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Abstract
Interactions between actins and microtubules play an important role in many fundamental cellular processes in eukaryotes. Although several studies have shown actins and
microtubules to be involved in specific cellular activities, little is known about how actins
and microtubules contribute together to a given process. Preprophase band formation,
which plays an essential role in plant division site determination, is a cellular process
that lends itself to studies of actin-microtubule interactions and how they contribute to
important cellular functions. Recently, we have analyzed microtubule-associated microfilaments during preprophase band formation in onion cotyledon epidermal cells using
a combination of high-pressure freezing/freeze substitution and electron tomography.
Quantitative analysis of our electron tomography data showed that relatively short single
microfilaments form bridges between two adjacent microtubules in the process of narrowing of the preprophase microtubule band. Two types of microtubule-microfilamentmicrotubule connections are observed, and these microfilament-microtubule interactions
suggest a direct role of F-actins in microtubule bundling. Based on these observations, we
discuss how different actin-microtubule linkers might contribute to preprophase band
narrowing and to other changes in microtubule organization in plant cells.
Keywords: actin-microtubule interaction, electron tomography, microtubule bundling,
plant morphogenesis, preprophase band

1. Introduction
Actin filaments (F-actins) and microtubules (MTs) are major components of the cytoskeleton of eukaryotic cells. Each involved in fundamental cellular processes, such as cell division, directional cell expansion, organelle movement and signal transduction. Studies of
cross-talk between F-actin and MT networks have led to the conclusion that actin-MT interactions are essential for the regulation of these cytoskeletal networks in eukaryotes [1]. In
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plants, actin has been postulated to play critical roles in MT-mediated cytomorphogenesis.
Plant shape is determined by the spatial and temporal regulation of cell division and cell
expansion. During interphase, directional cell expansion is controlled by interphase cortical
MTs, whereas during cell division, arrays of MTs, such as preprophase bands (PPBs), spindles and phragmoplasts contribute to division site determination, chromosome movement
and cell plate formation, respectively. Although electron microscope (EM) observations,
studies with fluorescence probes, pharmacological studies and molecular genetic studies
have provided insights into the possible cross-talk between actin and MT-systems, little is
known about how actin controls MT organization during morphogenesis [2]. The PPB is a
plant-specific cytokinetic apparatus that establishes the future site of cell division, and the
evidence for actin-MT cross-talk has been obtained from fluorescent microscope studies
[3]. Recently, we have succeeded in observing how microfilaments (MFs) interact with MTs
and thereby cause MT bundling using electron tomography analysis of cryofixed cells [4].
In this chapter, we review how interactions between F-actins and MTs control plant cell
expansion and cell division. We then explain why electron tomography is an excellent tool
for the analysis of the 3D architecture of MF-MT interactions during PPB development.
Finally, we discuss candidate molecules that might mediate these actin-MT interactions.

2. Evidence for the involvement of actin-MT interactions in plants
A list of studies supporting the hypothesis that actin-MT interactions play important roles in
plant morphogenesis is shown in Tables 1 and 2. In electron micrographs, F-actins give rise to
~6 nm in diameter MFs and are seen in close proximity to and aligned with MTs. Such MFs are
linked to the MTs through cross-bridging structures (see papers marked EM in Tables 1 and
2). Fluorescent microscopy provides several methods for studying F-actins and MTs. Most
frequently, F-actins and MTs are visualized by means of specific antibodies with attached
fluorescent tags (see papers marked IF in Tables 1 and 2). Fluorescent-labeled phalloidins
are also used to detect F-actins (see papers marked Ph in Tables 1 and 2). Microinjection of
fluorescent-labeled cytoskeletal proteins or phalloidin has been used to examine cytoskeletal dynamics in living cells (see papers marked Inj (Ph/) in Tables 1 and 2). Live cell studies of expressed chimera peptides with fluorescent protein-tags have also yielded important
results (see papers marked e.g. live GFP-AtFim1/ in Tables 1 and 2). An alternative is to use
cytoskeleton-modifying drugs to investigate cytoskeletal involvement in cellular processes
in different types of cells (Tables 1B, C and 2B). For example, to determine whether actins
exert a role in a MF-mediated function of a cell, the disruption or stabilization on the organization of MTs, and vice versa can be determined. Genetic modifications in combination with
cytoskeleton-altering drugs provide yet another tool for investigating MF-MT interactions
(Tables 1B, C and 2B)
2.1. Directional cell expansion
The shape of plant cells is defined by the mechanical properties of their cell walls, and cortical MTs help determine plant cell shape by controlling the direction of deposition of cell
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Plant

Cell type

Imaging method

(A) Colocalization of actins with MTs/ MFs associated with MTs
Franke et al. [5]

Liliumlongiflorum

Pollen tube

EM (chem)

Seagull and Heath [6]

Raphanussativus

Root hair

EM (chem)

Hardham et al. [7]

Graptopetalumparaguayense

Leaf

EM (chem)

Tiwari et al. [8]

Triticum
Agrostis
Phleum

Leaf trichome
Leaf epidermal cell
Root tip cell

EM (cryo)
EM (chem)

Emons [9]

Equisetum hyemale
Limnobiumstoloniferum

Root hair
Root hair

EM (cryo)

Lancelle et al. [10]

Nicotianaalata

Pollen tube

EM (cryo)

Kobayashi et al. [11]

Zinnia elegans

Suspension culture cell
(tracheary element)

Ph/ IF

Pierson et al. [12]

Nicotianatabacum
Liliumlongiflorum

Pollen tube
Pollen tube

Ph/IF

Sonobe and Shibaoka [13]

Nicotianatabacum

Suspension culture cell

Ph/IF

Ding et al. [14]

Nicotianatabacum

Root tip cell

EM (cryo)

Kengen and Derksen [15]

Nicotianaplumbaginifolia

Protoplast

EM (DC)

Lancelle and Hepler [16]

Nicotianaalata

Pollen tube

EM (cryo)

Cleary et al. [17]

Selaginellakraussiana

Differentiating guard cell

Ph/MT

Tominaga et al. [18]

Hydrocharisdubia

Root hair

Ph/IF, EM (chem)

Murata et al. [19]

Nicotianatabacum
Allium cepa

Root tip cell
Cotyledon epidermal cell

EM (cryo)

Sampathkumar et al. [20]

Arabidopsis thaliana

Epidermal cell of root

Live (GFP-FABD/
mCherry-TUA5)

(B) F-actin disruption/stabilization causes alternation in MT organization
Kobayashi et al. [11]

Zinnia elegans

Suspension culture cell
(tracheary element)

Ph/IF

Seagull [21]

Gossypiumhirsutum

Cotton fiber

IF/IF

Kadota and Wada [22]

Adiantumcapillus-veneris

Protonemal cell

Ph/IF

Hasezawa et al. [23]

Nicotianatabacum

Suspension culture cell

Ph/IF

Takesue and Shibaoka [24]

Vignaangularis

Epidermal cell of epicotyl

Ph/IF

Blancaflor [25]

Zea mays

Cortical cell of root

Ph/IF

Schwab et al. [26]

Arabidopsis thaliana (dis2)

Trichome

Live (-/GFP-MAP4)

Saedler et al. [27]

Arabidopsis thaliana (dis2)

Trichome

Live (CFP-mTalin/
YFP-MAP4)

Timmers et al. [28]

Medicagotruncatula

Root hair

Live (GFP-FABD2/
GFP-MBD,YFP-EB1)

Sainsbury et al. [29]

Allium porrum

Leaf epidermall cell

Live (-/GFP-MBD)
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Plant

Cell type

Imaging method

(C) MT disruption/stabilization causes alteration in actin organization
Kobayashi et al. [11]

Zinnia elegans

Suspension culture cell
(tracheary element)

Ph/ IF

Chu et al. [30]

Secalecereale

Root tip cell

Ph/ IF

Tominaga et al. [18]

