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The actin cytoskeleton changes in organization and
dynamics as cellular functions are reprogrammed following
responses to diverse stimuli, hormones, and developmental
cues. How this is choreographed and what molecular players
are involved in actin remodeling continues to be an area of
intense scrutiny. Advances in imaging modalities and
fluorescent fusion protein reporters have illuminated the
strikingly dynamic behavior of single actin filaments at high
spatial and temporal resolutions. This led to a model for the
stochastic dynamic turnover of actin filaments and predicted
the actions and responsibilities of several key actin-binding
proteins. Recently, aspects of this model have been tested
using powerful genetic strategies in both Arabidopsis and
Physcomitrella. Collectively, the latest data emphasize the
importance of filament severing activities and regulation of
barbed-end availability as key facets of plant actin filament
turnover.
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Introduction

The actin cytoskeleton comprises an ever-changing net-
work of individual filaments and higher-order structures
called actin cables or bundles. In plants, these arrays serve
as ‘tracks’ for the movement and positioning of diverse
organelles, such as chloroplasts, mitochondria and Golgi.

Actin filaments are thought to be necessary for the deliv-
ery of secretory vesicles containing polysaccharides and
proteins to the plasma membrane, and they play a central
role in endocytosis; however, there is only modest evi-
dence supporting these functions for actin in plants. They
are also important for responding to biotic and abiotic
stimuli, such as during the innate immune response
against pathogens. How exactly these tracks form, how
they are organized in the cytoplasm, and how they turn
over has been the subject of intense scrutiny.

Nearly two decades of protein biochemistry, along with
genome sequencing, has uncovered several dozen plant
actin-binding proteins (ABPs) that are likely to regulate
actin organization and turnover (reviewed by [1-4]).
However, understanding how these operate in cells
requires model systems where individual actin filaments
can be visualized at high spatial and temporal resolutions.
This critical knowledge gap has been satisfied recently
with advanced imaging of the cortical cytoskeletal array in
Arabidopsis and moss cells [5°°,6,7°°,8°°]. These studies
illuminate some rather incredible rearrangements of the
actin cytoskeleton. In the cortical cytoplasm of certain
Arabidopsis epidermal cells, for example, filament arrays
are both complex and constantly assembling and disas-
sembling. Remarkably, the rates of turnover are among
the fastest recorded in eukaryotic cells, with barbed-end
assembly occurring at rates of ~2 pm s~ ' or 720 subunits
per second, and disassembly is achieved through prolific
severing activity. The central features of this behavior
have been termed ‘stochastic dynamics’ [5°°,9,10], and
this mechanism represents a new paradigm for actin
turnover in eukaryotic cells.

Here, we highlight the identification of several key
parameters for actin filament turnover, derived primarily
from live-cell imaging studies of Arabidopsis epidermal
cells. Based on their biochemical properties, it can be
predicted which ABPs are involved in different aspects of
actin dynamics. Finally, we review several recent studies
that combine pharmacological and reverse-genetic
approaches with quantitative image analyses to implicate
key ABPs in specific steps of actin turnover 7z vivo. One
key take-home message is that the cortical cytoskeletal
array in plant cells may be an ideal system for under-
standing single filament turnover. The deep insight
gained from such studies reveals that the mechanisms
cells use to control actin dynamics may be more universal
than previously suspected.
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Parameters for individual actin filament
turnover in live cells have been measured

To examine cytoskeletal dynamics in living plant cells, a
variety of fluorescent fusion protein reporters of the actin
cytoskeleton have been utilized [11]. The original GFP-
mouse Talin or GFP-humanTalin constructs have fallen
from favor due to their reported stabilizing effects on
actin turnover [12-14]. These have been replaced pre-
dominantly with fusions containing the second actin-
binding domain from Arabidopsis FIMBRIN1 (fABD2;
[15-17]) or the yeast-based Lifeact reporter [6,7°°,18-20].
When combined with these probes, the use of fast, high-
resolution imaging such as variable-angle epifluorescence
microscopy (VAEM [21]) or spinning disk confocal (SDC)
microscopy has dramatically advanced our view of cyto-
skeletal dynamics (reviewed in [22]). Moreover, several
model cell types facilitate high spatial-resolution and
temporal-resolution imaging of actin arrays and allow
correlations to be made between cytoskeleton dynamics
and cell expansion by tip-growth or diffuse growth. These
include epidermal cells from the dark-grown hypocotyl
and cotyledons of Arabidopsis thaliana seedlings
[5°°,19,23] and protonemal cells of the moss, Physcomi-
trella patens [6,8°°]. Hypocotyl epidermal cells also pro-
vide the advantage of a deep knowledge about the
mechanisms of microtubule dynamics in the cortical array
and coupling to the behavior of cellulose synthase com-
plexes that are critical for oriented cell wall deposition
(reviewed by [24,25]). Moreover, the actin filaments in
the cortical array can be sparsely populated facilitating the
tracking of individual filament ends and actin dynamic
properties over tens of seconds [5°°].

The cortical cytoplasm of Arabidopsis epidermal cells
contains at least two types of actin filament structure:
putative individual filaments and actin filament bundles
([5°°,11]; Figure 1). The former type of array was origin-
ally referred to as ‘fine microfilaments’ in epidermal
pavement cells [26] and as ‘short actin bundles’ in pollen
tubes [27], but we prefer to refer to them as single or
individual actin filaments [5°°]. Although the diffraction-
mediated limits of fluorescence light microscopy mean
that there can be no proof that these dynamic and
ephemeral structures represent single filaments, their
fluorescence intensity profiles, dynamic properties and
sensitivity to latrunculin treatment are all consistent with
the conclusion that these are single polymers [5°°]. Alter-
natively, they may represent small bundles of filaments
with dynamic ends, like those observed in budding yeast
cells [28,29]. Regardless, visualizing the dynamic beha-
vior of these structures by time-lapse fluorescence micro-
scopy has led to testable models for actin turnover in plant
cells (reviewed by [2,30,31]).

