simplest explanation is that LlFH1 is a processive nu-
cleator that generates filaments within the fringe with
their plus ends oriented toward the apex. These results
are generally consistent with those originally obtained
with AtFH5 (Cheung et al., 2010).

Formins utilize profilin-actin complexes to proc-
essively assemble actin filaments at their plus ends.
They also overcome the profilin-mediated suppression
of spontaneous nucleation from the actin monomer
pool (Michelot et al., 2005). In Physcomitrella, profilin is
essential for tip growth, and cells lacking profilin have
an altered apical actin organization (Vidali et al., 2007).
Specifically, the cortical actin organization in the apex is
disrupted, actin filaments appear disorganized, and
polarized cortical patches become prominent. These
findings suggest that formin and profilin cooperate to
generate unique actin arrays that support tip growth.

The actin fringe dynamically tracks the growing tip,
and its stability is likely influenced by ABPs that either
stabilize or destabilize the network. Fimbrins are con-
served filament cross-linking and bundling proteins
(Thomas, 2012). Lily FIMBRIN1 (LlFIM1) localizes to
the actin fringe, and disruption by antibody injection
perturbs tip growth and fringe organization (Su et al.,
2012). Fimbrins stabilize and bundle actin filaments and
LlFIM1 appears to be conserved because a GFP fusion
rescued the growth and actin organization defects as-
sociated with an Arabidopsis fim5 mutant (Su et al.,
2012). A FIM5-EGFP fusion colocalized to actin bundles
in the Arabidopsis pollen tube apex and shank (Zhang
et al., 2016), which is consistent with latrunculin hyper-
sensitivity, reduced actin bundling, and randomized
cytoplasmic streaming patterns that had been reported
previously (Wu et al., 2010). FIM5 appears to stabilize
actin filaments, but given its localization to both long-
lived actin bundles in the shank and less stable bundles
in the fringe, it will be important to discover how FIM5
decoration of the network is coordinated and how it af-
fects filament stability of different networks (Zhang
et al., 2016). Individual filaments in the apex of fim5
pollen tubes have reduced elongation and depolymer-
ization rates, are longer lived, but undergo more
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extensive buckling and waving than observed in wild-
type tubes, all phenotypes consistent with a role in
destabilizing cortical actin in the fringe region (Zhang
et al., 2016). Actin filament turnover can also be pro-
moted by actin-severing proteins. Villins are Ca2+-de-
pendent bundling and/or severing proteins (Huang
et al., 2005; Khurana et al., 2010). Arabidopsis VILLIN2
(VLN2) and VLN5 are required to maintain pollen tube
diameter during elongation. The vln2 vln5 double mu-
tants have an overproliferation of actin in the tubeswith
increased lifetimes of individual filaments (Qu et al.,
2013).

ADF family members are best known as actin fila-
ment severing and destabilizing proteins. One such
example is Arabidopsis ADF7, whose disruption leads
to perturbation of tip growth, excessive actin filament
bundles, and long-lived individual filaments with re-
duced severing and depolymerization (Zheng et al.,
2013). A functional ADF7-EGFP fusion protein localizes
along all actin filaments, suggesting that it facilitates
turnover of all pollen arrays (Zheng et al., 2013). In to-
bacco pollen, on the other hand, a GFP-ADF reporter
appears to be quite efficient at revealing the subapical
actin structures (Cheung et al., 2010). Interestingly,
Arabidopsis has two ADF family members, AtADF5
andAtADF9, that have simple bundling function rather
than severing activity (Tholl et al., 2011; Nan et al.,
2017). The adf5mutant has pollen with germination and
tip growth defects as well as perturbed actin dynamics;
specifically, filament bundling frequency is reduced by
50% (Zhu et al., 2017). Similarly, disruption of ADF in
Physcomitrella inhibits tip growth and alters actin or-
ganization (Augustine et al., 2008).

