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Roles of actin cytoskeleton for regulation of chloroplast anchoring
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ABSTRACT
Chloroplasts are known to maintain specific intracellular distribution patterns under specific environmental
conditions, enabling the optimal performance of photosynthesis. To this end, chloroplasts are anchored in
the cortical cytoplasm. In leaf epidermal cells of aquatic monocot Vallisneria, we recently demonstrated
that the anchored chloroplasts are rapidly de-anchored upon irradiation with high-intensity blue light and
that the process is probably mediated by the blue-light receptor phototropins. Chloroplast de-anchoring is
a necessary step rendering the previously anchored chloroplasts mobile to allow their migration. In this
article, based on the results obtained in Vallisneria together with those in other plant species, we briefly
discussed possible modes of regulation of chloroplast anchoring and de-anchoring by actin cytoskeleton.
The topics include roles of photoreceptor systems, actin-filament-dependent and -independent chloroplast
anchoring, and independence of chloroplast de-anchoring from actomyosin and microtubule systems.

KEYWORDS
Actin cytoskeleton;
chloroplast anchoring; light-
induced chloroplast
redistribution; Vallisneria

Light-induced chloroplast redistribution in Vallisneria
epidermal cells

The distribution pattern of chloroplasts in photosynthesizing
plant cells is under a precise control of environment. Light is
one of the most important environmental factors for plant life.
Chloroplasts take different distribution patterns under different
light conditions to maintain optimal photosynthesis at all
times. In general, chloroplasts accumulate into the irradiated
region with low-intensity light (accumulation response), while
they escape from the irradiated region with high-intensity light
(avoidance response).1,2 It is experimentally demonstrated that
the accumulation response enhances photosynthesis under
low-intensity light,1 while the avoidance response prevents
photodamages caused by high-intensity light.3

The light-induced chloroplast redistribution is observed
widely in the plant kingdom, from algae to seed plants, includ-
ing a submerged aquatic monocot Vallisneria (Alismatales
Hydrocharitaceae). Vallisneria lives in fresh-water rivers and
lakes in the subtropical and temperate zones. Leaves of Vallis-
neria have single layer of rectangular parallelepiped-shaped
epidermal cells, which atypically harbor mature chloroplasts
rather than plastids incapable of photosynthesis, providing an
excellent experimental system for light microscopic studies of
the chloroplast movement.4,5 Chloroplasts in the epidermal
cells accumulate into the outer periclinal cytoplasm under low-
intensity light, whereas they rapidly migrate to the anticlinal
cytoplasm upon exposure to high-intensity light. In contrast to
most terrestrial plants, in which both responses are induced
exclusively by blue light, the accumulation response is induced
most effectively by red light, whereas the avoidance response
is induced specifically by blue light.6 Since light-induced

chloroplast redistribution in Vallisneria is accompanied with
dynamic changes in the configuration of actin filaments,7-10 we
have attempted to dissect initial processes of chloroplast redis-
tribution focusing on the roles of actin cytoskeleton.

Immobilization of chloroplasts under low-intensity light

In Vallisneria epidermal cells, the distribution pattern of
chloroplasts in darkness is determined depending on the light
condition immediately before dark treatment.6 When cells are
dark-adapted after exposure to high-intensity white light,
which fully induced the avoidance of chloroplasts to the anticli-
nal cytoplasm, only a small number of chloroplasts are located
on the outer periclinal cytoplasm after dark treatment. Those
chloroplasts exhibit fine, randomly oriented movement. Long,
thin bundles of actin filaments form a loose network over the
outer periclinal cytoplasm, apparently not contacting with each
chloroplast.7 The random movement of chloroplasts is acceler-
ated by irradiation with low-intensity red light within a few
minutes, producing increased numbers of chloroplasts that
migrate between the outer periclinal cytoplasm and the anticli-
nal cytoplasm.11 These effects are red/far-red light reversible,
probably mediated by phytochromes, which regulate the cyto-
plasmic motility in these cells.12 The observations suggest that
chloroplasts in Vallisneria epidermal cells move only passively;
the motile cytoplasmic matrix drives the movement of chloro-
plasts. This was already pointed out a century ago by Senn,13