Several parameters of individual actin filament turnover
have been described and measured in the cortical array of
epidermal cells [5°°,23,32°,33°,34°]; montages with repre-
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Figure 1
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The cortical actin array in epidermal cells from Arabidopsis contains two
populations of filaments. A timeseries projection is shown for an
epidermal cell from the dark-grown hypocotyl of Arabidopsis expressing
the actin reporter, GFP-fABD2. Time-lapse images were collected by
variable angle epifluorescence microscopy (VAEM) at 1 s intervals. Three
images separated by 10 s were colored red, green and blue, respectively
and the three images superimposed. A white color indicates stable actin
structures, like actin filament bundles, that remain relatively stationary
during this time period. In contrast, fainter and more ephemeral
structures appear, disappear and translocate over this time interval and
appear colored in this projection. The latter structures are assumed to be
individual actin filaments based on their fluorescence intensity and
dynamic properties.

sentative filament behaviors from dark-grown hypocotyl
epidermal cells are defined and illustrated in Figure 2
[5°°,32°,33°]. For this review, we will focus attention on
the dynamics of single filaments, rather than actin fila-
ment bundles. Whereas the filament bundles are mostly
aligned longitudinal to the cell long axis, the network of
individual filaments is randomly dispersed in the cortical
cytoplasm (Figure 1). Single filaments have lower fluor-
escence intensity, are more dynamic, and have shorter
lifetimes than the bundles [2]. In the rapidly expanding
cells of the hypocotyl, the average filament lifetime is on
the order of 20 s and they reach average maximum lengths
of 12-15 wm before disappearing [2,32°]. New filaments
originate or are initiated from three locations (Figure 2a):
de novo in the cytoplasm @; the side of another filament or
bundle @; or, the end of a pre-existing filament or
fragment @ [2]. These types of filament initiation occur
in varying proportions, with nucleation on the side of a
nascent filament usually the most prevalent [33°]. Once
an available end exists, filament elongation is rapid @.
Growth rates in the epidermal cells of the hypocotyl are
~1.7 pm s~ ! or, in other words, 629 actin monomers add
each second onto the presumed barbed-end or growing-
end of a filament [2]. This allows filaments to grow from
one sidewall of the cell to the other in about 10 s, or from
one endwall to another in less than a minute.

Normally, only one end of filaments in the cortical array is
observed to grow at any given time, although occasionally
both ends can be seen extending. Unlike the dynamic
instability of cortical microtubules [35], growing ends do
not typically transition to a depolymerizing phase [5°°].
Moreover, filament depolymerization from the non-grow-
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Figure 2
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Live-cell imaging of actin filament organization and turnover reveals key features of single filament dynamics. High-resolution, time-lapse VAEM
images of the cortical actin array were collected from epidermal cells of Arabidopsis hypocotyls expressing GFP-fABD2, as described previously [5°°].
Examples of individual filament behaviors are highlighted in the following montages. Bar = 5 um. (a) Actin filament initiation occurs from three distinct
origins: @) de novo in the cytoplasm; @ the side of pre-existing actin filaments or bundles; and @) pre-existing filament ends. Each representative
growing filament is highlighted in green, whereas the pre-existing filament for branched nucleation is shown in yellow @), as is the pre-existing
fragment in @). (b) Key features of single actin filament assembly and turnover by stochastic dynamics are shown in these time-lapse montages: @) a
representative actin filament (green dots) elongates at 2.3 um s~ and reaches a maximum filament length of 29.6 um; © the same filament is
disassembled via numerous severing events (red arrows); @ recently severed ends rarely re-grow (not portrayed); @ and sometimes, recently
severed filaments re-anneal (yellow arrowheads). @ Depolymerization, when it can be observed, occurs at a modest rate of 0.2 um s~ from the
pointed-end (blue asterisk). (c) Actin filament organization is influenced by buckling or waving, as well as by filament bundling. @) A representative
example of filament buckling and straightening. The highlighted filament becomes more straight (or displays less waviness) over time. A unitless
measure of waviness, termed convolutedness, is calculated as the length of the filament (/;) divided by the longest axis (/,) of a bounding rectangle
(vellow box). ) An example of actin bundle formation. The highlighted actin filament (green dots) makes contact with a second filament (red dots) then
bundles through a zippering mechanism (alternating dots).
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Figure 3
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A model for actin stochastic dynamics. Based on biochemical properties for several plant actin-binding proteins, estimates of the total concentration of
plant actin in cells and in vivo observations of actin filaments, this cartoon displays the major features and key molecules that regulate the assembly,
disassembly and organization of actin filament arrays in plant cells. The gray box displays the key steps of flament assembly and turnover by
stochastic dynamics. The numbering of steps is intended to mirror the live-cell observations of single filament turnover (Figure 2) and quantitative
analyses of parameters [5°°,32°,33°]. Red squiggly arrows denote filament severing events, which are a major feature of stochastic dynamic turnover.
See text for details.
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Table 1

Actin dynamic parameters

Arabidopsis epidermal cell Tobacco Arabidopsis Moss
pollen®*™  protonema®<:"
Hypocotyl*®9 Cotyledon®®" Root™®' Guard cell®® Guard cell>®* BY-20:%!

Elongation rate (um s~ 1.7 1.7 0.9 0.3 0.05 0.6 0.3 2.3
Depolymerization rate (ums~") 0.2 - - - - - 0.2 -
Shortening rate (ums~") - 1.2 0.7 0.4 0.02 0.2 - 2.8
Severing frequency

(breaks/pm s~ 1.1x 1072 6.4 x 107° 51x10° 49x102% 20x10° 34x1072 -

(events/um? s~7) = = = = = = = 33x10°°
Max. filament length (m) 14.8 - - - - - 2.5 -
Max. filament lifetime (s) 15.3 - - - - - 20.2 -
Regrowth of severed ends (%) 2.9 - - - - - - -
Annealing of ends (%) 2.1 - - - - - - -
Dynamic ends (ends/um?s~") — = = = = = = 42 x 1072
Filament origin; de 28/22/50 = = = = = = =

novo/ends/side (% per cell)
Convolutedness 1.6 1.1 1.1 - - - - -

Transgenic plants, expressing GFP-fABD22, GFP-Lifeact® or GFP-mouse Talin® actin cytoskeleton reporters, were imaged with variable-angle
epifluorescence microscopy (VAEM)?, confocal laser scanning microscopy (CLSM)®, or spinning disk confocal (SDC)" microscopy. For Arabidopsis
thaliana seedlings, epidermal cells on five-day-old dark-grown hypocotyls [5°*,32°,33°]%; ten-day-old light-grown cotyledons [7°*]"; four-week light-
grown root elongation zone [7°°]'; or rosette leaf guard cells [38]' were imaged. In tobacco, guard cells from the abaxial surface of 3-week leaves [36]*
or protoplasts prepared from BY-2 suspension cells [7°*]' were used for experiments. For tip-growing cells, Arabidopsis pollen tubes [37°]™
germinated in vitro were imaged, as were protonemal cells from seven-day-old light-grown moss plants [8°°]", Physcomitrella patens.

