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Chloroplast Movement in Higher Plants, Ferns
and Bryophytes: A Comparative Point of View
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Summary

It is well known that chloroplasts move in response to changes in blue light intensity. Under low
light conditions chloroplasts spread out in a so-called accumulation response and maximize
light interception. Under high light they move to the anticlinal sides of cells, in a so-called avoid-
ance reaction, minimizing light interception. In recent years tremendous progress has been made
in our understanding of chloroplast movement due to a combination of new approaches and
model systems. Mutant screens in Arabidopsis thaliana revealed a considerable number of new
players, which modify the speed and the degree of the blue light driven movement of chloro-
plasts. In addition, better microscopy technologies revealed a fascinating picture of highly
dynamic changes in chloroplast associated actin filaments that are essential for chloroplast
movement. Our understanding has been further enhanced by studies of the gametophytes of the
moss Physcomitrella patens and the fern Adiantum capillus-veneris. Using a microbeam that
illuminates part of a cell, these microscopy studies gave insights into differences and similarities
in photoreception and the mechanics of chloroplast movement comparing angiosperms and
cryptogams. In addition by studying the behavior of individual chloroplasts within cells,
information was gained on the speed and duration with which light signal information travels.
Despite advances on the molecular level, our understanding of the species-specific variability
and ecological importance of chloroplast movement is still rudimentary. This review will give an
overview of our current understanding of chloroplast movement and will point out similarities
and differences in behavior among higher plants, ferns and bryophytes.
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I. Introduction

Photosynthesis is of central importance to
all plants, but light which drives photosyn-
thesis is one of the most challenging and
variable environmental factors that plants
have to content with. In environments such
as the understory, plants are limited by
light and need to maximize light intercep-
tion, while canopy leaves have to protect
themselves from excess light and the dan-
ger of photoinhibition. In addition, light
intensities can vary greatly within min-
utes, which poses great challenges if plants
are to optimize their photosynthetic behav-
ior. Not surprisingly, plants have evolved a
wide range of sophisticated mechanisms
that allow them to deal with ever changing
light intensities. Those mechanisms range
from acclimation via altered gene expres-
sion to physiological processes that act on
a time scale of minutes (Li et al. 2009).
One such mechanism is the ability of
plants to move their chloroplasts into
regions of more desirable light intensities
within minutes. Under low light intensities
chloroplasts spread out within a cell in a
so-called accumulation response, thereby
maximizing light interception (Zurzycki
1955), while under high light they move to
the anticlinal cell walls in a so-called
avoidance response thereby minimizing
the exposure to light and the likelihood of
photoinhibition (Kasahara et al. 2002;
Koniger et al. 2008). This ability of chlo-
roplasts to move within cells was first
documented over a century ago in studies
on algae, mosses, ferns and higher plants
(Senn 1908). For an example, showing the
chloroplast distribution in the model spe-
cies Arabidopsis thaliana, Adiantum
capillus-veneris and Physcomitrella pat-
ens see Fig. 8.1. Clever experimental set-
ups laid the groundwork for our
understanding of the phenomenon, but it
has been only during the past 10 years that
some of the key players involved in chloro-
plast movement and anchoring have been
discovered (for reviews see Wada et al.
2003; Takagi et al. 2009).
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Il. Photoreceptors

