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While textbook figures imply nuclei as resting spheres at the center of idealized cells,
this picture fits few real situations. Plant nuclei come in many shapes and sizes, and
can be actively transported within the cell. In several contexts, this nuclear movement
is tightly coupled to a developmental program, the response to an abiotic signal, or a
cellular reprogramming during either mutualistic or parasitic plant–microbe interactions.
While many such phenomena have been observed and carefully described, the underlying
molecular mechanism and the functional significance of the nuclear movement are typically
unknown. Here, we survey recent as well as older literature to provide a concise starting
point for applying contemporary molecular, genetic and biochemical approaches to this
fascinating, yet poorly understood phenomenon.
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In animals, nuclei are moved and positioned in a myriad
of different cell types, developmental processes, and physio-
logical situations. Classic examples of nuclear movement in
non-mammalian systems include Caenorhabditis elegans hypo-
dermal cell development and Drosophila melanogaster eye disk
development (reviewed in Starr and Fridolfsson, 2010). Nuclear
movement has also been observed during cell division, neuronal
migration, epithelium development, and fertilization (reviewed
in Gundersen and Worman, 2013). These nuclear movement and
positioning events are regulated by the cytoskeleton, often in con-
cert with nuclear envelope bridging LINC complexes, which link
the cytoskeletal forces to the nucleoskeleton. Nuclear movement
is also integral to several plant processes, including pollen tube
and root hair tip growth, trichome development, symbiotic and
pathogenic plant–microbe interactions, and response to mechani-
cal and light stimuli (discussed here), as well as symmetric and
asymmetric cell division (reviewed in Smith, 2001). However,
unlike in animals, little is known about the mechanism of plant
nuclear movement. In this review, we survey nuclear movement
events in differentiated plant cells, focusing on physiology and
development. By aggregating information on nuclear movement
from disparate disciplines, especially those where description of
nuclear movement has been largely phenomenological, we hope
to encourage research into the mechanism(s) of nuclear movement
in plants.

NUCLEAR MOVEMENT DURING DEVELOPMENT
POLLEN TUBE GROWTH
The longest journey of plant nuclei is the migration of the vege-
tative nucleus (VN) and sperm cells (SCs) through pollen tubes.
There are two types of angiosperm pollen–tricellular and bicellu-
lar. Tricellular pollen contains a VN and two SCs, while bicellular
pollen contains a VN and a generative cell (GC), which later

undergoes mitosis to generate two SCs (McCue et al., 2011).
Since angiosperm VNs and GC/SCs are closely associated and
often physically connected (McCue et al., 2011), they are termed
the male germ unit (MGU; Dumas et al., 1985). The traveling
order of the VN and GC/SCs seems to be species-specific. In
many angiosperms, the VN precedes the GC/SCs (VN is closer
to the growing pollen tube tip; Heslop-Harrison and Heslop-
Harrison, 1989a; McCue et al., 2011). In Amaryllis vittata pollen,
the VN or GC can enter the growing pollen tube first, but the
VN always precedes the GC before the GC undergoes mitosis.
Similarly, in tobacco (Nicotiana tabacum), the VN initially pre-
cedes the GC, and later becomes proximal to the dividing GC
(Palevitz, 1993).

The molecular mechanism underlying MGU movement has
been widely studied, but remains enigmatic. Depolymerizing
tobacco pollen microtubules (MTs) impairs MGU movement
and causes abnormal F-actin organization, but does not affect
pollen tube growth (Kaul et al., 1987; Åström et al., 1995).
During Galanthus nivalis pollen tube growth, the VN typi-
cally precedes the SC (Heslop-Harrison et al., 1988). Similar to
tobacco pollen, MT depolymerizing drugs affected this order
and increased the distance between the leading nucleus and
the pollen tube apex, while higher concentrations addition-
ally increased VN-GC distance (Heslop-Harrison et al., 1988).
However, unlike in tobacco, both concentrations affected G.
nivalis pollen tube growth (Heslop-Harrison et al., 1988). Despite
interspecies differences, these studies suggest a MT network is
responsible for MGU movement. Early work identified dynein-
related polypeptides in tobacco pollen tubes (Moscatelli et al.,
1995). However, as the Arabidopsis genome contains no dynein
heavy chain genes, whether dyneins participate in MT-dependent
MGU movement remains an open question (Lawrence et al.,
2001).
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On the other hand, discrete foci at the VN periphery of
tobacco pollen labeled by anti-myosin suggest a role for myosin
and F-actin in VN movement (Tirlapur et al., 1995). Support-
ing this hypothesis, antibodies raised against non-plant myosins
identified putative myosins at the periphery of the VN in Lil-
ium longiflorum and Helleborus foetidus (Heslop-Harrison and
Heslop-Harrison, 1989b; Miller et al., 1995). Depolymerizing L.
henryi F-actin with cytochalasin D caused rapid contraction of
the elongated VN, increased separation between the VN and GC,
and reduced VN-pollen tube tip distance (Heslop-Harrison and
Heslop-Harrison, 1989a). In addition, the Lotus japonicus sym-
biotic mutant crinkle has aberrant F-actin organization in pollen
tubes and GC movement defects (Tansengco et al., 2004). In spite
of these studies, no specific proteins have been implicated in MGU
movement, and whether MGU movement is F-actin-dependent
and/or MT-dependent remains unresolved.