Actin bundles in the pollen tube shank are long lived
and in cells with a reverse-fountain streaming pattern.
Bundles in the core cytoplasm consist of filaments with
their plus ends facing away from the cell tip (Lenartowska
and Michalska, 2008). The source of these organized
bundles is not entirely clear. One proposed mechanism is
that the actin filament nucleator AtFOR3 polymerizes
actin bundles in the shank (Ye et al., 2009). Formins cer-
tainly have the potential to generate actin bundles as they
can both nucleate and bundle actin filaments (Michelot
et al., 2005). The localization of active FOR3 in pollen
tubes or root hairs has not been determined. It is also
possible that actin filaments from the apical domain are
transported by cytoplasmic flow into the shank regions
and incorporated into bundles. For example, severed ac-
tin filaments flow away from the cell apex, coalesce into a
subapical basket, andmove toward the pollen tube shank
(Cheung et al., 2010). The question would then be, how
are these filaments assembled into functional bundles
with aligned filaments? This likely requires the coopera-
tive activity of bundling proteins, like fimbrin and villin
(Wu et al., 2010; Qu et al., 2013), and potentially the in-
hibition of ADF activity through competition with bun-
dlers (Huang et al., 2005). Myosin XI molecular motors
also influence filament dynamics and array organization
in diverse Arabidopsis cell types (Ueda et al., 2010; Park
and Nebenführ, 2013; Cai et al., 2014), and a myo11c1

myo11c2 double mutant has less organized actin filament
bundles in the shank of pollen tube with significantly
reduced parallelness (Madison et al., 2015). Clustering of
myosin motors at the base of the clear zone in tobacco
pollen tubes may locally organize and/or transport actin
filaments toward the shank (Stephan et al., 2014).

The fringe and shank constitute key elements that
organize the cytoplasm and dictate the organelle and
hydrodynamic flow patterns in the cell (Stephan, 2017).
However, the endgame of tip growth is to selectively
deliver and recycle vesicles at the apex to support sus-
tained directional cell expansion. The next section,
drawing primarily from the moss system, will focus on
the role of actin in clustering vesicles at the apex and
local secretion.

ACTIN NETWORKS ASSOCIATED WITH VESICLE
CLUSTERING AND SECRETION

The raw materials for tip growth, which have been
shown to primarily consist of pectin polysaccharides in
growing pollen tubes (Li et al., 1994; Bosch and Hepler,
2005; Fayant et al., 2010; Rounds et al., 2011), are de-
livered by secretory vesicles that accumulate in the apex
of tip-growing cells. Cell types such as root hairs and
pollen tubes have a distinct clear zone in the shape of an
inverted cone that is enriched in secretory vesicles
(Picton and Steer, 1983; Lancelle et al., 1987; Preuss
et al., 2004). Tip-growing caulonema cells of the moss P.
patens do not have an organized pattern of cytoplasmic
streaming, but a dense cluster of secretory vesicles is
maintained near the apex (Furt et al., 2013; Bibeau et al.,
2018). This vesicle cluster colocalizes with a dense
meshwork of apical actin, commonly referred to as r the
“actin spot” (Fig. 1, right images). The apical actin
cluster localizes to and predicts the direction of growth.
The actin spot in caulonema is positive for a protein
marker for secretory vesicles but may contain endocytic
vesicles as well. In tip-growing pollen tubes, the
inverted cone and clear zone contain both anterograde
secretory vesicles and organelles that receive mem-
brane from an endocytic retrograde pathway (Grebnev
et al., 2017). In pollen tubes, the vesicles in the clear zone
are not completely depleted and replaced by the Golgi
during each growth oscillation. For example, FRAP
analysis of vesicle turnover rate as a function of growth
rate and cell wall demand indicate that, on average,
vesicles make multiple rounds of transport into and out
of the clear zone prior to plasma membrane fusion and
secretion events (Bove et al., 2008).

Vesicle clustering at the apex is important because
it creates a high local concentration of organelles that
are poised, in terms of their location and biochemical
composition, for secretion. As discussed above, depo-
lymerization of actin leads to loss of normal cytoplas-
mic organization in the apex of tip-growing cells, often
accompanied by an invasion of the vacuole into the
space previously occupied by the clear zone. One
mechanism to cluster vesicles is to decorate the
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membrane surface with actin filament nucleators and
myosin motors (Schuh, 2011). Myosin motors on one
vesicle may move processively on an actin filament
with its plus end anchored at the surface of an adjacent
vesicle to promote vesicle clustering (Furt et al., 2013;
Bibeau et al., 2018). The formin class of actin filament
nucleators fit well within this model because they could
processively nucleate actin filaments with the plus end
of the actin filament oriented toward the membrane.
Indeed, examples of class II formin-mediated actin
polymerization in the apical cytoplasm of Physcomitrella
tip-growing cells appear to propel a subset of vesicle
movements at rates of nearly 2 mm s21 (van Gisbergen
et al., 2012). Class I formins from Arabidopsis (Cheung
et al., 2010) and lily (Li et al., 2017) with a transmem-
brane domain and a class II formin from moss (Vidali
et al., 2009; van Gisbergen et al., 2012) localize to the
vesicle-rich zone in the apex. Lily formins appear to
nucleate actin filaments in the clear zone because they
overlap with actin at that location (Li et al., 2017).
Blocking secretion with BFA in growing lily pollen
tubes generates an intense apical spot of actin polym-
erization in the tube apex (Rounds et al., 2014), and this
may reflect the activity of class I formins that are not
delivered to the plasma membrane. Similarly, follow-
ing washout of LatB, formation of an apical cluster of
LlFH1 vesicles precedes accumulation of an actin focal
site in the tip (Li et al., 2017).
Myosin decorates secretory vesicles at the apex inmoss