Hydrocharisdubia

Root hair

Ph/ IF

Collings et al. [31]

Nicotianatabacum

Suspension culture cell

IF/ IF

Collings and
Wasterneys [32]

Arabidopsis thaliana

Root epidermal cell

IF/ IF

Collings et al. [33]

Arabidopsis thaliana (mor1)

Root epidermal cell

IF/ IF

Smertenko et al. [34]

Nicotianatabacum
Arabidopsis thaliana

Suspension culture cell
Root

Live (GFP-Lifeact/-)

Shevchenko [35]

Arabidopsis thaliana

Root transition zone

Liv (GFP-ABD2/-)

EM (chem), electron microscopy with chemical fixed materials;EM (cryo), electron microscopy with cryo-fixed materials;
EM (DC), electron microscopy of dry cleaved sample; IF, immunofluorescence method; Ph, phalloidin labelled with
fluorescent dyes; Live, live imaging
Table 1. Actin-MT cross-talks in cell expansion.
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Plant

Cell type

Imaging method

Kakimoto and Shibaoka [36]

Nicotianatabacum

Suspension culture cell

Ph/IF

Palevitz [37]

Allium cepa

Root tip cell

Ph/IF

Traas et al. [38]

Daucuscarota

Suspension culture cell

Ph/-

Lloyd and Traas [39]

Daucuscarota

Suspension culture cell

Ph/-

McCurdy et al. [40]

Triticumaestivum

Root tip cell

IF/-

Palevitz[41]

Allium cepa

Root tip cell

Ph/IF

Katsuta et al. [42]

Nicotianatabacum

Suspension culture cell

Ph/IF

McCurdy and Gunning [43]

Triricumaesrivum

Root tip cell

IF/IF

Mineyuki and Palevitz [44]

Allium cepa

Cotyledon epidermal cell

Ph/IF

Ding et al. [45]

Nicotianatabacum

Root tip cell

EM (cryo)

Cleary et al. [46]

Tradescantiavirginiana

Stamen hair cell

Inj (Ph/tubulin)

Eleftheriou and Palevitz [47]

Allium cepa

Root tip cell

IF/IF

Liu and Palevitz [48]

Allium cepa
Tradescantiavirginiana

Root tip cell

IF/IF

Panteris et al. [49]

Adiantumcapillus-veneris

Root tip cell

Ph/IF

Cleary [50]

Tradescantiavirginiana

Stomatal complexes

Inj (Ph/-)

Cleary and Mathesius [51]

Tradescantiavirginiana

Leaf epidermal cell

Ph/IF

Baluska et al. [52]

Zea mays

Root tip cell

IF/-

Zachariadis et al. [53]

Pinusbrutia

Root tip cell

Ph/IF

Sano et al. [54]

Nicotianatabacum

Suspension culture cell

Live (GFP-ABD2/-)

(A) F-actins (or MFs) in the PPB
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Plant

Cell type

Imaging method

Li et al. [55]

Arabidopsis thaliana

Suspension culture cell

Ph/IF

Higaki et al. [56]

Nicotianatabacum

Suspension culture cell

Live (GFP-ABD2/ -)

Panteris et al. [57]

Zea mays, Triticumturgidum

Leaf stomatal complexes

Ph/ IF

Takeuchi et al. [58]

Allium cepa

Root tip cell

IF/ IF

Takeuchi et al. [4]

Allium cepa

Cotyledon epidermal cell

EM (cryo)

(B) F-actin disruption causes alternation in MT organization in the PPB
Mineyuki and Palevitz [44]

Allium cepa

Cotyledon epidermal cell

Ph/ IF

Eleftheriou and Palevitz [47]

Allium cepa

Root tip cell

IF/ IF

Granger and Cyr [59]

Nicotianatabacum

Suspension culture cell

Live (-/ GFP-MBD)

Li et al., [55]

Arabidopsis thaliana

Suspension culture

IF/ IF

Kojo et al. [60]

Nicotianatabacum

Suspension culture cell

Live (-/GFP-tubulin)

Takeuchi et al. [58]

Allium cepa

Root tip cell

IF/ IF

Forer and Jackson,
Forer et al. [61–63]

Haemanthuskatherinae

Endosperm

EM (chem)

Seagull et al. [64]

Medicago sativa

Suspension culture cell

Ph/IF

Traas et al. [38]

Daucuscarota

Suspension culture cell

Ph/-

Traas et al. [65]

Splanummelongena

Miotic cell

Ph/IF

Czaban and Forer [66]

Haemanthuskatherinae

Endosperm

Ph/IF

Clayton and Lloyd [67]

Allium cepa

Root tip cell

Ph/IF

Gunning and Wick [68]

Tradescantiavirginiana

Stamen hair cell

Ph/IF

Schmit et al. [69]

Haemanthuskatherinae

Endosperm

Ph/IF

Kakimoto and Shibaoka [36]

Nicotianatabacum

Suspension culture cell

Ph/IF

Traas et al. [38]

Daucuscarota

Suspension culture cell

Ph/-

Palevitz [70]

Allium cepa

Root tip cell

Ph

Schmit and Lambert [71]

Haemanthuskatherinae

Endosperm

Ph, IF/ IF, EM (chem)

Lloyd and Traas [39]

Daucuscarota

Suspension culture cell

Ph/IF

Kakimoto and Shibaoka [72]

Nicotianatabacum

Suspension culture cell

EM (chem)

Traas et al. [65]

Splanummelongena

Miotic cell

Ph/ IF

Schmit and Lambert [73]

Haemanthuskatherinae

Endosperm

Inj (Ph/-)

Zhang et al. [74]

Tradescantiavirginiana

Stamen hair cell

Inj (Ph/tubulin)

Collings et al. [75]

Allium cepa

Root tip cell

IF/IF

Collings and Wasteneys [32]