TRICHOME DEVELOPMENT
The nucleus is positioned near the primary branch point in mature
trichomes, showing that nuclei move during trichome biogen-
esis (Figure 1; Folkers et al., 1997). This is altered in mutants
with primary and secondary branch formation defects, and when
trichomes are treated with either MT destabilizing or stabilizing
drugs (Folkers et al., 1997; Mathur et al., 1999). This correlates
with impaired branching of trichomes, and suggests that nuclear
positioning in trichomes depends on dynamic MTs (Mathur et al.,
1999). While nuclear ploidy is vital for trichome development, the
correlative relationship between trichome branching and nuclear
placement might also be biologically relevant. Further study of
the nucleus’ role in cellular branching may shed more light on
trichome development.

ROOT HAIR TIP GROWTH
Fundamentally, the tip-growing root hair has a similar organi-
zation between plant species. The root hair tip is depleted of
cytoskeletal elements (Lloyd et al., 1987; Miller et al., 1999). Behind
this is the “smooth” or “vesicle-rich” zone, which contains fine F-
actin and traveling Golgi vesicles (Miller et al., 1999). Further from
the tip is the cytoplasmic dense region (CDR), which is populated
by F-actin, endoplasmic microtubules (EMTs), and the nucleus.
Beyond the CDR, the root hair is largely vacuolated. During tip
growth, the nucleus maintains a constant distance from the tip of
77 ± 15 μm in Arabidopsis, 30 ± 5 μm in Medicago truncatula
(Medicago), and 45 ± 10 μm in Vicia hirsuta (Vetch; Lloyd et al.,
1987; Sieberer and Emons, 2000; Ketelaar et al., 2002). At the end
of tip growth, the nucleus disengages from the root hair tip and
moves to a random location within the root hair cell (Sieberer and
Emons, 2000).

Optical trapping of Arabidopsis root hair nuclei indicates that
root hair growth depends on maintenance of nucleus-tip distance
through constant nuclear movement. Stalling the nucleus leads
to CDR disappearance and a growth termination-like cytoarchi-
tectural shift (Ketelaar et al., 2002). Upon releasing the optical
trap, the nucleus shifts toward the base of the root hair. This
result is strikingly similar to the cytoarchitecture shift and growth
termination observed when subapical fine F-actin is selectively
depolymerized (Ketelaar et al., 2002). Additionally, backward

movement of the nucleus following fine F-actin depolymerization
was dependent on both F-actin and protein synthesis. This led to
the hypothesis that nuclear movement in tip-growing Arabidopsis
root hairs is solely actin-mediated, supported by recent findings
that the actin motor Myosin XI-i is at least partially responsible for
nuclear positioning and shape in mature root hairs (Ketelaar et al.,
2002; Tamura et al., 2013). MTs appear to play no role in nuclear
movement in Arabidopsis root hairs, though their depolymeriza-
tion does lead to morphological changes (Bibikova et al., 1999; van
Bruaene et al., 2004).

In contrast, the effects of selective depolymerization of Med-
icago EMTs strongly resemble the effects of depolymerizing
Arabidopsis subapical fine F-actin, including a slower growth rate,
a growth termination-like cytoarchitectural shift, and an increase
in tip-nucleus distance (Ketelaar et al., 2002; Sieberer et al., 2002).
In Medicago, after the nucleus moves basipetally in response to
EMT depolymerization, it returns to following the root hair tip,
but at an increased distance (Sieberer et al., 2002). In Vetch, this
basipetal movement depends on actin filaments, as in Arabidop-
sis (Lloyd et al., 1987; Sieberer et al., 2002). Depolymerization of
actin, whether general or specific to subapical fine F-actin, halted
tip growth but did not affect nuclear positioning (Lloyd et al., 1987;
Miller et al., 1999).

Thus, while the actin-mediated mechanism for both basipetal
and acropetal nuclear movement is conserved between Arabidopsis
and legumes, the mechanism for tethering the nucleus to the tip
has diverged. Curiously, this specialization does not appear to
originate in any cytoarchitectural difference, though the nucleus
follows the growing root hair tip more closely in legumes. One
explanation might lie in the nucleus’ involvement in nodulation
initiation in legumes. As discussed in the next section, MTs are also
involved in connecting the nucleus to the infection thread (IT) tip.