Metrics for measuring single actin filament turnover were described in [5°°,7°°,8°%,32°,33°]. Elongation rates were determined from the presumed
barbed-end of actin filaments, wereas depolymerization rates were measured at the opposite, putative pointed-end of actin filaments. Shortening
rates include shrinkage due to subunit loss as well as disassembly due to severing or filament breakage. For most parameters, individual elongating
filaments were selected at random and measured [5°°,7°°,32°,33°]. In moss, severing frequency and the frequency of dynamic ends were quantified

as the number of events per area [8°°].

ing end is infrequent and occurs at rates of just 0.2—
0.3 wm s~ ' @ [5°°,32°]. This argues against a convention-
al ‘treadmilling’ model for filament turnover, in which
growth at barbed-ends is matched by loss of subunits from
the pointed-ends of filaments. Instead, disassembly of the
rapidly growing filaments occurs by prolific severing
activity @ (red arrows) [5°°]. On average, a typical
10 pm-long filament suffers nine breaks every minute.
Newly-severed ends rarely re-grow, with only ~3% elon-
gating after a break [5°°,33°]. This suggests that the
barbed-end is capped immediately or soon after the
severing event @ (not shown for technical reasons).
Consistent with prominent capping activity, the fre-
quency of filament-filament annealing is also rather
low, on the order of 2% of filament ends @ (yellow
arrowheads) [23,33°]. Because they disappear from the
field of view quite rapidly, the fate of small fragments
generated by severing is not entirely clear. Theoretically,
they could return subunits to the monomer pool by slow
depolymerization @, they might anneal onto filament
ends allowing bursts of growth @, or they might get
uncapped and resume growth by monomer addition at
the barbed end @. Collectively, this dynamic behavior of
individual actin filaments — namely rapid elongation at
barbed-ends balanced by filament disassembly through
stochastic severing events — has been termed ‘stochastic
dynamics’ (gray box, Figure 2b) [5°°,9,10].

Values for the parameters of actin turnover do vary
depending on the type and developmental status of
the plant cell(s) examined [7°°,8°%,36,37°,38], but the
overall behavior is mostly consistent between different
studies (Table 1). Some notable exceptions, however,
include the rather low filament elongation rates measured
in pollen tubes and guard cells of Arabidopsis [37°,38], as
well as guard cells of tobacco [36]. In quite a few studies,
filament disassembly rates are nearly equal to elongation
rates [7°°,8°°,36,37°,38], perhaps suggesting a treadmill-
ing-like turnover mechanism. However, most of these
authors’ metrics include filament breakage events, rather
than just putative depolymerization at pointed-ends, into
a shrinkage or shortening rate [7°°,8°°]. Besides differ-
ences in methodology, values may vary between cell
types and organisms due to variation in the amount of
monomeric actin available, the ratio of F-actin to G-actin,
or the particular constellation of actin-binding proteins
and isoforms present in the cytoplasm. Determining
whether these different rates of turnover or dynamicity
correlate with a specific biological process, or whether
particular parameters are predictive of cell expansion for
example, requires deeper investigation.

In addition to initiation, elongation and disassembly,
growing filaments show additional dynamic behaviors
in the cortical array (Figure 2c). Like a snake or a
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rubber-band, individual filaments can undergo dramatic
contortions or waving @; they can also rapidly straighten
[5°°,7°°]. The extent of filament waviness has been cap-
tured in a metric termed ‘convolutedness’ @, which is
defined as the length of a filament (/;) divided by the
longest axis of a bounding rectangle (/) [5°°]. Filaments
also appear to slide over other filaments or bundles, and
can move along the plasma membrane in the absence of
other filament—filament contacts [7°°]. Finally, higher-
order structures can be generated by the lateral associ-
ation of individual filaments, creating new bundles by a
‘catch and zipper’ mechanism @ [39]. These filament
bundles are generally brighter, longer-lived and less
dynamic than the individual actin filaments. They also
suffer appreciably fewer severing events than do the
single filaments. Although powerful tools for quantifying
the architecture of actin cytoskeletal arrays from static
images have been described [14,40], the development of
additional metrics to measure actin bundle formation,
stability and turnover from timelapse images is an area
requiring future attention [20]. For actin arrays that are
too dense to track single actin filaments, a powerful
analysis based on the redistribution or change in fluor-
escent pixel intensities over all temporal pairs from a
timelapse series has been developed and allows a unique
metric for cytoskeletal dynamics [41]. This correlation
coefficient analysis has been applied with great success to
describe altered dynamics in myosin XI, ADF, and AIP1
mutants of the moss, P. patens [8°°41].

A model for the biochemical regulation of
actin stochastic dynamics

Actin purified from plants can assemble rapidly iz vitro;
however, in cells, the dynamic behavior and turnover of
filaments is modulated by actin-binding proteins or
ABPs. Dozens of plant ABPs have been identified and
their 7z vitro properties characterized extensively [1-
4,30]. Based on the cellular abundance of actin pools
and ABPs, the biochemical activities of ABPs iz vitro, as
well as evidence from reconstituted biomimetic systems
that recapitulate mechanisms of filament turnover, a
model for actin filament stochastic dynamics can be
postulated. Because this topic has been reviewed pre-
viously [2,4,31], herein we will only briefly describe the
relevant ABP properties and their putative roles in actin
stochastic dynamics. The current model is depicted in
Figure 3, with specific steps corresponding to the
time-lapse montages numbered @—@.