Arabidopsis thaliana

Root tip cell

IF/IF

(C) Actins in spindle

(D) Actins in phragmoplast

EM(chem), electron microscopy with chemical fixed materials; EM(cryo), electron microscopy with cryo-fixed
materials;Live, live imaging; IF, immunofluorescence method; Ph, phalloidin labeled with fluorescent dyes; Inj,
microinjection of fluorescent-labeled probes
Table 2. Actin-MT cross-talks in cell division.
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wall fibrils [76–78]. In pollen tubes and root hair cells, cortical MTs run parallel to the cell
axis and a similar F-actin pattern has been observed by EM images (see papers marked EM
in Table 1A). Transversely aligned cortical MTs are observed in the elongating cells of roots,
suspension culture cells and fern protonemata. Transversely arranged F-actins have also
been observed in these cells (Table 1A) as well as MFs associated with cortical MTs (see
papers marked EM in Table 1A). In dry-cleaved preparations of tobacco protoplasts, Kengen
and Derksen [15] were able to follow MT-associated MFs over distances up to 1.46 µm. The
presence of MTs connected to MFs via cross-bridging molecules [10, 14] suggests that the
organization of such MTs is influenced by the direct interaction with F-actins. The fact that
the short F-actins can slide along MTs as seen in live cell imaging studies using fluorescentlabeled MTs and F-actins suggests an involvement of motor proteins in this cross-bridging
process [20]. Pharmacological studies suggest that F-actins either play a role in cortical MT
organization, or that the MTs can regulate the organization of actin (Table 1B, C).
In addition to the direct physical actin-MT interactions described in the previous paragraph,
there are other MT systems in which different types of actin-MT interactions have been observed.
For example, during the formation of tracheary elements in cultured cells of Zinnia, F-actins are
formed between reticulate arrays of MT bundles. The fact that the disruption of the F-actin
aggregates by cytochalasin affects the MT organization in this system suggests that the F-actin
aggregates are involved in MT organization [11, 79]. Coordination of MT and actin networks is
also required for morphogenesis of cells showing complex expansion patterns such as leaf pavement cells and trichomes [80–83]. Actins and MTs have been shown to serve distinct roles during
the formation of the intricately shaped leaf mesophyll and epidermal cells. Thus, the cortical
MT bundles appear to determine the sites of deposition of cell wall molecules that prevent cell
wall expansion, whereas actin patches regulate the formation of the cell lobes [80]. Formation
of separate MT and actin domains appears to be coordinated by the activity of RopGTPase [82].
During trichome morphogenesis, control of MT dynamics by actin has been inferred from studies of distorted2 (dis2) mutants defective in the actin-related ARP2/3 complex. The ARP2/3 complex regulates actin polymerization and the dis2 mutation gives rise to distorted trichomes. The
mutant trichomes exhibit changes in MT organization that is similar to those seen in cytochalasin-treated cells [26, 27]. The tortifolia2 (tor2) mutant has a mutation in α-tubulin4 that causes
aberrant cortical MT dynamics and overbranching of the trichomes. The double mutant of tor2
with dis1, another ARP2/3 complex mutant, shows complete loss of anisotropic growth, and
MT organization in the mutant is severely disturbed in comparison with the respective single
mutants. Based on these observations, Sambade [84] proposed that cortical MTs have two different functions, actin-dependent and actin-independent functions during trichome differentiation.
2.2. Cell division
Spindle: Forer’s group has suggested that F-actins are present in the spindles of Haemanthus
endosperm based on EM observations of chemically fixed cells decorated with heavy meromyosin as well as on fluorescent microscope observations using rhodamine phalloidin [61–63, 66].
In contrast, Schmit and co-workers [69, 71, 73] using live Hemanthus endosperms injected with
fluorescent phalloidin probes or fixed Hemanthus endosperms stained with fluorescent phalloidin, reported that the concentration of F-actins is low inside spindles and that instead they form
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a cage-like structure around the spindle. The actin cage has also been observed in Tradescantia
stamen hair cells [46]. Disruption of the actin cages around spindles alters both spindle positioning and spindle orientation [60, 85].
Phragmoplast: Actins have been shown to be present in phragmoplasts by means of fluorescent dye-labeled phalloidin [36–38, 67, 68]. However, both EM and fluorescent microscope
observations have shown that the organization of phragmoplast actin differs from that of
the MTs [32, 71, 75, 85]. A high density of short F-actins is seen in the equatorial plane oriented parallel to the MTs. F-actins identified by heavy meromyosin decoration have also been
observed near the forming cell plate, and the heavy meromyosin arrowheads on the F-actins
point away from the cell plate [72].
PPB: The presence of actins in PPBs has been documented in a variety of tissues through
fluorescence microscopy techniques (Table 2A). Single MFs associated with PPBs in highpressure frozen cells have also been visualized by EM [4, 45]. The development of PPBs is an
interesting process in terms of actin-MT interactions, because actins are associated with MTs
during the early developmental stages but are absent from later stages. This is illustrated in
Figure 1. PPBs develop from broad bands of MTs in the G2 phase of the cell cycle. Cells exhibiting an early broad PPB also possess a broad cortical F-actin array (Interphase in Figure 1),

Figure 1. Actin-MT cross-talk during PPB development in root tip cells of onion seedlings. Cells were triple labeled for
actin (red), tubulin (green) and DNA (blue). Interphase, the broad PPB MT and actin. Prophase, the narrow PPB MT and
actin. Late prophase, a narrow PPB with ADZ (arrowhead). Late prophase (Cytochalasin D), a late prophase cell treated
with 20 µM cytochalasin D for 30 min. Scale bar: 10 µm. Modified from Ref. [58].
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and in the subsequent period, the actin band narrows in parallel with the narrowing of the
PPB MT band (Prophase in Figure 1). However, when the PPB MTs reach their narrowest
configuration in late prophase (Late prophase in Figure 1), the fluorescent actin signals start
to disappear from the cell cortex region occupied by the MT band, giving rise to the actindepleted zone (ADZ) [46, 48]. The ADZ forms prior to the breakdown of the nuclear envelope
and persists throughout mitosis [46, 48]. It is known that F-actin disrupters, such as cytochalasins and latrunculins, not only prevent narrowing of the PPB MT but also rewidening of
narrowed MT band (see references in Table 2B). The effect of cytochalasin D on PPB actin is
unique. When cytochalasin D is applied to late prophase cells, PPB MT widening occurs and
actins stay in the broadened PPB instead of disappearing from the PPB region (Late prophase
(cytochalasin D) in Figure 1).

3. Evidences for MF-MT association revealed by electron tomography
3.1. Visualization of single F-actins in electron micrographs
Bundled MFs in plant cells were first observed in streaming Nitella cells by Nagai and Rebhun
[86]. Subsequently, the MFs were identified as F-actins by heavy meromyosin decoration [87].
Since then, MFs have been observed in a variety of plant cells [6–8, 10, 14, 16, 45, 88–91].
Murata et al. [19] optimized the condition to preserve and visualize MFs in the cortical cytoplasm of plant cells. They applied high-pressure freezing/freeze-substitution followed by
post-fixation with OsO4 and uranyl acetate to achieved stable preservation and high contrast
of the fine MFs in both tobacco root tips and onion cotyledons (Figure 2). A single, ~1-µm-long
MF preserved by this method is illustrated in Figure 2B.

Figure 2. MFs in the high pressure frozen/freeze-substituted plant cell cortex. (A) A tobacco root tip cell. (B) An epidermal
cell of an onion cotyledon. Arrowheads, MFs. Bar = 500 nm. (A) Modified from Ref. [19], (B) modified from Ref. [4].
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3.2. Spatial relationship between MFs and MTs during PPB development
Electron tomography is a powerful method for visualizing and quantitatively analyzing the
ultrastructural features of cells in 3D. The 3D volume is reconstructed from a series of 2D-EM
images of successively tilted samples. It enables researchers to analyze the 3D organization
of filamentous structures in cells and has been applied to study of F-actin networks in lamellipodia [92] and MTs in hyphae [93]. Electron tomography has also been applied to cell division studies in plants, most notably to obtain quantitative information on the organization of
cortical MTs as well as cell plate forming structures [94–96].
PPB development in epidermal cells of onion cotyledons is well-characterized [96, 97], and this
experimental system has proven advantageous for elucidating the events associated with PPB
formation. In particular, it has enabled us to characterize the organization of MFs in the PPBs
of onion cotyledon epidermal cells by means of electron tomography of high pressure frozen/
freeze-substituted tissues. For these studies, a basal part of the cotyledon was cut and immediately high-pressure frozen, then samples were freeze-substituted and embedded in Spurr’s
resin [19]. Tomograms were generated from the tilted image series of 250-nm-thick serial sections of PPB-containing cells, and the tomograms were analyzed with IMOD [98]. The tomograms obtained by these means covered a ~4 µm2 large area of the cell cortex and enabled us to
obtain quantitative information on the distribution of coated and non-coated vesicles in PPBs,
the number and length of PPB MFs, as well as on the spatial relationship between individual
fibers of MFs and MTs in the PPBs [4, 96]. During the course of these studies, we made approximately 50 serial sections for each cell, which enabled us to determine both the nuclear stage and
the corresponding developmental stage of the PPB for each cell used for the electron tomography analysis. The results are reported in Ref. [4] and are briefly summarized in Figure 3.
Tomographic models of Figure 3A–E show changes in MT and MF organization during this process. As reported previously [44], most cortical MTs (magenta lines) are not arrange transversely
in interphase cells of the basal region of the onion cotyledon epidermis and very few MT-MF
interactions are seen (Figure 3A). At the onset of PPB formation, the MTs become organized
into loose, irregular arrays transversely oriented to the longitudinal axis of the cells and the first
MT-associated MFs (yellow lines) start to appear (Figure 3B). During this MT reorganization,
groups of two or three MTs initiate the formation of MT bundles by moving closer together
and becoming more aligned (Figure 3C). Then, pairs of closely aligned MTs serve as templates
for the assembly of increasingly large MT clusters (Figure 3D). A majority of the MFs become
aligned with and many become bound to the MTs. This spatial relationship is maintained until
the MT band narrows. In late prophase, the density of the MFs declines within the PPB region
(bracketed area) compared to the area outside of the PPB where the cortical MFs are randomly
oriented (Figure 3E, F). This stage appears to correspond to late prophase during which the ADZ
is formed (Figure 1). As the behavior of MFs is similar to those reported in F-actins by fluorescent
microscopy, the MFs described here seem to correspond to F-actins. MFs in PPBs were single, relatively short (168 ± 14 nm) filaments. In contrast, the longer (>500 nm) MFs were seen only in the
cortex of interphase cells and were not bound to MTs (Figure 2B). This suggests that single short
F-actins play an essential role in the formation of actin-MT interactions during PPB formation.
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Figure 3. Changes in MT-MF interactions during PPB formation of onion cotyledon epidermal cells. All images are
adapted from Figures 1, 3 and 4 in Ref. [4]. (A)–(F) Electron tomographic models showing the distribution of MFs (yellow
lines) and MTs (magenta lines) in the cortical cytoplasm of tangentially sectioned cells. Circles, Contact sites between a
MF end and a MT. Asterisk, A MF running along two MTs that is linked with these MTs. Bar = 500 nm. (A) Interphase
cell with randomly oriented cortical MTs and MFs. (B) Interphase cell with some transversely oriented MTs. (C) Early
prophase cell with a broad PPB. (D) Prophase cell containing a narrow PPB. (E) Late prophase cell with a narrow PPB.
(F) Same model as shown in (E) but without the MT images. White bracket, the PPB region. (G)–(M) Images of MFs from
tomograms of tangentially sectioned cell cortex regions. Bars = 100 nm. (G) A tomographic slice image showing a MF
(arrowheads) associated with a cortical MT. (H) A tomographic model showing the MF and MTs illustrated in (G). (I)–(K)
Three tomographic slices from a small volume of a PPB. (I) and (J) The single MF (arrowhead) is bound to two adjacent
MTs, MTa (I) and MTb (J), by cross-bridges (arrows). (L) and (M) Tomographic models showing arrangement of the two
MTs and one MF illustrated in (I)–(K).