NUCLEAR MOVEMENT IN BIOTIC INTERACTIONS
SYMBIOSIS
Nodulation is the intracellular accommodation by legumes of
bacteria known as rhizobia (reviewed in Gage, 2004). Rhizobia
produce Nod factors, which signal the plant to begin the pro-
cess of bacterial invasion: the root hair tip swells, and the nucleus
moves from a random position within the root hair to a loca-
tion near the tip (Sieberer and Emons, 2000). A new outgrowth
subsequently forms, which the nucleus enters as the root hair
curls around and traps extracellular rhizobia (Sieberer and Emons,
2000). At this point, the nucleus disengages from the root hair tip
and moves to a site proximal to the bacteria, and the IT begins to
form. The IT is a tubular plasma membrane and cell wall invagi-
nation in which rhizobia grow and divide, and is connected to
the nucleus by dense MTs (Fåhraeus, 1957; Timmers et al., 1999).
IT development follows the path of the moving nucleus directly,
regardless of its direction, supporting the idea that nuclear move-
ment is necessary for IT guidance (Fåhraeus, 1957). As the root
hair nucleus and IT move toward the body of the root, cortical
cells in their path undergo cytoplasmic reorganization, where the
nucleus moves from the cell periphery to the center, and cytoplas-
mic strands aggregate around it (Bakhuizen, 1988). This results in
a bridge of cytoplasmic and cytoskeletal elements called the pre-
infection thread (PIT; Bakhuizen, 1988). PITs allow the plant to
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FIGURE 1 | Nuclear positioning events observed during the plant life

cycle. Depicted are the processes that have been studied in Arabidopsis
(left) and legumes (represented by Medicago truncatula, right) in which
nuclear movement may play a role. Processes described in non-legume
model plants are shown on Arabidopsis. Nuclear positioning events
represented are (clockwise from top): pollen tube development,

plant-oomycete interactions, arbuscular mycorrhizal symbiosis, root hair
development in Medicago, nodulation, root hair development in
Arabidopsis, mechanical stimulation, blue light stimulation, trichome
development. Green bars = microtubules; yellow bars = actin cables; red
spores = fungi; orange spores = oomycetes; blue ovals = rhizobia; purple
ovals = nuclei.

www.frontiersin.org April 2014 | Volume 5 | Article 129 | 3

http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Cell_Biology/archive


Griffis et al. Nuclear movement in plants

dictate where the IT grows, and further emphasizes the role of the
nucleus in nodulation (Figure 1; van Brussel et al., 1992).

Arbuscular mycorrhizal symbiosis (AMS) is more widespread
than nodulation, occurring in 70–90% of land plant species (Smith
and Read, 2008). While mainly symbionts, arbuscular mycorrhizal
fungi (AMF) can also form parasitic interactions with Arabidopsis
roots if a host plant is nearby (Veiga et al., 2013).

When communication is initiated, the plant releases strigolac-
tones, and the fungus responds by producing Myc factors, the
fungal equivalent of Nod factors (reviewed in Harrison, 2012).
The fungal hypha grows toward and contacts the root, forming
an appressorium, where the hypha spreads across an epidermal
cell (Giovannetti et al., 1994). That cell’s nucleus moves to the
contact site, at which point the pre-penetration apparatus (PPA),
a donut-shaped structure of MTs and endoplasmic reticulum
(ER), forms around it (Genre et al., 2005). The nucleus subse-
quently moves to the cortical side of the cell, leaving a tunnel
of PPA material behind it. This tunnel guides the growth of
the hypha as it penetrates the cell via membrane invagination
(Genre et al., 2005). Similar to the PIT in nodulation, a PPA
forms in cortical cells in the hypha’s path, creating a contin-
uous tunnel (Figure 1; Genre et al., 2008). While the nucleus’
position predicts the site of PPA formation, no causative rela-
tionship has been established between nuclear movement and
AMS. Ideally, future studies will reveal a nuclear movement factor
that can be removed without affecting overall cytoskeletal orga-
nization, which would allow investigation of the nucleus’ role
in symbiosis without perturbation of overall cellular architec-
ture.

PLANT–PATHOGEN INTERACTIONS
The body of research on the nucleus’ role in pathogenesis is rela-
tively broad, but most research has been on oomycetes. When an
oomycete comes in contact with a resistant plant cell, that cell’s
nucleus moves to the pathogen contact site, followed by local wall
thickening and cytoplasmic aggregation (Figure 1; Guest, 1986;
Freytag et al., 1994; Daniel and Guest, 2005). If these steps avert
infection, the nucleus moves away from the contact site. If the
oomycete continues to form a haustorium and enter the incompat-
ible cell, the nucleus and a thick aggregation of cytoplasm become
associated with it, followed by hypersensitive cell death (Guest,
1986; Freytag et al., 1994). In a compatible interaction, however,
the nucleus does not move to the contact site (Figure 1). It may
later become associated with the haustorium, but this association
has no apparent impact on infection outcome (Guest, 1986; Frey-
tag et al., 1994; Daniel and Guest, 2005). These data suggest that
the nucleus may play a vital role in plants’ response to oomycete
pathogens.

Recently, Caillaud et al. (2012) observed plant nuclei near
developing haustoria in susceptible Arabidopsis mesophyll cells,
seemingly contradicting the above model. However, their study
differs from those cited above in that they observed mesophyll
cells 4 days after infection, whereas the older studies generally
observed epidermal cells within 24 h. It is therefore possible that
mesophyll cell nuclei respond differently to oomycete pathogens
than epidermal cell nuclei, or that the nucleus becomes associated
with the haustorium after a longer period of time.