caulonema (Furt et al., 2013) and inArabidopsis root hairs
(Peremyslov et al., 2012). Myosin mutants have severely
impaired tip growth (Vidali et al., 2010; Park and
Nebenfuhr, 2013; Madison et al., 2015). In moss caulo-
nema cells, myosin accumulates on secretory vesicles in
an actin-independent manner, and cross-correlation
analyses indicate that myosin accumulation precedes
maximal actin polymerization in the vesicle cluster by
about 18 s (Furt et al., 2013). A recent quantitative FRAP
analysis of vesicle dynamics in moss caulonema de-
fined the geometry of the apical target zone for secre-
tion and threshold requirements for vesicle density that
are needed to support cell wall matrix secretion during
growth (Bibeau et al., 2018). This study pointed to the
importance of the actin cytoskeleton in maintaining
local high concentrations of vesicles in order to over-
come diffusion barriers to vesicle movement during tip
growth.
The coupling of myosin to vesicle and organelle

cargo through adapter proteins (Li and Nebenführ,
2007; Peremyslov et al., 2013; Stephan et al., 2014) is an
important but poorly understood early step in the tip
growth process. Once myosins are clustered on vesicle
surfaces, they have the potential to bind filaments that
emanate from adjacent organelles and promote clus-
tering as they move processively toward the filament
plus end. This is a robust method to organize vesicles at
mm-spatial scale in the clear zone. In moss, the ARP2/3
complex is also clustered at the apex in a pattern that
resembles the apical vesicle cluster (Harries et al., 2005;
Perroud and Quatrano, 2006, 2008). Perhaps ARP2/3

generates branched actin networks within the vesicle
cluster to provide a mechanism to reversibly stabilize
the vesicle cluster or define functionally specialized
subdomains within it. Nonetheless, since actively
growing pollen tubes and root hairs don’t have an
equivalent apical actin spot, generalizing these mech-
anisms should be approached with caution.

There is evidence that dynamic actin filaments in the
extreme apex determine the local pattern of pectin se-
cretion (Rounds et al., 2014); however, this population
is the most difficult to analyze because it appears to
consist of loosely organized, short-lived individual ac-
tin filaments (Cheung et al., 2010; Zhu et al., 2013;
Zhang et al., 2016). It is possible that relatively few
apical actin filaments are needed to locally increase the
concentration of a cluster of vesicles so that other short-
range control mechanisms for vesicle fusion can or-
chestrate the final steps of vesicle fusion. For example,
cells possess a diverse collection of vesicle tethering
complexes (Vukašinovi�c and �Zárský, 2016) that may
operate in concert with small GTPase signaling cas-
cades at the plasma membrane to more precisely con-
trol the timing and location of secretion.

Class I formins are present at the plasma membrane
of the growing apex, and, in moss, a class II formin uses
a novel PTEN lipid-binding domain to localize FOR-
MIN2A to the plasma membrane of protonemal cells
(van Gisbergen et al., 2012). Actin dynamics in the apex
are likely to be strongly affected by calcium and pH
gradients. For a more detailed analysis of the impor-
tance of microtubules and the effects of ions on the actin
network during tip growth please, see the Bascom et al.
Update in this issue (Bascom et al., 2018). A new class of
dual-function cytoskeletal proteins have been charac-
terized recently during tip growth. Microtubule-
associated protein 18 (MAP18)/PCAP2 (Wang et al.,
2007) and MAP25/PCAP1 (Li et al., 2011) were first
identified as microtubule-destabilizing proteins and
were subsequently shown to sever actin filaments in a
Ca2+-dependent manner. MAP18 mutant pollen tubes
had ameandering phenotype and an overabundance of
actin filaments in the apex (Zhu et al., 2013). MAP18
also binds selectively to inactive (GDP-bound) forms of
ROP GTPases, and appears to compete with ROP GDP-
dissociation-inhibitor (ROP-GDI) for ROP binding and
increase the pool of plasma-membrane localized ROP
that is in play to pattern tip growth (Kang et al., 2017).
MAP18may provide a way to learn how ROP signaling
and actin reorganization are integrated during growth.