Detailed analyses of the PPB tomograms revealed several interesting features of the MF-MT
interactions. Single short MFs whose one end attaches to the surface of a MT are seen when
PPB formation starts (circles in Figure 3). Subsequently, single MFs are seen running along
MTs as they become attached to the MTs by cross-linkers. Two types of MF-MT cross-linkers
can be distinguished. Short cross-bridges (~14 nm long) appear in early prophase and slightly
longer ones (~17 nm long) during the later stages of PPB maturation [4]. However, the number
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of MFs forming bridges between MTs is typically low during the early stages of PPB formation
but increases as the development of the PPBs progresses. Similarly, during the earliest stages
of PPB formation, the length of the majority of MFs is 50–100 nm. As the PPB matures, the
length of the MFs increases suggesting that they are elongated while attached to the MTs. Two
types of single MFs connecting adjacent MTs are seen. One type of MF forms bridging structures between MTs (Figure 3G, H), whereas the other consists of MFs running between two
adjacent MTs, with close connections to both MTs. Interestingly, the linkers to the two MTs are
not in the same plane (Figure 3I–M). When the PPBs mature, the number of MT-associated
MFs decreases, whereas the number of MT-MT interactions increases. The MT-MT bridges
form tight ladder-like connections between the MTs.
Based on these observations, we have developed a hypothesis for the role of short F-actins
on MT bundling during PPB formation ([4], Figure 4). Actin-MT interactions in PPBs start
when one end of a short F-actin fragment (~70 nm) attaches to a MT (Figure 4A). The F-actin
fragment then becomes aligned along the MT by linkers (Figure 4B) and starts elongating
(Figure 4C). Elongation of the MT-associated MFs enables them to connect two MTs that are
separated by spaces that are too big to be bridged by MT-MT linker proteins (Figure 4D).
As the zippering up of the MF-linked MTs continues, the MTs come closer together with
the MFs becoming sandwiched between the two parallel MTs to which they are connected
through alternating cross-links (Figure 4E). The MF mediated cross-links are replaced by
direct MT-MT bridging structures (shown in Figure 7 in Ref. [4]) and the MFs disappear
from the dense MT arrays. Based on their length, the MT-MT linkers can be divided into two
groups. Long linkers (Figure 4F) are dominant during the early stages of PPB formation and
are replaced by the short ones as the MT band narrows (Figure 4G). Although the molecules
that form the linkers have yet to be positively identified, several MT associated proteins have
been localized to PPBs [99, 100].

Figure 4. A model showing how single F-actins bind to MTs and contribute to MT bundling during the early stages of
PPB formation. (A)–(C) Development of MT-associated MFs. (D) and (E) Two types of F-actin-MT connections between
two adjacent MTs. (F) and (G) Two types of MT-MT connection by MAPs. Adapted from Ref. [4].
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4. Molecular candidates involved in actin-MT interaction
The interaction between actins and MTs is mediated by linkers that connect the MFs to the
PPB MTs. Here, we discuss several candidate proteins capable of binding to actins and to
MTs and thereby control their organization and functions. The list includes several kinesins,
formins and MT-associated proteins [101, 102].
Kinesins: One group of candidate proteins capable of forming actin-MT bridges belongs to
the kinesin-14 family of proteins with actin-binding and calponin-homology domains (KCHs)
reviewed in Ref. [103]. KCHs have been identified as plant-specific kinesins and belong to
the minus end-directed kinesin subfamily. Members of the KCH protein family capable of
forming actin-MT cross-bridges have been identified in a variety of plant species and tissues,
in cotton fibers [104, 105], rice coleoptiles [106] and tobacco cells [106]. Two kinesin-14 family
proteins, KingG [107] and NtKCH [108] localize to PPBs. Localization of the KingG also suggest its movement towards the minus-ends of MTs in vivo [107]. Although their function in
the PPB is unknown, the KCHs may function to align F-actin to MTs and hereby contribute to
the formation of MT bundles.
Formins: In plants, formins constitute a large family of proteins. Their primary function is
to serve as regulators of the actin cytoskeleton. Since some plant formins have the ability to
nucleate F-actins, they are considered candidate proteins for initiating the assembly of PPB
F-actins [109–112]. Furthermore, considering that some formins have been shown to also possess MT-binding activity [113], they may play a role in generating MT-associated F-actins as
described by Sampathkumar et al. [20]. The class II formin isoform AFH14 of Arabidopsis is a
candidate protein for generating links between actin and MTs in PPBs, since it has been localized to PPBs. AFH14 can bind directly to and bundle actin and MTs via its FH1FH2 domain,
which is a highly conserved site in formin family proteins. In addition, it shows cross-linking
activity between F-actin and MT [114]. Another class II formin, the rice formin FH5 has been
shown to interact with actin and MT [115, 116]. Binding of the Arabidopsis AtFH4 to MTs is
mediated by the GOE domain, a conserved domain in the class I subfamily of Arabidopsis
formins [117]. AtFH1, which is the main housekeeping formin in Arabidopsis, has also been
suggested to participate in actin-MT cross-talk. Mutations of the AtFH1 affect root cell expansion, root hair morphogenesis, and cytoskeleton structures and alter the dynamics of actin
and MTs even as it lacks known MT-binding motifs [118].
Actin-related protein-2/3 (ARP2/3) complex: The ARP2/3 complex is another regulator of the
F-actin in plants that can initiate actin polymerization as well as control F-actin organization and
thereby cell shape. In contrast to formin that promotes the nucleation of unbranched filaments,
ARP2/3 functions as an initiator of new F-actins that branch off of existing filaments [119–121].
Mutants defected in ARPC2, a subunit of ARP2/3 complex, displays aberrant trichomes, and
the organization of both actin and cortical MTs is disturbed in the mutants [26, 27]. Control of
the actin and MT cytoskeletal networks mediated by the ARP2/3 complex was also implied in
a study of the SCAR2 mutant [122]. Recently, Havelkova et al. [123] reported that ARPC2 binds
directly to MTs, suggesting a new mechanism of actin-MT interaction mediated by the ARP2/3
complex.
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Other candidates: Phospholipase D (PLD) belongs to a superfamily of signaling enzymes that
are associated with the plasma membrane. A PLD from tobacco has been postulated to mediate MT-plasma membrane linkages [124] and PLD activation correlated with MT reorganization [125]. PLDδ is detected in the periphery of Arabidopsis suspension culture cells, and it
binds both to MTs and actin in vitro [126]. The PLDδ may play a role in initiating cytoskeleton
remodeling. A pollen-specific MT-associated protein (MAP), SB401 in Solanum localizes to the
cortical cytoplasm of pollen tubes where it binds to and bundles MTs and F-actins [127, 128]
and they are possibly involved in F-actin and MT organization. The CLIP-associated protein
(CLASP) is a MT-plus end directed motor protein. It is involved in both cell division and cell
expansion, and in the organization of the cortical MTs [129, 130]. Although its interaction with
actin in plants is unclear [129], human CLASP molecules have been reported to function as
actin/ MT cross-linkers in interphase cells [131].