Unlike in oomycete response, the plant nucleus moves to the site
of contact during both compatible and incompatible interactions
with fungi (Heath et al., 1997). If hyphal penetration is successful,
the nucleus moves away from the contact site, whereas if pene-
tration is unsuccessful, the nucleus remains at the contact site. If
the hypha penetrates a resistant cell, the plant cell initiates hyper-
sensitive cell death. However, if a hypha penetrates a susceptible
cell, the nucleus associates with the hypha, though to what end is
still unclear (Heath et al., 1997). This pattern of the nucleus mov-
ing toward, then away from, the contact site mimics the actions
of the nucleus during intracellular accommodation of symbiotic
fungi (Genre et al., 2005). Similarly, a nodulation mimic also exists.
The nematode Meliodogyne incognita produces a factor that causes
root hair deformation similar to that caused by exogenous appli-
cation of Nod factors, including cytoplasmic reorganization and
nuclear movement reminiscent of nodulation initiation (Weeras-
inghe et al., 2005). The significance of this phenomenon for the
life cycle of the nematode is not well-understood, but the paral-
lels are intriguing, and provide further evidence for a long-held
theory that symbiosis and parasitism share an evolutionary and
mechanistic history (Gollotte et al., 1993).

NUCLEAR MOVEMENT IN ABIOTIC SIGNALING
RESPONSE TO BLUE LIGHT
Light-dependent nuclear movement was first observed in the
fern Adiantum capillus-veneris, where prothallus nuclei moved
from anticlinal walls toward a white light source, and return to
the anticlinal walls following dark adaptation (Blatt et al., 1981;
Kagawa and Wada, 1993; reviewed in Takagi et al., 2011; Higa
et al., 2013). The light-dependent movement from anticlinal to
periclinal walls was caused by blue and red light (Kagawa and
Wada, 1995; Tsuboi et al., 2007). In Arabidopsis leaves, meso-
phyll cell nuclei move from periclinal to anticlinal walls and
epidermal cell nuclei move to convex regions in response to blue
light (Figure 1; Iwabuchi et al., 2007). This response is medi-
ated by the blue light receptor Phototropin 2 (PHOT2) in an
actin-dependent manner (Iwabuchi et al., 2007; Iwabuchi and
Takagi, 2010). Additionally, nuclear repositioning in response
to cold stress was observed in Adiantum capillus-veneris and
the liverwort Marchantia polymorpha L. (Kodama et al., 2008;
Ogasawara et al., 2013).

Interestingly, Myosin XI-i mutants defective in root hair nuclear
movement also are defective in dark-induced nuclear movement,
but not blue light-induced nuclear movement (Tamura et al.,
2013). Myosin XI-i interacts with WIT1 and WIT2, Arabidop-
sis outer nuclear envelope proteins that associate with the KASH
proteins WIP1, WIP2, and WIP3 (Zhao et al., 2008; Zhou et al.,
2012; Tamura et al., 2013). This suggests that the mechanism for
nuclear movement during dark adaptation may differ from that
for light adaptation. As the function of light-responsive nuclear
movement is not well-understood, further study into the require-
ment for actin reorganization independent of PHOT2 activation
may be necessary to understand how nuclei move in leaf cells.

RESPONSE TO MECHANICAL STIMULI
Nuclear movement in response to mechanical stimuli was first
described as actin-dependent movement of the nucleus to a
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wound site (Katsuta and Shibaoka, 1988; Nagai, 1993; Williamson,
1993; reviewed in Takagi et al., 2011). Deformation of the cell
wall and plasma membrane was initially proposed to induce
nuclear movement to the stimulation site (Kennard and Cleary,
1997). However, later studies in several species showed that
stimulation with a 2–10 μm needle could induce nuclear move-
ment to the stimulus site and cellular rearrangement of actin,
MTs, and ER (Gus-Mayer et al., 1998; Qu and Sun, 2007;
Hardham et al., 2008; Genre et al., 2009). Mechanical stimu-
lation of the Medicago AMS defective mutant dmi3 leads to
cell death, rather than nuclear movement, suggesting a shared
mechanism between AMS and mechanical stimulus response
(Genre et al., 2009).

In tobacco leaf epidermal cells, nuclei move dynamically from
one mechanical stimulation site to the next, without any lag time
or decrease in velocity (Qu and Sun, 2007). The nucleus is first
connected to the stimulus site by a cytoplasmic strand, followed
by movement toward the stimulation site and cytoskeletal reor-
ganization (Qu and Sun, 2008a,b). While the pathway sensing
mechanical stress has yet to be characterized in plants, it has been
suggested that the nucleus may act as an organizing center for
responses to mechanical stimuli (Qu and Sun, 2008b). If this is
the case, nuclear movement to sites of stimulation by pathogens,
symbionts, and abiotic factors may have the same function- by
moving the nucleus to the stimulus site, the plant can respond
more efficiently to further perturbation.