ACTIN FILAMENT NUCLEATION AND THE
PATTERNING OF DIFFUSE GROWTH

In the final section of thisUpdate, our discussion shifts
to a brief analysis of the functions of actin during dif-
fuse growth, focusing on recent developments in the
Arabidopsis leaf hair system. Diffuse growth is the
mechanism for cell expansion for the vast majority of
plant cell types. Like tip growth, turgor pressure and
the resulting cell wall tension forces drive cell
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expansion. Unlike tip growth, increases in cell area are
broadly distributed across the cell surface. However,
diffuse growth is not isotropic: Mechanical heteroge-
neities in the cell wall and the geometry of the cell
generate anisotropic stress-strain behaviors that pro-
duce a variety of cell shapes and sizes during plant
development. See the CosgroveUpdate in this issue for a
detailed update of the mechanisms of diffuse growth
(Cosgrove, 2018).

During diffuse growth, cell wall synthesis and vesicle
secretion are coupled with growth to maintain cell wall
thickness within a factor of about 2 as cell volume in-
creases. Therefore, the microtubule and actin cytoskel-
etons function as part of a system in which the spatial
and temporal dynamics of the cytoskeleton, endo-
membrane, and cell wall are coordinated during
growth. The organization and control of the cortical
microtubule cytoskeleton is the topic of a separate Up-
date in this issue (Elliott and Shaw, 2018). The impor-
tance of actin during diffuse growth is indisputable
based on the detrimental effects of actin polymerization
inhibitors and mutations in ABPs on all aspects of plant
growth and development. The possible functions of
actin during diffuse growth have been reviewed pre-
viously with respect to actin serving as a track for lo-
calized secretion (Smith and Oppenheimer, 2005;
Hussey et al., 2006) and the possibility that polarized
diffuse growth is a composite of diffuse growth and tip
growth (Wasteneys and Galway, 2003). Similar to tip-
growing cells, actin arrays in diffusely expanding cells
typically comprise both dynamic single filaments and
filament bundles (Staiger et al., 2009; Smertenko et al.,
2010); however, these arrays are often comingled and
often do not display specific orientationswith respect to
sites of growth. Thus, it has proven to be extremely
difficult to ascribe specific functions to particular actin
filament arrays during diffuse growth.

There are several additional factors that complicate
functional analyses of actin networks. First, microtu-
bules clearly have the ability to pattern cellulose mi-
crofibrils through coordinating the dynamic behavior
of plasma membrane cellulose synthase complexes
(Paredez et al., 2006) and thereby influence cell wall
anisotropy. The actin system can influence microtubule
behaviors (Sampathkumar et al., 2011) and the delivery
of cellulose synthase to the plasma membrane
(Sampathkumar et al., 2013); however, the exact
mechanisms remain poorly understood. Actin may
play a more direct role in secretion of noncellulosic
polysaccharides, as it affects the secretion of noncellu-
losic polysaccharides that form part of the cell wall
matrix and the middle lamella (Leucci et al., 2007). In
leaf hairs, ARP2/3-generated actin filaments are
needed for broadly distributed and balanced cell wall
assembly during growth so that cell wall thickness
gradients are maintained along the length of the elon-
gating trichome branch (Yanagisawa et al., 2015). It is
often accepted that fine networks of cortical actin fila-
ments mediate the localized delivery of secretory vesi-
cles (Fu et al., 2002). It may prove true that individual

actin filaments guide vesicles to precise locations in the
cortex in response to some localized cue. However, in
living cells that use a diffuse growth mechanism, the
cortical actin cytoskeleton is highly unstable, and in
general its arrangement is poorly correlated with cell
shape. Even in the case of leaf trichomes, which have a
very specific requirement for ARP2/3-generated actin
filaments (Le et al., 2003;Mathur et al., 2003), it has been
very difficult to determine which actin arrays are af-
fected in the mutant and what is their cellular function.
Furthermore, the patterns of secretion during polarized
diffuse growth are often inferred based on static images
of growing cells. In reality, during diffuse growth, the
material delivery budget for the wall will vary
depending on cell geometry, growth rate, growth var-
iability within the cell, and cell wall thickness (which
also varies within the cell). Therefore, there is a strong
need to more broadly analyze the spatial and temporal
behaviors of the actin cytoskeleton and secretion as they
relate to measured patterns of growth.