Total actin protein in plant cells is present at 50-200 pM
cytosolic concentration; however, most of this actin exists
in the monomer pool (G-actin), with only about 5-10%
estimated to be in filamentous form (F-actin) (reviewed
in [2,30]). This monomer pool is buffered by equally
abundant profilin, which forms a 1:1 complex with G-
actin. Profilin suppresses filament nucleation and blocks
the addition of subunits to pointed ends of filaments; this

Actin stochastic dynamics Henty-Ridilla et al. 683

has the effect of restricting growth of filaments to the
barbed-end. Formins and the Arp2/3 complex can use the
pool of profilin—actin to nucleate new filaments in the
cytosol or on the side of a mother filament or bundle. If
barbed ends are free, as in the case of Arp2/3-nucleated
filaments, profilin—actin can assemble as well as actin
alone. On the other hand, a processive formin that
remains associated with the barbed end could accelerate
polymerization rates from profilin—actin compared to
actin alone. As long as a formin is associated or the
barbed-end is uncapped, filament elongation continues
at high rates, supported by the large pool of profilin—actin.
Disassembly of growing filaments occurs mainly in their
aged regions, comprising ADP-actin subunits, and is due
to prolific severing activity. Both villins and ADF/cofilins
are capable of severing filaments iz vitro (red squiggly
arrow), and the activity of ADF/cofilin is further
enhanced by the accessory protein AIP1. Whereas
ADF/cofilin creates free barbed-ends following severing,
villin remains attached and caps the newly-severed
barbed end. Additional capping factors include the het-
erodimeric capping protein (CP) and AIP1. CP is quite
abundant in cells and has a high affinity for the barbed-
end of filaments, suggesting that most available ends will
be quickly capped; it also dissociates from filament ends
extremely slowly zz vitro. Cells likely use multiple cap-
ping factors with overlapping activities to regulate
dynamics of different regions of networks; for example,
AIP1 appears to be involved with the disassembly of aged
ADP-F-actin fragments in yeast [42]. The fragments
generated by severing could recycle through the mono-
mer pool by the synergistic action of ADF/cofilin, CAP
and profilin. Alternatively, some of these fragments might
contribute bursts of growth by filament—filament anneal-
ing at uncapped ends. Finally, uncapping of filament ends
allows new growth to resume from the profilin—actin pool.

Filament waving or sliding is perhaps mediated by the
activity of myosin molecular motors of which two classes,
myosin XI and VIII, exist in plants [43]. Convolutedness
could be generated by endomembrane cargo trafficking
along filaments, sliding of filaments along the plasma
membrane or adjacent filament bundles [44]. Single fila-
ments are collected into higher-order structures by the
action of bundling proteins such as formin, fimbrin, villin,
LIM, SCAB1, and EF-1a [4]. Some of these bundles are
stable against the severing activity of ADF/cofilin (red
arrow with black X) and therefore have longer lengths and
lifetimes than single filaments.

Pharmacological and genetic analyses
implicate ABPs in specific aspects of actin
dynamics regulation

Historically, the function of actin cytoskeletal arrays in
plants has been tested with small molecule inhibitors like
cytochalasins, latrunculin and jasplakinolide, which are
known to bind to G-actin or F-actin [45]. New classes of
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pharmacological agents that target specific ABPs, or that
have undefined targets but impact actin organization or
dynamics, have also become available and are powerful
tools for dissecting the role of the cytoskeleton in diverse
cellular processes. Several of these pharmacological
agents have been used to probe actin stochastic dynamics
(1] L]
parameters [5°°,34°].

Hypocotyl epidermal cells that are treated for short
periods with low doses of latrunculin B (I.atB) show rapid
changes in the dynamics of single actin filaments [5°°].
LatB binds to G-actin and inhibits monomer addition
onto filament ends; thus, this compound preferentially
perturbs dynamic actin filaments. The elongation rate at
filament barbed-ends in epidermal cells treated with
100 nm LatB for 10 min is reduced threefold, indicating
a substantial reduction in the size of the assembly-com-
petent monomer pool. This has the consequence of
reducing the maximum filament length to 4.4 um in
treated cells, but does not significantly alter the severing
frequency. Another compound, 2,3-butanedione mono-
xime (BDM) is a myosin II inhibitor in mammalian cells
but also reportedly affects several myosin-dependent
activities in plants and dramatically slows actin rearrange-
ments [5°°]. The greatest effect of BDM is on filament
waviness and translocations; it markedly reduces the rate
of change of convolutedness iz vivo, but also affects
severing frequency [5°°]. This supports the assertion that
filament buckling and bending is a myosin-dependent
process; however, a better test would be to use more
specific myosin inhibitors or knock-out mutants. Finally,
prieurianin (Pri) is a limonoid compound that was origin-
ally identified as an inhibitor of endomembrane traffick-
ing in pollen tubes and named endosidin 1 [46]. Although
its molecular target is unknown, a recent study demon-
strates that Pri stabilizes actin filaments in plant and
mammalian cells [34°]. Like BDM, Pri appears to have
a rapid and dramatic effect on filament flexibility or
convolutedness. However, other stochastic dynamics
parameters are also significantly affected by 60 min treat-
ment of hypocotyl epidermal cells with 10 pm Pri, in-
cluding a 2.2-fold reduction in severing frequency; a 50%
reduction in depolymerization rate; and a 60% increase in
filament lifetimes.

In addition to the advantages for imaging and quantifying
cytoskeletal dynamics, plants also provide powerful
genetic tools to reduce or eliminate specific ABPs
[47,48]. Both Arabidopsis and Physcomitrella have been
used to establish the role of particular ABPs in actin
stochastic dynamics [8°°,32°,33°,37°]. For example, the
role of ADF/cofilin was demonstrated by examining the
phenotypes associated with a knock-out mutation for
ADF4 [49], a ubiquitously-expressed but minor isovariant
in Arabidopsis [50]. Loss of ADF4 resulted in a 2.5-fold
reduction in severing frequency, but had little impact on
the depolymerization rate for single filaments in the

cortical array of hypocotyl epidermal cells [32°]. Con-
sequently, the maximum filament lengths and lifetimes
of growing filaments were significantly increased; amaz-
ingly, some individual filaments could be observed to
grow to 40-70 wm in length before suffering a few breaks.
Although it is widely assumed that ADF/cofilin functions
in eukaryotic cells primarily via the severing of actin
filaments, these studies on plant cells provide the first
genetic evidence directly supporting this hypothesis
[8°°,32°]. Similarly, villins which are actin filament sever-
ing and bundling proteins in Arabidopsis [39,51,52], have
been demonstrated to regulate filament breakage in pol-
len tubes [37°].