who did pioneering studies on chloroplast movement in a wide
variety of plant species, in his famous book “Die Gestalts- und
Lagever€anderung der Pflanzen-Chromatophoren (The Changes
in Shape and Position of Plant Chloroplasts)”.
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In 30–60 min of exposure to low-intensity red light, chloro-
plasts on the outer periclinal cytoplasm lose their motility
depending on photosynthesis.7 Concomitantly, the configura-
tion of actin filaments on the outer periclinal cytoplasm
changed into a conspicuous honeycomb array, surrounding
each chloroplast.7,8 Since the accelerated migration of chloro-
plasts from the anticlinal to outer periclinal cytoplasm contin-
ues, the number of chloroplasts resided on the outer periclinal
cytoplasm increases.11 This mode of accumulation response is
totally different from that reported in other plant species
including the moss Physcomitrella patens,14 fern Adiantum cap-
illus-veneris,15 and Arabidopsis thaliana,16 in which chloro-
plasts exhibit more unidirectional, phototactic movements,
driven by short actin filaments associated with the chloroplasts.
The mode of chloroplast accumulation in Vallisneria is more
similar to that reported in the stramenopile alga Vaucheria ses-
silis,17,18 in which reticulated cytoplasmic fibers, most probably
composed of actin filaments, trap chloroplasts in the irradiated
region with low-intensity blue light.

Chloroplast anchoring induced by low-intensity light

The chloroplasts, which have lost their motility after exposure
to low-intensity red light, become resistant to the centrifugal
force, suggesting the occurrence of ‘chloroplast anchoring’. We
propose that the chloroplast anchoring is an active mechanism
to maintain specific distribution patterns of chloroplasts under
specific environmental conditions.19 Chloroplasts are rendered
immobile through the mechanism where they should keep their
positions to achieve optimal photosynthesis. Chloroplast redis-
tribution in response to environmental fluctuation may entail
de-anchoring of previously anchored chloroplasts, migration of
chloroplasts out of inappropriate regions, and re-anchoring of
chloroplasts at appropriate regions. Although the molecular
machinery is still elusive, the magnitude of chloroplast anchor-
ing can be evaluated by applying a centrifugal force to living
plant cells, for example, epidermal8,9,20,22 and mesophyll cells21

of Vallisneria, Elodea or Egeria,22-24 and terrestrial plants25,26 as
well. Tightly anchored chloroplasts resist stronger centrifugal
forces, while loosely anchored chloroplasts obey weaker centrif-
ugal forces.

In Vallisneria epidermal cells, the resistance of chloroplasts
to centrifugal force, provided after irradiation with low-inten-
sity red light, was completely antagonized by treatment with
the actin-depolymerizing reagent, which almost completely
fragmented the actin filaments around the chloroplasts.8 On
the other hand, when Vallisneria epidermal cells are exposed to
high-intensity blue light, chloroplasts which migrated from the
outer periclinal into the anticlinal cytoplasm become resistant
to the centrifugal force, and simultaneously, surrounded by
thin actin bundles.9 Both on the outer periclinal cytoplasm
under low-intensity red light7,8 and the anticlinal cytoplasm
under high-intensity blue light,9 photosynthetic inhibitors
impair the normal chloroplast redistribution, the gain in resis-
tance of chloroplasts to centrifugal force, and the reorganiza-
tion of actin cytoskeleton to be tightly associated with each
chloroplast. Consequently, we have concluded that photosyn-
thesis-dependent chloroplast anchoring is the essential event
for successful chloroplast redistribution induced by light, and

moreover, that the actin cytoskeleton plays critical roles in its
regulation. Although a possible involvement of photosynthesis
in the regulation of chloroplast positioning has also been sug-
gested in other plant species,22,27 the mode of involvement is
still obscure.4

General occurrence of actin-filament-dependent
chloroplast anchoring

Chloroplasts are frequently associated with actin filaments.5

Among those reports, disruption of actin cytoskeleton in meso-
phyll cells of A. thaliana by the actin-depolymerizing reagent
caused aberrant aggregation of chloroplasts.28 In living A. thali-
ana leaf cells, Kadota et al.16 demonstrated that the amount of
chloroplast-associated short actin filaments increases when
chloroplasts are immobile under low-intensity blue light, while
it rapidly decreases upon exposure to high-intensity blue light,
which was applied to induce photorelocation movement of the
chloroplasts. The dynamic behavior of chloroplast-associated
short actin filaments is under the control of blue-light receptor
phototropins.16,29,30 Using mutant plants of A. thaliana defi-
cient in chloroplast photorelocation movement, it was revealed
that CHLOROPLAST UNUSUAL POSITIONING1 (CHUP1),
together with KINESIN-LIKE PROTEIN FOR ACTIN-BASED
CHLOROPLAST MOVEMENT1 (KAC1) and KAC2, plays
critical roles to organize the chloroplast-associated short actin
filaments.16,30,31 CHUP1 and KACs are equipped with the
actin-binding activity in vitro,31,32,33 and moreover, chloro-
plasts could not keep normal interaction with the cortical cyto-
plasm without those proteins.16,34,35

Takamatsu and Takagi36 developed a more direct assay sys-
tem to characterize the chloroplast anchoring. When spinach
mesophyll protoplasts were attached onto coverslips and then
gently ruptured, the cortical cytoplasm with tightly associated
chloroplasts underlying the plasma membrane was exposed on
‘plasma-membrane ghosts’. Treatment of the plasma-mem-
brane ghosts with the actin-depolymerizing reagent induces
prompt detachment of chloroplasts concomitant with disrup-
tion of cortical actin cytoskeleton. These studies, together with
the results obtained in Vallisneria described above, all suggest
the general occurrence of actin-filament-dependent machinery
for chloroplast anchoring in plant cells.