Significant progress has been made
characterizing the key components involved
in perceiving the light signals that induce
chloroplast movement in various species.
Blue light exclusively induces accumulation
and avoidance movements in all terrestrial
higher plants, most fern (e.g., Pteris vittata,
Pteris cretica, Adiantum caudatum, Adiantum
diaphanum, Cyrtomium fortunei, Microsorum
pustulatum) and moss species (e.g., Funaria
hygrometrica, Ceratodon purpureus) studied
so far (Zurzycki 1967; Inoue and Shibata
1974; Kadota et al. 1989; Kagawa et al.
1997; Augustynowicz and Gabry$§ 1999;
Koniger and Bollinger 2012). In these spe-
cies blue light is perceived by phototropinl
and phototropin2, plasma membrane-
associated serine/threonine protein kinases
that undergo autophosphorylation in response
to blue light. Both phototropins contain two
LOV domains, which sense light through the
cofactor flavin mononucleotide. Light stimu-
lation leads to the autophosphorylation of the
kinase domain, which then phosphorylates
other yet unknown targets (Kagawa et al.
2001; Jarillo et al. 2001; Christie 2007).
In Arabidopsis thaliana the accumulation
response is triggered by signals from photl
and phot2, which operate redundantly,
but through distinct pathways. The phot2
mediated avoidance response overrides the
photl mediated accumulation response
under high light intensities. The dark posi-
tioning of chloroplasts is also controlled by
phot2 (Kagawa et al. 2001; Sakai et al. 2001;
Suetsugu et al. 2005a; Luesse et al. 2010).
A study on the distinct functions of the vari-
ous regions and domains of the phototropin
receptors showed that in A. thaliana the
N-terminal end mainly determines the light
sensitivity of the phototropins, while the
specific combination ofthe N- and C-terminal
regions of photl suppresses the avoidance
response. Part of the N-terminus of phot2 is
required for the proper dark positioning of
chloroplasts (Aihara et al. 2008). Using a
GFP-photl fusion in 4. thaliana showed that
photl localizes to the plasma membrane



8 Chloroplast Movement

Arabidopsis thaliana

Physcomitrella patens

SLia Hc?.‘l-.\'”'”_fdf).) wnjuvipy

Fig. 8.1. Chloroplast distribution in three model species under low and high light intensities. In A. thaliana
chloroplasts assume very clear accumulation and avoidance positions, while changes in chloroplast positioning
are not as obvious in the other two species. The chloroplast positioning on the adaxial (a, ¢) and abaxial (b, d)
leaf sides of Arabidopsis thaliana and Adiantum capillus-veneris after a 1 h exposure of leaves to white light of
1 (a, b) or 1,000 pmol photons m™2 s™! (¢, d). For Physcomitrella patens leaflets and protonemata (cultured on
plates) were exposed for a 1 h to white light of 1 (e,_;) or 1,000 pmol photons m™ s7! (f,_;). Samples were fixed
in 2 % glutaraldehyde and chlorophyll a fluorescence was used to image the chloroplasts. Confocal images are
maximum projections of optical sections spaced at 1 pm. Scale bar=200 pm.

regions of leaf epidermal and mesophyll
cells in the dark (Sakamoto and Briggs
2002), but moves to unidentified cytosolic
structures in the light in a response that is
dependent on photl phosphorylation status
and kinase activation (Kaiserli et al. 2009;
Sullivan et al. 2010). Phot2 localizes mainly
to the plasma membrane in the dark, but a
fraction of the receptor pool moves to the

Golgi apparatus in response to blue light
(Kong et al. 2000).