Biochemically, the actin-interacting protein (AIP1) is
known to enhance the activity of ADF/cofilin iz vitro
[53]. This was demonstrated in living plant cells by an
elegant genetic approach targeting the single AIP/ gene
in P. patens [8°°]. The Aaipl knock-out plants created by
homologous recombination accumulated actin bundles
and had markedly altered filament dynamics. Specifically,
the frequency of severing events per unit area of cortical
cytoplasm, as well as the number of dynamic filament
ends, was reduced by 3.5 fold. The Aaipl phenotypes
could be partially rescued by overexpression of ADF. By
contrast, knocking down expression of the single ADF
gene in Physcomitrella [54] almost completely obliterates
actin filament dynamics [8°°]. This work further demon-
strates the critical nature of filament severing in the
dynamic remodeling of actin cortical arrays.

Regulation of filament barbed-end availability is pre-
dicted to be a key factor in funneling growth to particular
actin filaments and keeping the abundance of F-actin low
in cells [55,56]. The heterodimeric CP has these proper-
ties /n vitro [55,57], and recently knock-down mutants
with insertions in both Arabidopsis CP genes (cpa and ¢pb,
respectively) were used to characterize the role of fila-
ment capping iz vivo [33°]. As expected, reduction in CP
levels led to an increase in actin filament abundance in
hypocotyl and root epidermal cells, consistent with an
overall enhancement of polymerization from profilin—
actin due to the greater availability of barbed ends.
Stochastic dynamics parameters also reveal a significant
increase in filament ends, including more filaments that
originate from pre-existing ends and up to sixfold increase
in filament-filament annealing. Similar to loss of ADF4,
this results in longer maximum filament lengths and
increased lifetimes for growing filaments. Collectively,
these data show that CP functions /7 vive to keep actin
filaments short and short-lived.

Finally, the preliminary characterization of Arabidopsis
FORMIN1 mutants (%/) demonstrates a role for filament
nucleation in organizing the cortical array [58]. In root
epidermal cells of 4/ mutants, the density of actin fila-
ment arrays is reduced and bundling increases. Moreover,
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these cytoskeletal phenotypes are mimicked by treating
roots with a small molecule formin inhibitor (SMIFH2
[59]). Understanding which population of filament origins
is mediated by FORMIN1 or whether different classes of
growing ends are due to processive elongation versus
addition of free actin monomers awaits measurement of
stochastic dynamics parameters in the f/ mutants.
Because of potential redundancy in the large gene family
of Arabidopsis formins, this may be better evaluated in
Physcomitrella, where there are only two class II formins
[60°]. These are essential for polarized growth and were
elegantly demonstrated with a functional For2A-GFP
fusion protein to nucleate new filaments and then pro-
cessively elongate actin filaments or bundles at rates of
1.8 pm s7! [60°]. However, whether class II formins are
the main molecular player for generating and elongating
new filaments was not tested directly. Finally, whether
filaments can be nucleated by the Arp2/3 complex in
plant cells 7z vivo remains undetermined. Surprisingly,
analysis of stochastic dynamics parameters in guard cells
of Arabidopsis arp2 and arp3 mutants revealed an overall
increase in actin dynamics, with elevated assembly and
disassembly rates and a nearly twofold increase in sever-
ing frequency [38]. More work is obviously required to
determine if this represents some sort of compensation by
the mutant plants, or if these changes result from loss of
Arp2/3 nucleation activity.

Future directions

The ability to resolve individual actin filaments using
state-of-the-art imaging modalities has allowed the
generation of a testable model (Figure 3) for regulation
of actin cytoskeleton turnover in plant cells. Although
aspects of this model vary quantitatively from cell type
to cell type, or under different developmental con-
ditions (T'able 1), three consistent features are note-
worthy: barbed ends of filaments elongate at high rates;
the stochastic severing of aged filaments underpins
filament disassembly; and strict regulation of barbed-
end availability controls the number of growing fila-
ments in the cortical array. The role of key ABPs has
been elucidated with molecular precision using the
power of reverse-genetic analyses in both Arabidopsis
and Physcomitrella. In the future, it should be possible to
predict the biochemical properties of novel ABPs or
dissect the signaling intermediates that impinge on actin
turnover by evaluating single actin filament parameters
in appropriate mutant lines. A looming unanswered
question is: Why do plant cells expend such a large
proportion of their cellular energy (ATP) to incessantly
remodel the cortical array? One hypothesis is that this is
a surveillance mechanism to sense cellular stress at the
level of the plasma membrane—cell wall continuum
[5°°]. Small changes in ABP activities or altering single
parameters of turnover, for example inhibiting severing
activity, could result in the generation of new actin
arrays  within seconds. How individual filament
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dynamics change in response to attack by pathogenic
microbes, how this is choreographed with the vesicle
trafficking necessary for cell wall assembly, and how
cytoskeletal remodeling occurs following abiotic stress
will provide fruitful lines of investigation in the future.

Acknowledgements

Research on actin stochastic dynamics in the Staiger lab is supported by a
Collaborative Research Grant from the US National Science Foundation,
Arabidopsis 2010 Program (I0S-1021185). The VAEM/TIRF imaging
facility was funded, in part, through an award from the Bindley Bioscience
Center at Purdue. We thank current and previous members of the Staiger
lab as well as Dr. Clément Thomas (CRP-Santé, Luxembourg) for helpful
comments on the manuscript.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Hussey PJ, Ketelaar T, Deeks MJ: Control of the actin
cytoskeleton in plant cell growth. Annu Rev Plant Biol 2006,
57:109-125.

2. Staiger CJ, Poulter NS, Henty JL, Franklin-Tong VE, Blanchoin L:
Regulation of actin dynamics by actin-binding proteins in
pollen. J Exp Bot 2010, 61:1969-1986.

3. Thomas C, Tholl S, Moes D, Dieterle M, Papuga J, Moreau F,
Steinmetz A: Actin bundling in plants. Cell Motil Cytoskeleton
2009, 66:940-957.