ARP2/3 IS ACTIVE IN A MICROTUBULE-DEPLETED
ZONE IN THE TRICHOME BRANCH APEX

A major unanswered question is how information
from the plasma membrane and the cell wall is relayed
to the cytoplasmic actin bundle roadways so that they
can rearrange in response to the mechanical require-
ment for more cell wall materials. No such wall-sensing
protein that controls morphogenesis has been identified
in plants. During trichome branch morphogenesis, a
microtubule-depletion zone at the cell apex scales with
the constricting radius of curvature of the cell wall at
the apex (Yanagisawa et al., 2015). This also corre-
sponds to the location where ARP2/3 is activated and
reflects a specialized cellular domain in which infor-
mation about the geometry of the cell wall is somehow
sensed by cytoskeletal systems.

The evolutionarilyWAVE-SCAR regulatory complex
(W/SRC)-ARP2/3 conserved actin filament nucleation
pathway is comprised of the heteromeric W/SRC and
ARP2/3 complexes. W/SRC converts activating ROP-
GTPase signals into an ARP2/3-dependent actin po-
lymerization response (Szymanski, 2005; Stradal and
Scita, 2006). In Arabidopsis, the DOCK family guanine
nucleotide exchange factor SPIKE1 transmits activating
ROP-GTP signals to the W/SRC (Qiu et al., 2002;
C. Zhang et al., 2010). Although the pathway was elu-
cidated in plants primarily based on the leaf trichome
phenotype of the “distorted group” (W/SRC and
ARP2/3) mutants, these protein complexes seem to be
present in all plant species and are broadly used during
root and shoot development (Frank and Smith, 2002;
Mathur et al., 2003; Harries et al., 2005; Miyahara et al.,
2010; Bai et al., 2015; Facette et al., 2015).

Trichome morphogenesis is an example of highly
polarized diffuse growth based on the geometry of the
shape change (Szymanski et al., 1999) and themeasured
strain behavior of the cell wall using cell wall bound
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particles as fiducial marks (Schwab et al., 2003;
Yanagisawa et al., 2015). The distorted group mutants
resemble wild-type trichomes that have been treated
with actin-disrupting drugs (Mathur et al., 1999;
Szymanski et al., 1999): Branch elongation and tapering
are reduced, and the cell swells and twists in an un-
predictable manner. Surprisingly, the actin phenotype
of ARP2/3 null mutants is quite subtle and has only
recently been clearly defined (Yanagisawa et al., 2015).
For more than 10 years, the most reliable actin pheno-
type was a quantitative actin bundle mispositioning
defect in the core cytoplasm of trichomes at the early
stage of branch elongation (Le et al., 2003; Deeks et al.,
2004; El-Assal et al., 2004; Zhang et al., 2005; Le et al.,
2006; Sambade et al., 2014). Subsequently, live-cell
probes for W/SRC subunits were shown to localize to
the extreme apex of developing branches (Dyachok
et al., 2008); however, the existence of tip-localized actin
and its possible function were not addressed.
The existence and organization of tip-localized actin

has been difficult to nail down. Our group published
scattered evidence for a dense cortical actinmeshwork at
the extreme apex of fixed, detergent-extracted cells la-
beled with antibodies (Le et al., 2003; see Fig. 2, A and B)
and phalloidin (Basu et al., 2004; Fig. 2C). However, this
meshwork was not always present, and we did not an-
alyze this structure or comment on its existence. Trans-
verse actin filaments have been highlighted near the
trichome apex (Zhang et al., 2005; Djakovic et al., 2006;
Tian et al., 2015); however, previous studies showed that
they can be detected in both wild-type and ARP2/3
mutant backgrounds (Zhang et al., 2005; Djakovic et al.,
2006). The transverse actin filaments have been pro-
posed to be of functional significance because the kinesin
class of microtubule motor ZWICHEL/KCBP is re-
quired for branch tapering, and its N-terminal FERM
domain can associate with actin filaments in vitro (Tian
et al., 2015). However, the FERM domain is dispensable
for ZWICHEL/KCBP function (Tian et al., 2015).
A detailed genetic and cytological analysis of the