OUTLOOK
The examples discussed above outline that nuclear positioning
in plants can be observed in conjunction with critical phases of
development, signaling, and biotic interactions. However, often
neither the functional relevance, nor the molecular mechanisms
are well established. The role of the actin or MT cytoskeleton
has been well documented in several cases. In animals, the crit-
ical role of nuclear positioning during development is achieved
through nuclear envelope-anchored SUN-KASH protein com-
plexes (Starr and Fridolfsson, 2010). The recent discovery of the
first plant KASH family–WIP–represents a potential starting point
for uncovering the mechanism of nuclear positioning in plants
(Zhou et al., 2012). Although WIPs are not responsible for nuclear
positioning in trichomes or root hairs (Zhou et al., 2012), they
might be involved in nuclear positioning in other tissues. This
discovery also implies that more KASH families could remain
unidentified in plants.

ACKNOWLEDGMENTS
We thank Dr. Christopher Defraia for critical reading of the
manuscript. Work on this topic in the Meier lab is supported
by a grant from the National Science Foundation (NSF-MCB-
1243844). Anna H. N. Griffis is supported by a pre-doctoral
fellowship from the Center of RNA Biology, Ohio State University.

REFERENCES
Åström, H., Sorri, O., and Raudaskoski, M. (1995). Role of microtubules in the

movement of the vegetative nucleus and generative cell in tobacco pollen tubes.
Sex. Plant Reprod. 8, 61–69. doi: 10.1007/BF00230890

Bakhuizen, R. (1988). The Plant Cytoskeleton in the Rhizobium-Legume Symbiosis.
Ph.D. thesis, Leiden University, Leiden.

Bibikova, T. N., Blancaflor, E. B., and Gilroy, S. (1999). Microtubules regulate tip
growth and orientation in root hairs of Arabidopsis thaliana. Plant J. 17, 657–665.
doi: 10.1046/j.1365-313X.1999.00415.x

Blatt, M. R., Weisenseel, M. H., and Haupt, W. (1981). A light-dependent current
associated with chloroplast aggregation in the alga Vaucheria sessilis. Planta 152,
513–526. doi: 10.1007/BF00380822

Caillaud, M.-C., Piquerez, S. J. M., Fabro, G., Steinbrenner, J., Ishaque, N., Beynon,
J., et al. (2012). Subcellular localization of the Hpa RxLR effector repertoire
identifies a tonoplast-associated protein HaRxL17 that confers enhanced plant
susceptibility. Plant J. 69, 252–265. doi: 10.1111/j.1365-313X.2011.04787.x

Daniel, R., and Guest, D. (2005). Defence responses induced by potassium phos-
phonate in Phytophthora palmivora-challenged Arabidopsis thaliana. Physiol. Mol.
Plant Pathol. 67, 194–201. doi: 10.1016/j.pmpp.2006.01.003

Dumas, C., Knox, R. B., and Gaude, T. (1985). The spatial association of the sperm
cells and vegetative nucleus in the pollen grain of Brassica. Protoplasma 124,
168–174. doi: 10.1007/BF01290767

Fåhraeus, G. (1957). The infection of clover root hairs by nodule bacteria stud-
ied by a simple glass slide technique. J. Gen. Microbiol. 16, 374–381. doi:
10.1099/00221287-16-2-374

Folkers, U., Berger, J., and Hülskamp, M. (1997). Cell morphogenesis of trichomes
in Arabidopsis: differential control of primary and secondary branching by branch
initiation regulators and cell growth. Development 124, 3779–3786.

Freytag, S., Arabatzis, N., Hahlbrock, K., and Schmelzer, E. (1994). Reversible
cytoplasmic rearrangements precede wall apposition, hypersensitive cell death
and defense-related gene activation in potato/Phytophthora infestans interactions.
Planta 194, 123–135. doi: 10.1007/BF00201043

Gage, D. J. (2004). Infection and invasion of roots by symbiotic, nitrogen-fixing
rhizobia during nodulation of temperate legumes. Microbiol. Mol. Biol. Rev. 68,
280–300. doi: 10.1128/mmbr.68.2.280-300.2004

Genre, A., Chabaud, M., Faccio, A., Barker, D. G., and Bonfante, P. (2008). Prepen-
etration apparatus assembly precedes and predicts the colonization patterns of
arbuscular mycorrhizal fungi within the root cortex of both Medicago truncatula
and Daucus carota. Plant Cell 20, 1407–1420. doi: 10.1105/tpc.108.059014

Genre, A., Chabaud, M., Timmers, T., Bonfante, P., and Barker, D. G. (2005).
Arbuscular mycorrhizal fungi elicit a novel intracellular apparatus in Medicago
truncatula root epidermal cells before infection. Plant Cell 17, 3489–3499. doi:
10.1105/tpc.105.035410

Genre, A., Ortu, G., Bertoldo, C., Martino, E., and Bonfante, P. (2009). Biotic
and abiotic stimulation of root epidermal cells reveals common and specific
responses to arbuscular mycorrhizal fungi. Plant Physiol. 149, 1424–1434. doi:
10.1104/pp.108.132225

Giovannetti, M., Sbrana, C., and Logi, C. (1994). Early processes involved in host
recognition by arbuscular mycorrhizal fungi. New Phytol. 127, 703–709. doi:
10.1111/j.1469-8137.1994.tb02973.x