Actin-filament-independent chloroplast anchoring
in Vallisneria epidermal cells

When Vallisneria epidermal cells are dark-adapted after expo-
sure to low-intensity white light, which induced chloroplast
accumulation into the outer periclinal cytoplasm, a large num-
ber of immobile chloroplasts are resided on the outer periclinal
cytoplasm, in contrast to the dark adaptation after exposure to
high-intensity light6 (Fig. 1A). Numerous thin bundles of actin
filaments are tightly associated with these chloroplasts10

(Fig. 1B). Do these thin actin bundles contribute to the chloro-
plast anchoring? To answer this question, we examined the
effects of an actin-depolymerizing reagent latrunculin B (LatB).
The magnitude of chloroplast anchoring was evaluated, after
centrifugation of living cells, as the coverage ratio (Np/Nt); the
number of chloroplasts in the centripetal half of the outer
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periclinal cytoplasm of the cell (Np) divided by the total num-
ber of chloroplasts (Nt) observed in the outer periclinal cyto-
plasm of the cell.9 When chloroplasts resist the centrifugal
force, the coverage ratio is kept at around 0.5, while it becomes
lower than 0.5 when chloroplasts obey the centrifugal force.

In the dark-adapted cells, the coverage ratio was kept at
around 0.5 at the centrifugal forces under 680 £ g, and slightly
declined from 0.5 at the centrifugal forces over 940 £ g (Fig. 2A,
Dark), indicating that these chloroplasts are strongly anchored.
As described below, when the dark-adapted cells were irradiated
with high-intensity blue light, the coverage ratio substantially
declined even at the centrifugal force of 680 £ g (Fig. 2A, BL),
depicting the chloroplast de-anchoring. After treatment of the
dark-adapted cells with 1 mM LatB for one hour, though no
apparent change in the distribution pattern of chloroplasts on

the outer periclinal cytoplasm could be detectable (Fig. 1C), the
whole actin cytoskeleton was completely disrupted and only
fragmented, very short actin bundles could be seen (Fig. 1D).

If the chloroplast anchoring depends solely on the thin actin
bundles associated with each chloroplast, chloroplasts should
no longer resist the centrifugal force after treatment with LatB.
Unexpectedly, however, the chloroplasts in LatB-treated cells
still resisted the centrifugal force even at 1160 £ g (Fig. 2B,
Dark). Thus disruption of actin cytoskeleton could not mimic
the effect of blue light to induce chloroplast de-anchoring,
suggesting the occurrence of actin-filament-independent chlo-
roplast anchoring in these cells. As described in the previous
section, Dong et al.8 demonstrated that disruption of actin
cytoskeleton impairs chloroplast anchoring during accumula-
tion of chloroplasts into the outer periclinal cytoplasm under

Figure 1. Effects of LatB on the distribution of chloroplasts and the configuration of actin filaments on the outer periclinal cytoplasm of dark-adapted Vallisneria epider-
mal cells. Dark-adapted leaf epidermal cells were treated with (C, D) or without (A, B) 1 mM LatB for 1 hour and stained with Alexa488-phalloidin as described in Sakai
and Takagi [ref 9]. The representative fluorescence images of outer periclinal cytoplasm (B, D) are arranged with the bright-field images (A, C). BarD 10 mm.

Figure 2. Effects of LatB on chloroplast anchoring and de-anchoring in Vallisneria epidermal cells under different light conditions. Dark-adapted cells were treated with
(B) or without (A) 1 mM LatB for 1 hour, and then centrifuged before (Dark) and after irradiation with blue light (BL; 470 nm, 70 mmol m¡2 s¡1) or red light (RL; 660 nm,
70 mmol m¡2 s¡1) for 5 min. The coverage ratio (Np/Nt) was evaluated as described in Sakai et al.37 and plotted against the centrifugal force. The vertical bar on each
point indicates the standard error. The asterisks mean that the values were significantly different from those obtained in dark-adapted cells (black symbols) (p < 0.01
with Student’s t-test). n D 50–122.
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low-intensity red light. Consequently, we can assume that thin
bundles of actin filaments transiently capture mobile chloro-
plasts through the light-dependent reorganization, and that the
anchored state of chloroplasts is maintained during dark adap-
tation through an actin-filament-independent mechanism.