microtubule and actin systems at the early stages of
trichome development described an “actin cap” in 50%
of the emerging branches that was reduced to 20% in an
arp2/3mutant (Sambade et al., 2014). The actin cap was
a broad apical domain extending 20 mm distal to the
branch apex. The cap was defined based on increased
cytoplasmic and cortical signal intensity of GFP-fABD2
along a longitudinal projection of the branch (Sambade
et al., 2014). These signals could reflect differences in
cytoplasmic density among branches rather than spe-
cific actin localization patterns. In our hands, we cannot
reliably detect tip actin with GFP-fABD2 or GFP-
Lifeact. One explanation is that this actin array is not
accessible to the actin-binding live-cell probes. Direct
fusions of GFP to actin could solve this technical issue.
However, in fixed cells, we consistently detect cortical
tip actin at the extreme apex (extending only a few
microns back from the branch tip) in approximately
60% of the young branches (Yanagisawa et al., 2015).
Although these localization data were obtained with

fixed cells, they appear to be reliable because the tip
actin meshwork colocalizes with active ARP2/3 and is
undetectable in an arp2/3 null background (Yanagisawa
et al., 2015). Interestingly, ARP2/3 and its associated
actin meshwork are contained entirely within an apical
microtubule-depletion zone that becomes progres-
sively constricted as the branch tapers (Yanagisawa
et al., 2015; Fig. 2D). A cartoon representing the location
and activity of ARP2/3 in a young trichome branch that
is becoming tapered is shown in Figure 3.

ARP2/3-GENERATED APICAL ACTIN MESHWORKS
ORGANIZE INTRACELLULAR TRANSPORT AT A
CELLULAR SCALE

These live-cell imaging and genetic approaches in
Arabidopsis made it possible to analyze the functional

Figure 2. Actin and microtubule organization in Arabidopsis leaf hairs
and cotton fibers during the process of cell elongation and tapering. A,
Whole mounted trichome with branches that are becoming progres-
sively tapered (defined as stage 4). The cell is labeled with an anti-actin
antibody using the freeze-shattering technique. Note prominent tip
actin in branches 2 (br2) and 3 (br3). B, Midplanes of br3 in A showing
cortical actin at the apex and cytoplasmic bundles that are oriented
toward the apical meshwork. C, Whole mounted trichome labeled with
phalloidin. Apical actinmeshwork and cytoplasmic bundles are labeled
as in B. D, Live-cell image of GFP-tagged ARP2/3 complex (green) and
microtubules (magenta). ARP2/3 localizes within the apical microtu-
bule-depletion zone (MDZ) and is required to polymerize the apical
actinmeshwork. E,Wholemounted 1-DPA cotton fiber in the process of
cell tapering labeled with an anti-a-Tubulin antibody. Bars = 5 mm.
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importance of ARP2/3-generated actin filaments dur-
ing highly anisotropic diffuse growth. A top-down fi-
nite element (FE) computational modeling approach
and multivariate live-cell imaging were used to
determine the functional importance of the apical
microtubule-depletion zone and the ARP2/3-generated
actin meshwork (Yanagisawa et al., 2015). In this ap-
proach, long-term time-lapsed analyses of trichome
shape change and subcellular strain patterns were used
to create a realistic FE model of the growing trichome
branch. The FE model treats the cell as a thin-walled
pressurized shell, the material properties of which can
be varied in order to identify parameters that might
define the growth behaviors of the cell. The model
made specific predictions of how three cell wall
parameters—fiber alignment along the branch flank,
a longitudinal cell wall thickness gradient, and an
isotropic patch within the microtubule-depletion
zone—could generate the observed pattern of branch
elongation coupled with cell tapering. Similar mor-
phological transitions occur in early cotton (Gossypium
hirsutum) fiber development (Butterworth et al., 2009)
and in conical cells of the flower petal epidermis

(Kramer and Irish, 1999). A similarmicrotubule-depletion
zone is easily detected at the apex of young-stage cotton
fibers that are in the process of tapering (Fig. 2E).