4. Thomas C: Bundling actin filaments from membranes: some
novel players. Frontier Plant Sci 2012, 3:e00118.

5. Staiger CJ, Sheahan MB, Khurana P, Wang X, McCurdy DW,

ee Blanchoin L: Actin filament dynamics are dominated by rapid
growth and severing activity in the Arabidopsis cortical array.
J Cell Biol 2009, 184:269-280.

This landmark paper, along with Ref. [7°°], uses high spatial and temporal

fluorescence microscopy to describe and quantify single actin

filament dynamics in living epidermal cells. The principal findings are

that filament assembly occurs at barbed-ends with rates ~2 pm s~ and

disassembly occurs mainly by massive severing activity. This turnover

mechanism is termed stochastic dynamics to distinguish it from classical

treadmilling.

6. Vidali L, Rounds CM, Hepler PK, Bezanilla M: Lifeact-mEGFP
reveals a dynamic apical F-actin network in tip growing plant
cells. PLoS ONE 2009, 4:e5744.

7. Smertenko AP, Deeks MJ, Hussey PJ: Strategies of actin

ee reorganisation in plant cells. J Cell Sci 2010, 123:3019-3028.
Using different fluorescent reporters and multiple cell types, these
authors confirm the findings from Ref. [5°°] and reveal that the values
for actin turnover parameters vary between different materials. Never-
theless, severing and regulation of filament end availability are prominent
features of all plant cell types.

8. Augustine RC, Pattavina KA, Tlzel E, Vidali L, Bezanilla M: Actin
ee interacting protein1 and actin depolymerizing factor drive
rapid actin dynamics in Physcomitrella patens. Plant Cell 2011,
23:3696-3710.
This study is the first report of quantitative analyses for single filament
parameters in the moss, Physcomitrella patens, and establishes this as
another model system for dissecting actin dynamics or turnover mechan-
isms in plant cells. Evidence is presented demonstrating that AIP1 acts
synergistically with ADF/cofilin to enhance filament turnover.

9. Michelot A, Berro J, Guérin C, Boujemaa-Paterski R, Staiger CJ,
Martiel J-L, Blanchoin L: Actin-filament stochastic dynamics
mediated by ADF/cofilin. Curr Biol 2007, 17:825-833.

10. Roland J, Berro J, Michelot A, Blanchoin L, Martiel J-L: Stochastic
severing of actin filaments by actin depolymerizing factor/
cofilin controls the emergence of a steady dynamical regime.
Biophys J 2008, 94:2082-2094.

www.sciencedirect.com

Current Opinion in Plant Biology 2013, 16:678-687


http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0005
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0005
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0005
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0010
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0010
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0010
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0015
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0015
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0015
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0020
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0020
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0025
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0025
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0025
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0025
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0030
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0030
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0030
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0035
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0035
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0040
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0040
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0040
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0040
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0045
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0045
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0045
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0050
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0050
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0050
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0050

686 Cell biology

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Higaki T, Sano T, Hasezawa S: Actin microfilament dynamics
and actin side-binding proteins in plants. Curr Opin Plant Biol
2007, 10:549-552.

Ketelaar T, Anthony RG, Hussey PJ: Green fluorescent protein-
mTalin causes defects in actin organization and cell
expansion in Arabidopsis and inhibits actin depolymerization
factor’s actin depolymerizing activity in vitro. Plant Physiol
2004, 136:3990-3998.

Sheahan MB, Rose RJ, McCurdy DW: Organelle inheritance in
plant cell division: the actin cytoskeleton is required for
unbiased inheritance of chloroplasts, mitochondria and
endoplasmic reticulum in dividing protoplasts. Plant J 2004,
37:379-390.

Higaki T, Kojo KH, Hasezawa S: Critical role of actin bundling
in plant cell morphogenesis. Plant Signal Behav 2010,
5:484-488.

Wang Y-S, Motes CM, Mohamalawari DR, Blancaflor EB: Green
fluorescent protein fusions to Arabidopsis fimbrin 1 for spatio-
temporal imaging of F-actin dynamics in roots. Cell Motil
Cytoskeleton 2004, 59:79-93.

Sheahan MB, Staiger CJ, Rose RJ, McCurdy DW: A green
fluorescent protein fusion to actin-binding domain 2 of
Arabidopsis fimbrin highlights new features of a dynamic actin
cytoskeleton in live plant cells. Plant Physiol 2004, 136:3968-
3978.

Voigt B, Timmers ACJ, Samaj J, Mller J, Baluska F, Menzel D:
GFP-FABD2 fusion construct allows in vivo visualization of the
dynamic actin cytoskeleton in all cells of Arabidopsis
seedlings. Eur J Cell Biol 2005, 84:595-608.

Ried! J, Crevenna AH, Kessenbrock K, Yu JH, Neukirchen D,
Bista M, Bradke F, Jenne D, Holak TA, Werb Z et al.: Lifeact: a
versatile marker to visualize F-actin. Nat Methods 2008, 5:605-
607.

Era A, Tominaga M, Ebine K, Awai C, Saito C, Ishizaki K,
Yamamoto KT, Kohchi T, Nakano A, Ueda T: Application of lifeact
reveals F-actin dynamics in Arabidopsis thaliana and the
liverwort, Marchantia polymorpha. Plant Cell Physiol 2009,
50:1041-1048.

Era A, Kutsuna N, Higaki T, Hasezawa S, Nakano A, Ueda T:
Microtubule stability affects the unique motility of F-actin in
Marchantia polymorpha. J Plant Res 2013, 126:113-119.

Konopka CA, Bednarek SY: Variable-angle epifluorescence
microscopy: a new way to look at protein dynamics in the plant
cell cortex. Plant J 2008, 53:186-196.

Ehrhardt DW, Frommer WB: New technologies for 21st century
plant science. Plant Cell 2012, 24:374-394.

Smertenko A, Franklin-Tong VE: Organisation and regulation of
the cytoskeleton in plant programmed cell death. Cell Death
Differ 2011, 18:1263-1270.

Ehrhardt DW, Shaw SL: Microtubule dynamics and
organization in the plant cortical array. Annu Rev Plant Biol
2006, 57:859-875.

Lucas J, Shaw SL: Cortical microtubule arrays in the
Arabidopsis seedling. Curr Opin Plant Biol 2008, 11:94-98.