5. Conclusion
How actin-MT interactions contribute to cellular activities in plants is poorly understood. To
address this question, we have employed electron tomography to examine the 3D relationship
between MFs and MTs during PPB formation. At the onset, short MFs form bridges between
adjacent MTs thereby starting the process of PPB narrowing. The narrowing process initially
involves two types of MF-MT linkers. During later stages, the actin-mediated cross-links disappear and are replaced by two types of MT-MT linkers that act sequentially to complete MT
bundling. The focus is now on identifying the different types of cross-linkers.

Author details
Miyuki Takeuchi¹, L. Andrew Staehelin² and Yoshinobu Mineyuki³*
*Address all correspondence to: mineyuki@sci.u-hyogo.ac.jp
1 Graduate School of Agricultural and Life Sciences, The University of Tokyo, Tokyo, Japan
2 MCD Biology, University of Colorado, Boulder, CO, USA
3 Graduate School of Life Science, University of Hyogo, Himeji, Hyogo, Japan

References
[1] Rodriguez OC, Schaefer AW, Mandato CA, Forscher P, Bement WM, Waterman-Storer
CM: Conserved microtubule-actin interactions in cell movement and morphogenesis.
Nat Cell Biol. 2003;5:599–609.
[2] Collings DA. Crossed-wires: interactions and cross-talk between the microtubule and
microfilament networks in plants. In: Nick P, editor. Plant microtubules. Plant cell
monographs. 11. Berlin, Heidelberg: Springer; 2008. p. 47–79.

45

46

Cytoskeleton - Structure, Dynamics, Function and Disease

[3] Mineyuki Y: The preprophase band of microtubules: its function as a cytokinetic apparatus in higher plants. Internationa review of cytology. 1999;187:1–49.
[4] Takeuchi M, Karahara I, Kajimura N, Takaoka A, Murata K, Misaki K, Yonemura S,
Staehelin LA, Mineyuki Y: Single microfilaments mediate the early steps of microtubule
bundling during preprophase band formation in onion cotyledon epidermal cells. Mol
Biol Cell. 2016;27:1809–1820.
[5] Franke WW, Herth W, Vanderwoude WJ, Morre DJ: Tubular and filamentous structures
in pollen tubes. Planta. 1972;105:317–341.
[6] Seagull RW, Heath IB: The effects of tannic acid on the in vivo preservation of microfilaments. Eur J Cell Biol. 1979;20:184–188.
[7] Hardham AR, Green PB, Lang JM: Reorganization of cortical microtubules and cellulose
deposition during leaf formation in Graptopetalum. Planta. 1980;149:181–195.
[8] Tiwari SC, Wick SM, Williamson RE, Gunning BES: Cytoskeleton and integration of cellular function in cells of higher-plants. J Cell Biol. 1984;99:S63–S69.
[9] Emons AMC: The Cytoskeleton and secretory vesicles in root hairs of Equisetum and
Limnobium and cytoplasmic streaming in root hairs of Equisetum. Ann Bot-London.
1987;60:625–632.
[10] Lancelle SA, Cresti M, Hepler PK: Ultrastructure of the cytoskeleton in freeze-substituted pollen tubes of Nicotiana alata. Protoplasma. 1987;140:141–150.
[11] Kobayashi H, Fukuda H, Shibaoka H: Interrelation between the spatial disposition of
actin-filaments and microtubules during the differentiation of tracheary elements in cultured Zinniacells. Protoplasma. 1988;143:29–37.
[12] Pierson ES, Kengen HMP, Derksen J: Microtubules and actin filaments co-localize in
pollen tubes on Nicotiana tabacum L. and Lilium longflorum. Protoplasma. 1989;150:75–77.
[13] Sonobe S, Shibaoka H: Cortical fine actin filaments in higher plant cells visualized by rhodamine-phalloidin after pretreatment with m-maleimidobenzoyl N-hydroxysuccinimide
ester. Protoplasma. 1989;148:80–86.
[14] Ding B, Turgeon R, Partharathy MV: Microfilament organization and distribution in
freeze substituted tobacco plant tissues. Protoplasma. 1991;165:96–105.
[15] Kengen HMP, Derksen J: Organization of microtubules and microfilaments in protoplasts from suspension cells ofNicotiana plumbaginifolia - a quantitative-analysis. Acta
Bot Neerl. 1991;40:29–40.
[16] Lancelle SA, Hepler PK: Association of actin with cortical microtubules revealed by
immunogold localization in Nicotiana pollen tubes. Protoplasma. 1991;165:167–172.
[17] Cleary AL, Brown RC, Lemmon BE: Organisation of microtubules and actin filaments in
the cortex of differentiating Selaginella guard cells. Protoplasma. 1993;177:37–44.

Actin-Microtubule Interaction in Plants
http://dx.doi.org/10.5772/66930

[18] Tominaga M, Morita K, Sonobe S, Yokota E, Shimmen T: Microtubules regulate the
organization of actin filements at the cortical region in root hair cells of Hydrocharis.
Protoplasma. 1997;199:83–92.
[19] Murata T, Karahara I, Kozuka T, Thomas HG, Jr., Staehelin LA, Mineyuki Y: Improved
method for visualizing coated pits, microfilaments, and microtubules in cryofixed and
freeze-substituted plant cells. J Electron Microsc (Tokyo). 2002;51:133–136.
[20] Sampathkumar A, Lindeboom JJ, Debolt S, Gutierrez R, Ehrhardt DW, Ketelaar T,
Persson S: Live cell imaging reveals structural associations between the actin and microtubule cytoskeleton in Arabidopsis. Plant Cell. 2011;23:2302–2313.
[21] Seagull RW: The effects of microtubule and microfilament disrupting agents on cytoskeletal arrays and wall deposition in developing cotton fibers. Protoplasma. 1990;
159:44–59.
[22] Kadota A, Wada M: The circular arrangement of cortical microtubules around the bubapex of tip-growing fern protonemata is sensitive to cytochalasin B. Plant Cell Physiol.
1992;33:99–102.
[23] Hasezawa S, Sano T, Nagata T: The role of microfilaments in the organization and orientation of microtubules during the cell cycle transition from M phase to G1 phase in
tobacco BY-2 cells. Protoplasma. 1998;202:105–114.
[24] Takesue K, Shibaoka H: The cyclic reorientation of cortical microtubules in epidermal
cells of azuki bean epicotyls. Planta. 1998;205:539–546.
[25] Blancaflor EB: Cortical actin filaments potentially interact with cortical microtubules in
regulating polarity of cell expansion in primary roots of maize (Zea mays L.). J Plant
Growth Regul. 2000;19(4):406–414.
[26] Schwab B, Mathur J, Saedler RR, Schwarz H, Frey B, Scheidegger C, Hulskamp M:
Regulation of cell expansion by the DISTORTED genes in Arabidopsis thaliana. Mol Genet
Genomics. 2003;269:350–360.
[27] Saedler R, Mathur N, Srinivas BP, Kernebeck B, Hulskamp M, Mathur J: Actin control
over microtubules suggested by DISTORTED2 encoding the Arabidopsis ARPC2 subunit
homolog. Plant Cell Physiol. 2004;45:813–822.
[28] Timmers AC, Vallotton P, Heym C, Menzel D: Microtubule dynamics in root hairs of
Medicago truncatula. Eur J Cell Biol. 2007;86:69–83.
[29] Sainsbury F, Collings DA, Mackun K, Gardiner J, Harper JD, Marc J: Developmental
reorientation of transverse cortical microtubules to longitudinal directions: a role for
actomyosin-based streaming and partial microtubule-membrane detachment. Plant J.
2008;56:116–131.
[30] Chu B, Kerr GP, Carter JV: Stabilizing microtubules with taxol increases microfilament
stability during freezing of rye root-tips. plant cell and environment. 1993;16:883–889.