The FE model predictions were validated using
multivariate live-cell imaging in which the localization
and dynamics of microtubules, actin, ARP2/3, cell wall
thickness, and cytoplasmic flow patterns were ana-
lyzed as a function of shape change (Yanagisawa et al.,
2015). The ARP2/3 system did not affect the transverse
organization of microtubules or cellulose microfibrils at
early stages, as shown previously (Basu et al., 2005).
However, ARP2/3 can associate with microtubules
(Havelková et al., 2015) and influence microtubule-
dependent cell twisting during the later stages of cell
elongation (Zhang et al., 2005; Sambade et al., 2014).
The ARP2/3 mutants failed to generate or maintain a
wall thickness gradient (Yanagisawa et al., 2015). This
does not simply reflect a failure to deliver material to
the cell apex. The calculated wall synthesis budget for
the trichome branch, based on its geometry, strain
distribution, and a decreasing cell wall thickness from
base to tip, is a broad pattern of delivery with a very
shallow tip-biased gradient. Although there may be
specialized trafficking to the extreme apex, the intra-
cellular organization must support nearly uniform
vesicle supply to the cortex. Two-color live-cell imaging
of actin bundles and Golgi cargo indicated that the
apical actin meshwork is required to position actin
roadways that support bidirectional transport of
organelles along the cell axis and expose the entire
cortex to actomyosin-dependent organelle transport
(Yanagisawa et al., 2015). This model is consistent with
the distorted trichome phenotype of MYOSIN XI mu-
tants (Ojangu et al., 2012). Themechanism bywhich the
apical meshwork organizes bundles that are both tip-
and base-directed is not known. However, these results
clearly showed that the clustering and activation of
ARP2/3 within a discrete microtubule-depleted apical
domain has the ability to influence cytoplasmic orga-
nization at extended spatial scales that influence whole-
cell behaviors (Fig. 3).

In expanding trichome branches, the microtubule-
depletion zone is predicted to generate an apical patch
of isotropic cell wall, the size of which is progressively
constricted during branch elongation to control the
degree of cell tapering (Yanagisawa et al., 2015). The
strong correlation between cell tip radius of curvature,
the geometry of the ARP2/3 activation domain, and the
presence of the microtubule-depletion zone indicates
that there is bidirectional signaling between the cell
wall and the cytoskeleton during trichome morpho-
genesis. Perhaps cell geometry and material gradients
in the cell wall generate stress patterns that are decoded
by cytoskeletal systems so that cell wall properties can
bemodulated at the extended temporal and spatial time
scales of plant cell morphogenesis. It may be that
modulation of cortical microtubule-depletion zones is a
conserved strategy to control local cell wall assembly
(Oda and Fukuda, 2012) and the stress-strain behaviors
highly polarized cell types. Given that the leaf hairs

Figure 3. ARP2/3-dependent cytoplasmic organization in a developing
trichome branch. The cartoon is a view of the cytoplasm from a medial
longitudinal section through the young branch. In response to ROP-GTP
signals, the W/SRC complex (green) physically interacts with and acti-
vates ARP2/3 (blue ellipse). ARP2/3 generates branched networks of
actin filaments (red). ARP2/3 activation is restricted to an apical zone
that has a reduced density of cortical microtubules. Aligned microtu-
bules (cyan) along the cell flanks promote highly anisotropic cell
elongation. Actin bundles orient longitudinally in the core cytoplasm
and terminate at or near the apical actinmeshwork. A subset of the actin
bundles is composed of parallel actin filaments with their plus ends
(marked with +) oriented either toward or away from the cell apex.
These bundles act as roadways for directional actomyosin transport. The
symbols representing the myosin motors, the organelle cargo, and their
direction of movement are defined in the figure. The plasma membrane
is shaded light blue, and the cell wall thickness and its longitudinal
thickness gradient are represented in black.
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defend the plant against herbivores and the diameter of
cotton fibers is an important agricultural trait, the
knowledge from Arabidopsis has practical importance.
Therewill bemany future opportunities to use basic cell
biology knowledge to engineer the mechanical prop-
erties of cells, tissue, and organs that are important for
plant productivity. The combined use of FE modeling
and multivariate live-cell imaging in trichomes
(Yanagisawa et al., 2015) and other cell types (Fayant
et al., 2010; Sampathkumar et al., 2014) has the potential
to accelerate systems-level analyses of morphogenesis
across wide spatial scales.
Received October 19, 2017; accepted November 29, 2017; published November
30, 2017.
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