FuY, Gu Y, Zheng Z, Wasteneys G, Yang Z: Arabidopsis
interdigitating cell growth requires two antagonistic pathways
with opposing action on cell morphogenesis. Cell 2005,
120:687-700.

FuY, Wu G, Yang Z: Rop GTPase-dependent dynamics of tip-
localized F-actin controls tip growth in pollen tubes. J Cell Biol
2001, 152:1019-1032.

Yu JH, Crevenna AH, Bettenbihl M, Freisinger T, Wedlich-
Sdldner R: Cortical actin dynamics driven by formins and
myosin V. J Cell Sci 2011, 124:1533-1541.

Chesarone-Cataldo M, Guérin C, Yu JH, Wedlich-Soldner R,
Blanchoin L, Goode BL: The myosin passenger protein Smy1
controls actin cable structure and dynamics by actin as a
formin damper. Dev Cell 2011, 21:217-230.

30. Blanchoin L, Boujemaa-Paterski R, Henty JL, Khurana P,
Staiger CJ: Actin dynamics in plant cells: a team effort from
multiple proteins orchestrates this very fast-paced game. Curr
Opin Plant Biol 2010, 13:714-723.

31. Day B, Henty JL, Porter KJ, Staiger CJ: The pathogen-actin
connection: a platform for defense signaling in plants. Annu
Rev Phytopathol 2011, 49:489-506.

32. Henty JL, Bledsoe SW, Khurana P, Meagher RB, Day B,

e  Blanchoin L, Staiger CJ: Arabidopsis actin depolymerizing
factor 4 modulates the stochastic dynamic behavior of actin
filaments in the cortical array of epidermal cells. Plant Cell
2011, 23:3711-3726.

This study, along with Ref. [8°°], provides the first genetic and direct

cytological evidence for filament severing by an ADF/cofilin in eukaryotic

cells. Loss of ADF4 results in reduced severing frequency, but increased
maximum filament lengths and lifetimes.

33. LiJ, Henty-Ridilla JL, Huang S, Wang X, Blanchoin L, Staiger CJ:
e  Capping protein modulates the dynamic behavior of actin
filaments in response to phosphatidic acid in Arabidopsis.
Plant Cell 2012, 24:3742-3754.
Heterodimeric capping protein (CP) is demonstrated to control the avail-
ability filament barbed-ends in live epidermal cells. Reductions in CP
levels lead to more dense filament networks with longer filament lengths
and lifetimes. By altering cellular PA levels, CP is shown to be a critical link
between signaling phospholipids and cytoskeletal dynamics.

34. Toth R, Gerding-Reimers C, Deeks MJ, Menninger S,

. Gallegos RM, Tonaco IAN, Hibel K, Hussey PJ, Waldmann H,
Coupland G: Prieurianin/endosidin 1 is an actin stabilizing
small molecule identified from chemical genetic screen for
circadian clock effectors in Arabidopsis thaliana. Plant J 2012,
71:338-352.

A limonoid compound, previously identified as an inhibitor of vesicle
trafficking, is shown to stabilize actin filaments by altering their turnover
properties. Specifically, Pri/ES1 attenuated filament waviness and
reduces filament severing. Identification of the target(s) for this natural
compound should facilitate understanding of its molecular activity and
increase its use as a tool for studying actin-based processes in cells.

35. Shaw SL, Kamyar R, Ehrhardt DW: Sustained microtubule
treadmilling in Arabidopsis cortical arrays. Science 2003,
300:1715-1718.

36. Wang X-L, Gao X-Q, Wang X-C: Stochastic dynamics of actin
filaments in guard cells regulating chloroplast localization
during stomatal movement. Plant Cell Environ 2011, 34:1248-
1257.

37. Qu X, Zhang H, Xie Y, Wang J, Chen N, Huang S: Arabidopsis
e villins promote actin turnover at pollen tube tips and facilitate
the construction of actin collars. Plant Cell 2013, 25:1803-1817.
Two villin isovariants, VLN2 and VLN5, act redundantly to coordinate
filament stability and turnover in pollen tubes. This is the first study to
quantitatively analyze the actin stochastic dynamics parameters in pollen.
Loss of villins results in a seventeen-fold reduction in severing frequency
and doubling of filament lifetime.

38. LilL-J, RenF, Gao X-Q, Wei P-C, Wang X-C: The reorganization
of actin filaments is required for vacuolar fusion of guard cells
during stomatal opening in Arabidopsis. Plant Cell Environ
2013, 36:484-497.

39. Khurana P, Henty JL, Huang S, Staiger AM, Blanchoin L,
Staiger CJ: Arabidopsis VILLIN1 and VILLIN3 have overlapping
and distinct activities in actin bundle formation and turnover.
Plant Cell 2010, 22:2727-2748.

40. Higaki T, Kutsuna N, Sano T, Kondo N, Hasezawa S:
Quantification and cluster analysis of actin cytoskeletal
structures in plant cells: role of actin bundling in stomatal
movement during diurnal cycles in Arabidopsis guard cells.
Plant J 2010, 61:156-165.

41. Vidali L, Burkart GM, Augustine RC, Kerdavid E, Tlzel E,
Bezanilla M: Myosin Xl is essential for tip growth in
Physcomitrella patens. Plant Cell 2010, 22:1868-1882.

42. Michelot A, Grassart A, Okreglak V, Costanzo M, Boone C,
Drubin DG: Actin filament elongation in Arp2/3-derived
networks is controlled by three distinct mechanisms. Dev Cell
2013, 24:182-195.

Current Opinion in Plant Biology 2013, 16:678-687

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0055
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0055
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0055
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0060
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0060
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0060
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0060
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0060
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0070
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0070
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0070
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0075
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0075
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0075
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0075
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0080
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0080
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0080
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0080
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0080
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0085
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0085
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0085
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0085
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0090
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0090
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0090
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0090
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0095
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0095
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0095
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0095
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0095
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0100
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0100
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0100
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0105
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0105
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0105
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0110
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0110
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0115
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0115
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0115
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0120
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0120
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0120
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0125
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0125
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0130
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0130
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0130
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0130
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0135
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0135
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0135
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0140
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0140
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0140
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0145
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0145
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0145
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0145
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0150
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0150
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0150
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0150
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0155
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0155
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0155
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0160
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0160
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0160
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0160
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0160
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0165
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0165
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0165
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0165
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0175
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0175
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0175
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0180
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0180
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0180
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0180
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0185
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0185
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0185
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0190
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0190
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0190
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0190
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0195
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0195
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0195
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0195
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0200
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0200
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0200
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0200
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0200
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0205
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0205
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0205
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0210
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0210
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0210
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0210

43.