47

48

Cytoskeleton - Structure, Dynamics, Function and Disease

[31] Collings DA, Asada T, Allen NS, Shibaoka H: Plasma membrane-associated actin in
bright yellow 2 tobacco cells. Evidence for interaction with microtubules. Plant Physiol.
1998;118:917–928.
[32] Collings DA, Wasteneys GO: Actin microfilament and microtubule distribution patterns
in the expanding root of Arabidopsis thaliana. Can J Bot. 2005;83(6):579–590.
[33] Collings DA, Lill AW, Himmelspach R, Wasteneys GO: Hypersensitivity to cytoskeletal
antagonists demonstrates microtubule-microfilament cross-talk in the control of root
elongation in Arabidopsis thaliana. New Phytol. 2006;170:275–290.
[34] Smertenko AP, Deeks MJ, Hussey PJ: Strategies of actin reorganisation in plant cells. J
Cell Sci. 2010;123:3019–3028.
[35] Shevchenko G: Actin microfilament organization in the transition zone of ArabidopsisABD2-GFP roots under clinorotation. Microgravity Sci Tec. 2012;24:427–433.
[36] Kakimoto T, Shibaoka H: Actin filaments and mocrotubules in the preprophase band
and phragmoplast of Tobacco cells. Protoplasma. 1987;140:151–156.
[37] Palevitz BA: Actin in the preprophase band. J Cell Biol. 1987;104:1515–1519.
[38] Traas JA, Doonan JH, Rawlins DJ, Shaw PJ, Watts J, Lloyd CW: An actin network is
present in the cytoplasm throughout the cell cycle of carrot cells and associates with the
dividing nucleus. J Cell Biol. 1987;105:387–395.
[39] Lloyd CW, Traas JA: The role of F-actin in determining the division plane of carrot suspension cells. Drug studies. Development. 1988;102:211–221.
[40] McCurdy DW, Sammut M, Gunning BES: Immunofluorescent visualization of arrays
of transverse cortical actin microfilaments in wheat root-tip cells. Protoplasma. 1988;
147:204–206.
[41] Palevitz BA: Cytochalasin-induced reorganization of actin in Allium root cells. Cell Motil
Cytoskeleton. 1988;9:283–298.
[42] Katsuta J, Hashiguchi Y, Shibaoka H: The Role of the cytoskeleton in positioning of the
nucleus in premitotictobaccoBY-2 Cells. J Cell Sci. 1990;95:413–422.
[43] McCurdy DW, Gunning ES: Reorganizaztion of cortical actin microfilaments and microtubules at preprophase and mitosis in wheat root-tip cells: a double immunofluorescence study. Cell motil Cytosleteton. 1990;15:76–87.
[44] Mineyuki Y, Palevitz BA: Relationship between preprophase band organization, F-actin
and the division site in Allium. J Cell Sci. 1990;97:283–295.
[45] Ding B, Turgeon R, Partharathy MV: Microfilaments in the preprophase band of freeze
substituted tobacco root cells. Protoplasma. 1991;165:209–211.
[46] Cleary AL, Gunning BES, Wasteneys GO, Hepler PK: Microtubule and F-actin dynamics
at the division site in living tradescantia stamen hair-cells. J Cell Sci. 1992;103:977–988.

Actin-Microtubule Interaction in Plants
http://dx.doi.org/10.5772/66930

[47] Eleftheriou EP, Palevitz BA: The effect of cytochalasin D on preprophase band organization in root tip cells of Allium. J Cell Sci. 1992;103:989–998.
[48] Liu B, Palevitz BA: Organization of cortical microfilaments in dividing root cells. Cell
Motili Cytoskelton. 1992;23:252–264.
[49] Panteris E, Apostolakos P, Galatis B: The organization of F-actin in root tip cells of
Adiantu capillus veneris througout the cell cycle. Protoplasma. 1992;170:128–137.
[50] Cleary AL: F-Actin Redistributions at the division site in living Tradescantia stomatal complexes as revealed by microinjection of rhodamine-phalloidin. Protoplasma.
1995;185:152–165.
[51] Cleary AL, Mathesius U: Rearrangements of F-actin during stomatogenesis visualised
by confocal microscopy in fixed and permeabilised Tradescantia leaf epidermis. Bot Acta.
1996;109:15–24.
[52] Baluska F, Vitha S, Barlow PW, Volkmann D: Rearrangements of F-actin arrays in growing cells of intact maize root apex tissues. European J Cell Biol. 1997;72:113–121.
[53] Zachariadis M, Quader H, Galatis B, Apostolakos P: Endoplasmic reticulum preprophase band in dividing root-tip cells of Pinus brutia. Planta. 2001;213:824–827.
[54] Sano T, Higaki T, Oda Y, Hayashi T, Hasezawa S: Appearance of actin microfilament
‘twin peaks’ in mitosis and their function in cell plate formation, as visualized in tobacco
BY-2 cells expressing GFP-fimbrin. Plant J. 2005;44:595–605.
[55] Li CL, Chen ZL, Yuan M: Actomyosin is involved in the organization of the microtubule preprophase band in Arabidopsis suspension cultured cells. J Integrative Plant Biol.
2006;48:53–61.
[56] Higaki T, Sano T, Hasezawa S: Actin microfilament dynamics and actin side-binding
proteins in plants. Curr Opin Plant Biol. 2007;10:549–556.
[57] Panteris E, Galatis B, Quader H, Apostolakos P: Cortical actin filament organization in
developing and functioning stomatal complexes of Zea mays and Triticum turgidum. Cell
Motil Cytoskeleton. 2007;64:531–548.
[58] Takeuchi M, Mineyuki Y. Plate 6.13 Actin-microtubule interaction during preprophase
band formation in onion root tips visualized by immuno-fluorescence microscopy. In:
Noguchi T, Kawano S, Tsukaya H, Matsunaga S, Sakai A, Karahara I, et al., editors. Atlas
of plant cell structure. Tokyo: Springer Verlag Tokyo; 2014.
[59] Granger CL, Cyr RJ: Use of abnormal preprophase bands to decipher division plane
determination. J Cell Sci. 2001;114:599–607.
[60] Kojo KH, Higaki T, Kutsuna N, Yoshida Y, Yasuhara H, Hasezawa S: Roles of cortical
actin microfilament patterning in division plane orientation in plants. Plant Cell Physiol.
2013;54:1491–1503.
[61] Forer A, Jackson WT: Actin-filaments in endosperm mitotic spindles in a higher plant,
Haemanthus-Katerinae Baker. Cytobiologie. 1976;12:199–214.