Gollotte, A., Gianinazzi-Pearson, V., Giovannetti, M., Sbrana, C., Avio, L., and Gian-
inazzi, S. (1993). Cellular-localization and cytochemical probing of resistance
reactions to arbuscular mycorrhizal fungi in a locus a Myc-mutant of Pisum
sativum L. Planta 191, 112–122. doi: 10.1007/BF00240902

Guest, D. I. (1986). Evidence from light microscopy of living tissues that Fosetyl-
Al modifies the defence response in tobacco seedlings following inoculation by
Phytophthora nicotianae var nicotianae. Physiol. Mol. Plant Pathol. 29, 251–261.
doi: 10.1016/S0048-4059(86)80025-X

Gundersen, G. G., and Worman, H. J. (2013). Nuclear positioning. Cell 152, 1376–
1389. doi: 10.1016/J.Cell.2013.02.031

Gus-Mayer, S., Naton, B., Hahlbrock, K., and Schmelzer, E. (1998). Local
mechanical stimulation induces components of the pathogen defense response
in parsley. Proc. Natl. Acad. Sci. U.S.A. 95, 8398–8403. doi: 10.1073/pnas.95.
14.8398

Hardham, A. R., Takemoto, D., and White, R. G. (2008). Rapid and dynamic subcel-
lular reorganization following mechanical stimulation of Arabidopsis epidermal
cells mimics responses to fungal and oomycete attack. BMC Plant Biol. 8:63. doi:
10.1186/1471-2229-8-63

Harrison, M. J. (2012). Cellular programs for arbuscular mycorrhizal symbiosis.
Curr. Opin. Plant Biol. 15, 691–698. doi: 10.1016/j.pbi.2012.08.010

Heath, M. C., Nimichuk, Z. L., and Xu, H. (1997). Plant nuclear migrations as indi-
cators of critical interactions between resistant or susceptible cowpea epidermal
cells and invasion hyphae of the cowpea rust fungus. New Phytol. 135, 689–700.
doi: 10.1046/j.1469-8137.1997.00710.x

www.frontiersin.org April 2014 | Volume 5 | Article 129 | 5

http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Cell_Biology/archive


Griffis et al. Nuclear movement in plants

Heslop-Harrison, J., and Heslop-Harrison, Y. (1989a). Myosin associated with the
surfaces of organelles, vegetative nuclei and generative cells in angiosperm pollen
grains and tubes. J. Cell Sci. 94, 319–325.

Heslop-Harrison, J., and Heslop-Harrison, Y. (1989b). Conformation and move-
ment of the vegetative nucleus of the angiosperm pollen tube: association with
the actin cytoskeleton. J. Cell Sci. 93, 299–308.

Heslop-Harrison, J., Heslop-Harrison, Y., Cresti, M., Tiezzi, A., and Moscatelli, A.
(1988). Cytoskeletal elements, cell shaping and movement in the angiosperm
pollen tube. J. Cell Sci. 91, 49–60.

Higa, T., Suetsugu, N., and Wada, M. (2013). Plant nuclear photorelocation
movement. J. Exp. Bot. doi: 10.1093/jxb/ert414 [Epub ahead of print].

Iwabuchi, K., Sakai, T., and Takagi, S. (2007). Blue light-dependent nuclear posi-
tioning in Arabidopsis thaliana leaf cells. Plant Cell Physiol. 48, 1291–1298. doi:
10.1093/pcp/pcm095

Iwabuchi, K., and Takagi, S. (2010). Actin-based mechanisms for light-dependent
intracellular positioning of nuclei and chloroplasts in Arabidopsis. Plant Signal.
Behav. 5, 1010–1013. doi: 10.1104/pp.109.149526

Kagawa, T., and Wada, M. (1993). Light-dependent nuclear positioning in
prothallial cells of Adiantum capillus-veneris. Protoplasma 177, 82–85. doi:
10.1007/BF01403402

Kagawa, T., and Wada, M. (1995). Polarized light induces nuclear migration
in prothallial cells of Adiantum capillus-veneris L. Planta 196, 775–780. doi:
10.1007/BF01106773

Katsuta, J., and Shibaoka, H. (1988). The roles of the cytoskeleton and the cell wall
in nuclear positioning in tobacco BY-2 cells. Plant Cell Physiol. 29, 403–413.

Kaul,V., Theunis, C. H., Palser, B. F., Knox, R. B., and Williams, E. G. (1987). Associa-
tion of the generative cell and vegetative nucleus in pollen tubes of rhododendron.
Ann. Bot. 59, 227–235.