44.

45.

46.

47.

48.

49.

50.

51.

Peremyslov VV, Mockler TC, Filichkin SA, Fox SE, Jaiswal P,
Makarova KS, Koonin EV, Dolja VV: Expression, splicing, and
evolution of the myosin gene family in plants. Plant Physiol
2011, 155:1191-1204.

Ueda H, Yokota E, Kutsuna N, Shimada T, Tamura K, Shimmen T,
Hasezawa S, Dolja VV, Hara-Nishimura I: Myosin-dependent
endoplasmic reticulum motility and F-actin organization in
plant cells. Proc Nat/ Acad Sci USA 2010, 107:6894-6899.

Allingham JS, Klenchin VA, Rayment |: Actin-targeting natural
products: structures, properties and mechanisms of action.
Cell Mol Life Sci 2006, 63:2119-2134.

Robert S, Chary SN, Drakakaki G, Li S, Yang Z, Raikhel NV,
Hicks GR: Endosidin 1 defines a compartment involved in
endocytosis of the brassinosteroid receptor BRI1 and the
auxin transporters PIN2 and AUX1. Proc Nat/ Acad Sci USA
2008, 105:8464-8469.

Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P,
Stevenson DK, ZImmerman J, Barajas P, Cheuk R et al.: Genome-
wide insertional mutagenesis of Arabidopsis thaliana. Science
2003, 301:653-657.

Bezanilla M, Pan A, Quatrano RS: RNA interference in the moss
Physcomitrella patens. Plant Physiol 2003, 133:470-474.

Tian M, Chaudhry F, Ruzicka DR, Meagher RB, Staiger CJ,

Day B: Arabidopsis actin-depolymerizing factor AtADF4
mediates defense signal transduction triggered by the
Pseudomonas syringae effector AvrPphB. Plant Physiol 2009,
150:815-824.

Ruzicka DR, Kandasamy MK, McKinney EC, Burgos-Rivera B,
Meagher RB: The ancient subclasses of Arabidopsis ACTIN
DEPOLYMERIZING FACTOR genes exhibit novel and
differential expression. Plant J 2007, 52:460-472.

Zhang H, Qu X, Bao C, Khurana P, Wang Q, Xie Y, Zheng Y,
Chen N, Blanchoin L, Staiger CJ et al.: Arabidopsis VILLIN5, an
actin filament bundling and severing protein, is necessary for
normal pollen tube growth. Plant Cell 2010, 22:2749-2767.

Actin stochastic dynamics Henty-Ridilla et al. 687

52. Zhang Y, Xiao Y, Du F, Cao L, Dong H, Ren H: Arabidopsis
VILLIN4 is involved in root hair growth through regulating actin
organization in a Ca?*-dependent manner. New Phytol 2011,
190:667-682.

53. Allwood EG, Anthony RG, Smertenko AP, Reichelt S, Drgbak BK,
Doonan JH, Weeds AG, Hussey PJ: Regulation of the pollen-
specific actin-depolymerizing factor LIADF1. Plant Cell 2002,
14:2915-2927.

54. Augustine RC, Vidali L, Kleinman KP, Bezanilla M: Actin
depolymerizing factor is essential for viability in plants, and its
phosphoregulation is important for tip growth. Plant J 2008,
54:863-875.

55. Huang S, Gao L, Blanchoin L, Staiger CJ: Heterodimeric capping
protein from Arabidopsis is regulated by phosphatidic acid.
Mol Biol Cell 2006, 17:1946-1958.

56. Staiger CJ, Blanchoin L: Actin dynamics: old friends with new
stories. Curr Opin Plant Biol 2006, 9:554-562.

57. Huang S, Blanchoin L, Kovar DR, Staiger CJ: Arabidopsis
capping protein (AtCP) is a heterodimer that regulates
assembly at the barbed ends of actin filaments. J Biol Chem
2003, 278:44832-44842.

58. Rosero A, Zérsky V, Cvrckova F: AtFH1 formin mutation affects
actin filament and microtubule dynamics in Arabidopsis
thaliana. J Exp Bot 2013, 64:585-597.

59. Rizvi SA, Neidt EM, Cui J, Feiger Z, Skau CT, Gardel ML,
Kozmin SA, Kovar DR: Identification and characterization of a
small molecule inhibitor of formin-mediated actin assembly.
Chem Biol 2009, 16:1158-1169.

60. van Gisbergen PAC, Li M, Wu S-Z, Bezanilla M: Class Il formin

e targeting to the cell cortex by binding PI(3,5)P. is essential for
polarized growth. J Cell Biol 2012, 198:235-250.

This study establishes a mechanism between PI(3,5)P, and actin remo-

delling in plant cells via a PTEN domain within moss formins. Striking

evidence is presented to show formin generating new actin filaments

bundles and being propelled by the force of actin polymerization.

www.sciencedirect.com

Current Opinion in Plant Biology 2013, 16:678-687


http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0215
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0215
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0215
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0215
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0220
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0220
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0220
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0220
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0225
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0225
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0225
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0230
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0230
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0230
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0230
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0230
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0235
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0235
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0235
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0235
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0240
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0240
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0245
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0245
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0245
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0245
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0245
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0250
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0250
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0250
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0250
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0255
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0255
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0255
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0255
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0260
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0260
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0260
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0260
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0260
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0265
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0265
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0265
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0265
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0270
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0270
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0270
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0270
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0275
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0275
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0275
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0280
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0280
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0285
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0285
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0285
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0285
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0290
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0290
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0290
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0295
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0295
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0295
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0295
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0300
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0300
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0300
http://refhub.elsevier.com/S1369-5266(13)00161-1/sbref0300

	Actin dynamics in the cortical array of plant cells
	Introduction
	Parameters for individual actin filament turnover in live cells have been measured
	A model for the biochemical regulation of actin stochastic dynamics
	Pharmacological and genetic analyses implicate ABPs in specific aspects of actin dynamics regulation
	Future directions
	Acknowledgements
	References and recommended reading