49

50

Cytoskeleton - Structure, Dynamics, Function and Disease

[62] Forer A, Jackson WT: Actin in spindles of Haemanthus katherinae endosperm. I. General
results using various glycerination methods. J Cell Sci. 1979;37:323–347.
[63] Forer A, Jackson WT, Engberg A: Actin in spindles of Haemanthus katherinae endosperm.
II. Distribution of actin in chromosomal spindle fibres, determined by analysis of serial
sections. J Cell Sci. 1979;37:349–371.
[64] Seagull RW, Falconer MM, Weerdenburg CA: Microfilaments: dynamic arrays in higher
plant cells. J Cell Biol. 1987;104:995–1004.
[65] Traas JA, Burgain S, Devaulx RD: The Organization of the cytoskeleton during meiosis
in eggplant (Solanum-Melongena (L)). J Cell Sci. 1989;92:541–550.
[66] Czaban BB, Forer A: Rhodamine-labeled phalloidin stains components in the chromosomal spindle fibers of crane-fly spermatocytes and Haemanthus endosperm cells.
Biochem Cell Biol. 1992;70(8):664–676.
[67] Clayton L, Lloyd CW: Actin organization during the cell cycle in meristematic plant
cells. Actin is present in the cytokinetic phragmoplast. Exp Cell Res. 1985;156:231–238.
[68] Gunning BE, Wick SM: Preprophase bands, phragmoplasts, and spatial control of cytokinesis. J Cell Sci Suppl. 1985;2:157–179.
[69] Schmit AC, Vantard M, Lambert AM. Microtubules and F-actin rearrangement during
the initiation of mitosis in acentriolar higher plant cells. In: lshikawa H, Hatano S, Sato
H, editors. Cell Motility: mechanism and regulation. Tokyo: University of Tokyo Press;
1985. p. 415–433.
[70] Palevitz BA: Accumulation of F-actin during cytokinesis inAllium. Correlation with
microtubule distribution and the effects of drugs. Protoplasma. 1987;141:24–32.
[71] Schmit AC, Lambert AM: Characterization and dynamics of cytoplasmic F-actin in
higher plant endosperm cells during interphase, mitosis, and cytokinesis. J Cell Biol.
1987;105:2157–2166.
[72] Kakimoto T, Shibaoka H: Cytoskeletal ultrastructure of phragmoplast -nuclei complexes
isolated from cultured tobacco cells. In: Tazawa M, editor. Cell dynamics 2: molecular
aspects of cell motility cytoskeleton in cellular structure and activity. Wien: Springer;
1988. p. 95–103.
[73] Schmit AC, Lambert AM: Microinjected fluorescent phalloidin in vivo reveals the F-actin
dynamics and assembly in higher plant mitotic cells. Plant Cell. 1990;2:129–138.
[74] Zhang D, Wadsworth P, Hepler PK: Dynamics of microfilaments are similar, but distinct from microtubules during cytokinesis in living, dividing plant cells. Cell Motil
Cytoskeleton. 1993;24:151–155.
[75] Collings DA, Harper JDI, Vaughn KC: The association of peroxisomes with the developing cell plate in dividing onion root cells depends on actin microfilaments and myosin.
Planta. 2003;218:204–216.

Actin-Microtubule Interaction in Plants
http://dx.doi.org/10.5772/66930

[76] Lloyd C, Chan J: Microtubules and the shape of plants to come. Nat Rev Mol Cell Biol.
2004;5:13–22.
[77] Paredez AR, Somerville CR, Ehrhardt DW: Visualization of cellulose synthase demonstrates functional association with microtubules. Science. 2006;312:1491–1495.
[78] Oda Y, Fukuda H: Rho of plant GTPase signaling regulates the behavior of Arabidopsis
kinesin-13A to establish secondary cell wall patterns. Plant Cell. 2013;25:4439–4450.
[79] Kobayashi H, Fukuda H, Shibaoka H: Reorganization of actin filaments associated
with the differentiation of tracheary elements inZinnia mesophyll cells. Protoplasma.
1987;138:69–71.
[80] Panteris E, Galatis B: The morphogenesis of lobed plant cells in the mesophyll and epidermis: organization and distinct roles of cortical microtubules and actin filaments. New
Phytol. 2005;167:721–732.
[81] Smith LG, Oppenheimer DG: Spatial control of cell expansion by the plant cytoskeleton.
Annu Rev Cell Dev Biol. 2005;21:271–295.
[82] Kotzer AM, Wasteneys GO: Mechanisms behind the puzzle: microtubule–microfilament
cross-talk in pavement cell formation. Can J Bot. 2006;84:594–603.
[83] Yanagisawa M, Desyatova AS, Belteton SA, Mallery EL, Turner JA, Szymanski DB:
Patterning mechanisms of cytoskeletal and cell wall systems during leaf trichome morphogenesis. Nat Plants. 2015;1:15014.
[84] Sambade A, Findlay K, Schaffner AR, Lloyd CW, Buschmann H: Actin-dependent and
independent functions of cortical microtubules in the differentiation of Arabidopsis leaf
trichomes. Plant Cell. 2014;26:1629–1644.
[85] Schmit A-C, Lambert A-M: Plant actin filament and microtubule interactions during
anaphase - telophase transition: effects of antagonist drugs. Biol Cell. 1988;64:309–319.
[86] Nagai R, Rebhun LI: Cytoplasmic microfilaments in streaming Nitella cells. J Ultrastruct
Res. 1966;14:571–589.
[87] Palevitz BA, Ash JF, Hepler PK: Actin in the green alga, Nitella. Proc Natl Acad Sci U S
A. 1974;71:363–366.
[88] Heath IB, Seagull RW. Oriented cellulose fibrils and the cytoskeleton: a critical conparison of models In: Lloyd CW, editor. The cytoskeleton and plant growth and development. London, New York: Academic Press; 1982. p. 163–182.
[89] Kersey YM, Hepler PK, Palevitz BA, Wessells NK: Polarity of actin-filaments in
Characeanalgae. P Natl Acad Sci USA. 1976;73:165–167.
[90] Kersey YM, Wessells NK: Localization of actin-filaments in internodal cells of
Characeanalgae. J Cell Biol. 1976;68:264–275.
[91] Tiwari SC, Polito VS: Organization of the cytoskeleton in pollen tubes of Pyrus communis.
Protoplasma. 1988;147:100–112.