Possible involvement of actin cytoskeleton in
chloroplast de-anchoring induced by high-intensity
blue light

Recently, we demonstrated that high-intensity blue light specifi-
cally and rapidly induces chloroplast de-anchoring in the dark-
adapted Vallisneria epidermal cells37 (Fig. 2A, BL), and proposed
that this 1-min-order response, most probably mediated by the
blue-light-receptor phototropins, is an initial process of chloro-
plast avoidance response. High-intensity red light never induces
such a response37 (Fig. 2A, RL). Does the actin cytoskeleton play
any roles in the blue-light-induced chloroplast de-anchoring?
When the LatB-treated cells after dark adaptation were irradiated
with high-intensity blue light (480 nm, 70 mmol m¡2 s¡1) for
5 min, the coverage ratio was kept at around 0.5 at the centrifugal
forces under 680 £ g, declined from 0.5 at 940 £ g, as in non-
irradiated cells after LatB treatment, and to the value significantly
lower than that in the non-irradiated cells at 1160 £ g (p < 0.01,
Fig. 2B, BL and Dark), indicative of the chloroplast de-anchoring.
However, the coverage ratio in the blue-light-irradiated cells in
the presence of LatB at 1160 £ g (0.38 § 0.01) (Fig. 2B, BL) is
significantly higher than that in the blue-light-irradiated cells in
the absence of LatB (0.23 § 0.02) (Fig. 2A, BL) (p < 0.01). Con-
sequently, in the LatB-treated cells, blue light can only partially
induce chloroplast de-anchoring, suggesting that intact actin
cytoskeleton is required to fulfill the chloroplast de-anchoring
induced by high-intensity blue light.

Assuming the involvement of actin cytoskeleton, we next
asked whether chloroplast de-anchoring needs the activity of
actomyosin system. A general inhibitor for ATPase activity of
myosins, 2,3-butanedione 2-monoxime (BDM) suppresses the
light-induced accumulation response of chloroplasts in A. thali-
ana.38 In epidermal cells of Vallisneria, even in the presence of
100 mM BDM, the coverage ratios before and after blue-light
irradiation were similar to those in the control cells (Fig. 3,
Control and CBDM), suggesting that the chloroplast de-anchor-
ing proceeds without any motive force generated by the actomyo-
sin system. On the other hand, chloroplast movement with the
cytoplasmic streaming in Vallisneria is reversibly inhibited by
BDM.39 This is also seen in the case of spinach. Although BDM
reversibly inhibits light-induced chloroplast movement in pali-
sade cells (Miyawaki, personal communication), a treatment of
the plasma-membrane ghosts with ATP never promotes detach-
ment of chloroplasts from the cortical cytoplasm (Takamatsu,
personal communication). These results indicated that, in the
whole process of light-induced chloroplast redistribution, the
chloroplast de-anchoring and chloroplast migration are separable
process, while both are regulated by the actin cytoskeleton.

Finally, we ascertain a possible involvement of another cyto-
skeletal component microtubule in the blue-light-induced chloro-
plast de-anchoring. In the presence or absence of a microtubule-
disrupting reagent oryzalin, there was no statistically significant
difference in the coverage ratios before and after blue-light

irradiation (Fig. 3, Control and COryz). Thus the chloroplast de-
anchoring seems to be independent of microtubule cytoskeleton.
This finding is consistent with that in spinach; microtubule depo-
lymerization never induced chloroplast detachment in the
plasma-membrane ghost assay.36 As far as we know, a possible
role of microtubule cytoskeleton in chloroplast positioning was
suggested only in Chenopodiaceae.40

Taken together, in Vallisneria epidermal cells, previously
anchored chloroplasts are de-anchored by exposure to high-
intensity blue light through a phototropin-mediated process, and
re-anchored in a photosynthesis-dependent manner either in the
periclinal or anticlinal cytoplasm rendered to be exposed to low-
intensity light. The actin cytoskeleton is intimately involved in
both processes, though the detailed mechanisms have not yet
been clarified. Separately, while its characteristics have neither
been totally unraveled, an actin-filament-independent mecha-
nism functions to maintain the anchored state of chloroplasts
during dark adaptation. To explore components involved in the
chloroplast anchoring and de-anchoring in Vallisneria, molecular
genetic approaches are required in addition to further physiologi-
cal studies. Recently, the genome of a marine monocot Zostera
marina (L.) (Alismatales Zosteraceae) was fully sequenced, dem-
onstrating the similarities and differences in morphological and
metabolic features between aquatic and terrestrial angiosperms.41

Such genetic information will powerfully support future investi-
gation to understand the regulatory mechanism for chloroplast
anchoring in a variety of plant species.
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