Kennard, J. L., and Cleary, A. L. (1997). Pre-mitotic nuclear migration in
subsidiary mother cells of Tradescantia occurs in G1 of the cell cycle and
requires F-actin. Cell Motil. Cytoskeleton 36, 55–67. doi: 10.1002/(SICI)1097-
0169(1997)36:1 < 55::AID-CM5 > 3.0.CO;2-G

Ketelaar, T., Faivre-Moskalenko, C., Esseling, J. J., De Ruijter, N. C. A., Grierson,
C. S., Dogterom, M., et al. (2002). Positioning of nuclei in Arabidopsis root
hairs: an actin-regulated process of tip growth. Plant Cell 14, 2941–2955. doi:
10.1105/tpc.005892

Kodama, Y., Tsuboi, H., Kagawa, T., and Wada, M. (2008). Low temperature-induced
chloroplast relocation mediated by a blue light receptor, phototropin 2, in fern
gametophytes. J. Plant Res. 121, 441–448. doi: 10.1007/S10265-008-0165-9

Lawrence, C. J., Morris, N. R., Meagher, R. B., and Dawe, R. K. (2001). Dyneins
have run their course in plant lineage. Traffic 2, 362–363. doi: 10.1034/J.1600-
0854.2001.25020508.X

Lloyd, C. W., Pearce, K. J., Rawlins, D. J., Ridge, R. W., and Shaw, P. J. (1987).
Endoplasmic microtubules connect the advancing nucleus to the tip of legume
root hairs, but F-actin is involved in basipetal migration. Cell Motil. Cytoskeleton
8, 27–36. doi: 10.1002/cm.970080105

Mathur, J., Spielhofer, P., Kost, B., and Chua, N.-H. (1999). The actin cytoskeleton
is required to elaborate and maintain spatial patterning during trichome cell
morphogenesis in Arabidopsis thaliana. Development 126, 5559–5568.

McCue, A. D., Cresti, M., Feijó, J. A., and Slotkin, R. K. (2011). Cytoplasmic
connection of sperm cells to the pollen vegetative cell nucleus: potential roles of
the male germ unit revisited. J. Exp. Bot. 62, 1621–1631. doi: 10.1093/jxb/err032

Miller, D. D., De Ruijter, N. C. A., Bisseling, T., and Emons, A. M. C. (1999). The
role of actin in root hair morphogenesis: studies with lipochito-oligosaccharide
as a growth stimulator and cytochalasin as an actin perturbing drug. Plant J. 17,
141–154. doi: 10.1046/j.1365-313X.1999.00358.x

Miller, D. D., Scordilis, S. P., and Hepler, P. K. (1995). Identification and localization
of three classes of myosins in pollen tubes of Lilium longiflorum and Nicotiana
alata. J. Cell Sci. 108, 2549–2563.

Moscatelli, A., Delcasino, C., Lozzi, L., Cai, G., Scali, M., Tiezzi, A., et al. (1995).
High-molecular-weight polypeptides related to dynein heavy-chains in Nicotiana
tabacum pollen tubes. J. Cell Sci. 108, 1117–1125.

Nagai, R. (1993). “Regulation of intracellular movements in plant cells by environ-
mental stimuli,” in International Review of Cytology, eds K. W. Jeon and J. Jarvik.
(San Diego, CA: Academic Press), 251–310.

Ogasawara, Y., Ishizaki, K., Kohchi, T., and Kodama, Y. (2013). Cold-induced
organelle relocation in the liverwort Marchantia polymorpha L. Plant Cell Environ.
36, 1520–1528. doi: 10.1111/Pce.12085

Palevitz, B. A. (1993). Relationship between the generative cell and vegetative
nucleus in pollen tubes of Nicotiana tabacum. Sex. Plant Reprod. 6, 1–10. doi:
10.1007/BF00227576

Qu, L.-H., and Sun, M.-X. (2007). The plant cell nucleus is constantly alert and
highly sensitive to repetitive local mechanical stimulations. Plant Cell Rep. 26,
1187–1193. doi: 10.1007/s00299-007-03

Qu, L.-H., and Sun, M.-X. (2008a). Cytoplasmic compartmental response to local
mechanical stimulation of internal tissue cells. Protoplasma 233, 51–59. doi:
10.1007/s00709-008-0304-0

Qu, L.-H., and Sun, M.-X. (2008b). The nucleus as a chief cellular organizer and
active defender in response to mechanical stimulation. Plant Signal. Behav. 3,
678–680. doi: 10.4161/psb.3.9.5810

Sieberer, B., and Emons, A. M. C. (2000). Cytoarchitecture and pattern of
cytoplasmic streaming in root hairs of Medicago truncatula during develop-
ment and deformation by nodulation factors. Protoplasma 214, 118–127. doi:
10.1007/BF02524268

Sieberer, B. J., Timmers, A. C. J., Lhuissier, F. G. P., and Emons, A. M. C. (2002).
Endoplasmic microtubules configure the subapical cytoplasm and are required
for fast growth of Medicago truncatula root hairs. Plant Physiol. 130, 977–988.
doi: 10.1104/pp.004267

Smith, L. G. (2001). Plant cell division: building walls in the right places. Nat. Rev.
Mol. Cell Biol. 2, 33–39. doi: 10.1038/35048050

Smith, S. E., and Read, D. J. (2008). Arbuscular Mycorrhizal Symbiosis. London:
Academic Press.