51

52

Cytoskeleton - Structure, Dynamics, Function and Disease

[92] Urban E, Jacob S, Nemethova M, Resch GP, Small JV: Electron tomography reveals
unbranched networks of actin filaments in lamellipodia. Nat Cell Biol. 2010;12:429–435.
[93] Gibeaux R, Lang C, Politi AZ, Jaspersen SL, Philippsen P, Antony C: Electron tomography of the microtubule cytoskeleton in multinucleated hyphae of Ashbya gossypii. J Cell
Sci. 2012;125:5830–5839.
[94] Segui-Simarro JM, Austin JR, 2nd, White EA, Staehelin LA: Electron tomographic analysis of somatic cell plate formation in meristematic cells of Arabidopsis preserved by
high-pressure freezing. Plant Cell. 2004;16:836–856.
[95] Austin JR, 2nd, Segui-Simarro JM, Staehelin LA: Quantitative analysis of changes in
spatial distribution and plus-end geometry of microtubules involved in plant-cell cytokinesis. J Cell Sci. 2005;118:3895–3903.
[96] Karahara I, Suda J, Tahara H, Yokota E, Shimmen T, Misaki K, Yonemura S, Staehelin
LA, Mineyuki Y: The preprophase band is a localized center of clathrin-mediated
endocytosis in late prophase cells of the onion cotyledon epidermis. Plant J. 2009;
57:819–831.
[97] Mineyuki Y, Marc J, Palevitz BA: Development of the preprophase band from random
cytoplasmic microtubules in guard mother cells of Allium cepa. Planta. 1989;178:291–296.
[98] Kremer JR, Mastronarde DN, McIntosh JR: Computer visualization of three-dimensional image data using IMOD. J Struc Biol. 1996;116:71–76.
[99] McMichael CM, Bednarek SY: Cytoskeletal and membrane dynamics during higher
plant cytokinesis. New Phytol. 2013;197:1039–1057.
[100] Hamada T: Microtubule organization and microtubule-associated proteins in plant
cells. Int Rev Cell Mol Biol. 2014;312:1–52.
[101] Krtkova J, Benakova M, Schwarzerova K: Multifunctional microtubule-associated proteins in plants. Front Plant Sci. 2016;7:474.
[102] Petrasek J, Schwarzerova K: Actin and microtubule cytoskeleton interactions. Curr
Opin Plant Biol. 2009;12:728–734.
[103] Schneider R, Persson S: Connecting two arrays: The emerging role of actin-microtubule
cross-linking motor proteins. Front Plant Sci. 2015;6:415
[104] Preuss ML, Kovar DR, Lee YR, Staiger CJ, Delmer DP, Liu B: A plant-specific kinesin
binds to actin microfilaments and interacts with cortical microtubules in cotton fibers.
Plant Physiol. 2004;136:3945–3955.
[105] Xu T, Qu Z, Yang X, Qin X, Xiong J, Wang Y, Ren D, Liu G: A cotton kinesin GhKCH2
interacts with both microtubules and microfilaments. Biochem J. 2009;42:171–180.
[106] Frey N, Klotz J, Nick P: Dynamic Bridges-acalponin-domain kinesin from rice links
actin filaments and microtubules in both cycling and non-cycling cells. Plant Cell
Physiol. 2009;50:1493–1506.

Actin-Microtubule Interaction in Plants
http://dx.doi.org/10.5772/66930

[107] Buschmann H, Green P, Sambade A, Doonan JH, Lloyd CW: Cytoskeletal dynamics in
interphase, mitosis and cytokinesis analysed through Agrobacterium-mediated transient transformation of tobacco BY-2 cells. New Phytol. 2011;190:258–267.
[108] Klotz J, Nick P: A novel actin-microtubule cross-linking kinesin, NtKCH, functions in
cell expansion and division. New Phytol. 2012;193:576–589.
[109] Banno H, Chua N-H: Characterization of the Arabidopsis formin-like protein AFH1 and
its interacting protein. Plant Cell Physiol. 2000;41:617–626.
[110] Blanchoin L, Staiger CJ: Plant formins: diverse isoforms and unique molecular mechanism. Biochim Biophys Acta. 2010;1803:201–206.
[111] Cheung AY, Wu HM: Overexpression of an Arabidopsis formin stimulates supernumerary actin cable formation from pollen tube cell membrane. Plant Cell. 2004;16:257–269.
[112] Favery B, Chelysheva LA, Lebris M, Jammes F, Marmagne A, De Almeida-Engler J,
Lecomte P, Vaury C, Arkowitz RA, Abad P: Arabidopsis formin AtFH6 is a plasma membrane-associated protein upregulated in giant cells induced by parasitic nematodes.
Plant Cell. 2004;16:2529–2540.
[113] Wang J, Xue X, Ren H: New insights into the role of plant formins: regulating the organization of the actin and microtubule cytoskeleton. Protoplasma. 2012;249:S101–107.
[114] Li Y, Shen Y, Cai C, Zhong C, Zhu L, Yuan M, Ren H: The type II Arabidopsis formin14
interacts with microtubules and microfilaments to regulate cell division. Plant Cell.
2010;22:2710–2726.
[115] Yang W, Ren S, Zhang X, Gao M, Ye S, Qi Y, Zheng Y, Wang J, Zeng L, Li Q, Huang S,
He Z: BENT UPPERMOST INTERNODE1 encodes the class II formin FH5 crucial for
actin organization and rice development. Plant Cell. 2011;23:661–680.
[116] Zhang Z, Zhang Y, Tan H, Wang Y, Li G, Liang W, Yuan Z, Hu J, Ren H, Zhang D: RICE
MORPHOLOGY DETERMINANT encodes the type II formin FH5 and regulates rice
morphogenesis. Plant Cell. 2011;23:681–700.
[117] Deeks MJ, Fendrych M, Smertenko A, Bell KS, Oparka K, Cvrckova F, Zarsky V, Hussey
PJ: The plant formin AtFH4 interacts with both actin and microtubules, and contains a
newly identified microtubule-binding domain. J Cell Sci. 2010;123:1209–1215.
[118] Rosero A, Zarsky V, Cvrckova F: AtFH1 formin mutation affects actin filament and
microtubule dynamics in Arabidopsis thaliana. J Exp Bot. 2013;64:585–597.
[119] Goley ED, Welch MD: The ARP2/3 complex: an actin nucleator comes of age. Nat Rev
Mol Cell Biol. 2006;7:713–726.
[120] Deeks MJ, Hussey PJ: Arp2/3 and SCAR: plants move to the fore. Nat Rev Mol Cell Biol.
2005;6:954–964.
[121] Yanagisawa M, Zhang C, Szymanski DB: ARP2/3-dependent growth in the plant kingdom: SCARs for life. Front Plant Sci. 2013;4:166.

53

54

Cytoskeleton - Structure, Dynamics, Function and Disease

[122] Zhang X, Dyachok J, Krishnakumar S, Smith LG, Oppenheimer DG: IRREGULAR
TRICHOME BRANCH1 in Arabidopsis encodes a plant homolog of the actin-related
protein2/3 complex activator Scar/WAVE that regulates actin and microtubule organization. Plant Cell. 2005;17:2314–2326.
[123] Havelkova L, Nanda G, Martinek J, Bellinvia E, Sikorova L, Slajcherova K, Seifertova
D, Fischer L, Fiserova J, Petrasek J, Schwarzerova K: Arp2/3 complex subunit ARPC2
binds to microtubules. Plant Sci. 2015;241:96–108.
[124] Gardiner JC, Harper JD, Weerakoon ND, Collings DA, Ritchie S, Gilroy S, Cyr RJ, Marc
J: A 90-kD phospholipase D from tobacco binds to microtubules and the plasma membrane. Plant Cell. 2001;13:2143–2158.
[125] Dhonukshe P, Laxalt AM, Goedhart J, Gadella TW, Munnik T: Phospholipase D activation correlates with microtubule reorganization in living plant cells. Plant Cell.
2003;15:2666–2679.
[126] Ho AYY, Day DA, Brown MH, Marc J: Arabidopsis phospholipase Dδ as an initiator of
cytoskeleton-mediated signalling to fundamental cellular processes. Funct Plant Biol.
2009;36:190–198.
[127] Huang S, Jin L, Du J, Li H, Zhao Q, Ou G, Ao G, Yuan M: SB401, a pollen-specific protein from Solanum berthaultii, binds to and bundles microtubules and F-actin. Plant J.
2007;51:406–418.
[128] Liu BQ, Jin L, Zhu L, Li J, Huang S, Yuan M: Phosphorylation of microtubule-associated protein SB401 from Solanum berthaultii regulates its effect on microtubules. J Integr
Plant Biol. 2009;51:235–242.
[129] Ambrose JC, Shoji T, Kotzer AM, Pighin JA, Wasteneys GO: The Arabidopsis CLASP
gene encodes a microtubule-associated protein involved in cell expansion and division.
Plant Cell. 2007;19:2763–2775.
[130] Ambrose JC, Wasteneys GO: CLASP modulates microtubule-cortex interaction during
self-organization of acentrosomal microtubules. Mol Biol Cell. 2008;19:4730–4737.
[131] Tsvetkov AS, Samsonov A, Akhmanova A, Galjart N, Popov SV: Microtubule-binding
proteins CLASP1 and CLASP2 interact with actin filaments. Cell Motil Cytoskeleton.
2007;64:519–530.