Starr, D. A., and Fridolfsson, H. N. (2010). Interactions between nuclei and the
cytoskeleton are mediated by SUN-KASH nuclear-envelope bridges. Annu. Rev.
Cell Dev. Biol. 26, 421–444. doi: 10.1146/annurev-cellbio-100109-104037

Takagi, S., Islam, M. S., and Iwabuchi, K. (2011). Dynamic behavior of double-
membrane-bounded organelles in plant cells. Int. Rev. Cell Mol. Biol. 286, 181–
222. doi: 10.1016/B978-0-12-385859-7.00004-5

Tamura, K., Iwabuchi, K., Fukao, Y., Kondo, M., Okamoto, K., Ueda, H., et al.
(2013). Myosin XI-i links the nuclear membrane to the cytoskeleton to con-
trol nuclear movement and shape in Arabidopsis. Curr. Biol. 23, 1–6. doi:
10.1016/j.cub.2013.07.035

Tansengco, M. L., Imaizumi-Anraku, H., Yoshikawa, M., Takagi, S., Kawaguchi, M.,
Hayashi, M., et al. (2004). Pollen development and tube growth are affected in
the symbiotic mutant of Lotus japonicus, crinkle. Plant Cell Physiol. 45, 511–520.
doi: 10.1093/pcp/pch076

Timmers, A. C. J., Auriac, M.-C., and Truchet, G. (1999). Refined analysis of
early symbiotic steps of the Rhizobium-Medicago interaction in relationship with
microtubular cytoskeleton rearrangements. Development 126, 3617–3628.

Tirlapur, U. K., Cai, G., Faleri, C., Moscatelli, A., Scali, M., Del Casino, C., et al.
(1995). Confocal imaging and immunogold electron microscopy of changes in
distribution of myosin during pollen hydration, germination and pollen tube
growth in Nicotiana tabacum L. Eur. J. Cell Biol. 67, 209–217.

Tsuboi, H., Suetsugu, N., Kawai-Toyooka, H., and Wada, M. (2007). Phototropins
and Neochrome1 Mediate Nuclear Movement in the Fern Adiantum capillus-
veneris. Plant Cell Physiol. 48, 892–896. doi: 10.1093/pcp/pcm057

van Bruaene, N., Joss, G., and Van Oostveldt, P. (2004). Reorganization and in
vivo dynamics of microtubules during Arabidopsis root hair development. Plant
Physiol. 136, 3905–3919. doi: 10.1104/pp.103.031591

van Brussel, A. A., Bakhuizen, R., Van Spronsen, P. C., Spaink, H. P., Tak, T.,
Lugtenberg, B. J., et al. (1992). Induction of pre-infection thread structures in the
leguminous host plant by mitogenic lipo-oligosaccharides of Rhizobium. Science
257, 70–72. doi: 10.2307/2877433

Veiga, R. S. L., Faccio, A., Genre, A., Pieterse, C. M. J., Bonfante, P., and Van
Der Heijden, M. G. A. (2013). Arbuscular mycorrhizal fungi reduce growth and
infect roots of the non-host plant Arabidopsis thaliana. Plant Cell Environ. 36,
1936–1937. doi: 10.1111/pce.12102

Weerasinghe, R. R., Bird, D. M., and Allen, N. S. (2005). Root-knot nematodes and
bacterial Nod factors elicit common signal transduction events in Lotus japonicus.
Proc. Natl. Acad. Sci. U.S.A. 102, 3147–3152. doi: 10.1073/pnas.0407926102

Williamson, R. E. (1993). Organelle movements. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 44, 181–202. doi: 10.1146/annurev.pp.44.060193.001145

Zhao, Q., Brkljacic, J., and Meier, I. (2008). Two distinct interacting classes of nuclear
envelope-associated coiled-coil proteins are required for the tissue-specific
nuclear envelope targeting of Arabidopsis RanGAP. Plant Cell 20, 1639–1651.
doi: 10.1105/tpc.108.059220

Frontiers in Plant Science | Plant Cell Biology April 2014 | Volume 5 | Article 129 | 6

http://www.frontiersin.org/Plant_Cell_Biology/
http://www.frontiersin.org/Plant_Cell_Biology/archive


Griffis et al. Nuclear movement in plants

Zhou, X., Graumann, K., Evans, D. E., and Meier, I. (2012). Novel
plant SUN-KASH bridges are involved in RanGAP anchoring and nuclear
shape determination. J. Cell Biol. 196, 203–211. doi: 10.1083/jcb.
201108098

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 06 December 2013; paper pending published: 14 January 2014; accepted: 18
March 2014; published online: 03 April 2014.

Citation: Griffis AHN, Groves NR, Zhou X and Meier I (2014) Nuclei in motion:
movement and positioning of plant nuclei in development, signaling, symbiosis, and
disease. Front. Plant Sci. 5:129. doi: 10.3389/fpls.2014.00129
This article was submitted to Plant Cell Biology, a section of the journal Frontiers in
Plant Science.
Copyright © 2014 Griffis, Groves, Zhou and Meier. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org April 2014 | Volume 5 | Article 129 | 7

http://dx.doi.org/10.3389/fpls.2014.00129
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Cell_Biology/archive

	Nuclei in motion: movement and positioning of plant nuclei in development, signaling, symbiosis, and disease
	Nuclear movement during development
	Pollen tube growth
	Trichome development
	Root hair tip growth

	Nuclear movement in biotic interactions
	Symbiosis
	Plant–pathogen interactions

	Nuclear movement in abiotic signaling
	Response to blue light
	Response to mechanical stimuli

	Outlook
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