The phototropins and their functions are
well conserved among higher plants, ferns
and mosses (Christie 2007; Suetsugu and
Wada 2007). There are however, a few plant
species in which chloroplast movement is
induced by red light in addition to blue light.
For example, in the aquatic monocot Vallisneria
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gigantea chloroplasts in the epidermis move
into an accumulation position in response to
dim red light, while they move to an avoid-
ance position in response to elevated red and
strong blue light (Izutani et al. 1990; Dong
et al. 1995; Takagi 2003). The accumulation
response of chloroplasts in these epidermal
cells is affected by illumination with far-red
light, pointing towards a phytochrome-
dependent mechanism. In addition, DCMU,
an inhibitor of photosynthesis adversely
affected the ability of chloroplasts to reach
the accumulation position (Takagi 2003). In
gametophytes and sporophytes of some fern
species such as Adiantum capillus-veneris
and Dryopteris sparsa both blue and red light
can cause chloroplasts to move (Yatsuhashi
et al. 1985; Yatsuhashi and Kobayashi 1993;
Augustynowicz and Gabrys 1999). Blue
light induced chloroplast avoidance move-
ment in 4. capillus-veneris was observed
under ten-fold lower blue light intensities
than under red light (Yatsuhashi et al. 1985).
In addition to photl and phot2, A. capillus-
veneris has a chimeric photoreceptor
(NEOCHROME1) made up of the chromo-
phore-binding domain of phytochrome3 and
nearly full-length photl. Neochrome func-
tions both as a red and a blue light receptor.
Interestingly photl and NEOL1 are responsi-
ble for the accumulation response, while
phot2 is responsible exclusively for the
avoidance response and proper dark posi-
tioning (Nozue et al. 1998; Kagawa et al.
2004; Suetsugu et al. 2005b; Tsuboi et al.
2009). NEOIl-like sequences have been
found also in some other polypodiaceous
ferns (Dryopteris filix-max, Hypolepis punc-
tata, Onoclea sensibilis), but not in more
primitive ferns (Osmunda japonica, Lygodium
japonicum) (Kawai et al. 2003; Suetsugu
et al. 2005b).

Both red and blue light also can induce
chloroplast movement in protonemal cells of
the moss Physcomitrella patents (Kadota
et al. 2000), as long as the cells were cultured
in red, not white light (Kadota et al. 2000).
P, patens has a complex set of receptors with
four phototropins (photAl, photA2, photB1,
photB2) which are responsible for the blue
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light induced chloroplast movement.
Interestingly, both photA and photB groups
are involved in the avoidance response. The
primary photoreceptor for the red light
induced chloroplast movement is phyto-
chrome, but phototropins may act down-
stream since the triple phototropin mutant
photA2photBIphotB2 showed reduced red
light induced chloroplast movement. No
neochrome-like protein has been found in
the mosses P patens and Ceratodon purpu-
reus (Kasahara et al. 2004; Suetsugu et al.
2005b). In P, patens the canonical PHY1-3,
which are localized in the cytoplasm, are
involved in the avoidance response in proto-
plasts (Uenaka and Kadota 2007), while
PHY4 seems to be involved in the avoidance
response in protonemal cells (Mittmann
et al. 2004). It is not clear why these
mutant studies showed conflicting results.
Interestingly, the intensities at which the
accumulation and avoidance responses
occurred were different depending on the
light quality (Kadota et al. 2000).

Little is known about the signaling path-
ways involved in phototropin mediated chlo-
roplast movement. However, it is clear that
blue light leads to characteristic changes in
internal calcium concentrations in species
ranging from higher plants and ferns to
mosses. Insights into the role of calcium
were gained using a variety of approaches
ranging from inhibiting different types of
calcium channels with chemicals, measuring
calcium channel activities, and determining
localized calcium levels with aequorin Ca*
reporter systems. The details that are emerg-
ing show calcium changes to be species
specific. For example, in A. thaliana photl
and phot2 mediated the blue light induced
activation of Ca?* channels in the plasma
membrane of mesophyll protoplasts, which
in turn led to specific transient increases in
cytoplasmic Ca?* levels. Phot2 also induced
the release of Ca?" from internal storage
compartments (Baum et al. 1999; Harada
et al. 2003; Stoelzle et al. 2003). In contrast,
the influx of external Ca*" seemed unimport-
ant for blue light induced chloroplast move-
ment in the aquatic angiosperm Lemna trisulca
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(Tlalka and Gabry$ 1993; Tlalka and Fricker
1999) and the fern A. capillus-veneris
(Sato et al. 2001a, b). In the moss P, patens
external calcium influx plays an important
role in chloroplast movement under blue, but
not red light conditions (Russell et al. 1998).
In some cases it was difficult to pinpoint if
changes of calcium concentration were early
or late components of the phototropin signal-
ing pathways, but at least in a few species
Ca?" seems to be acting downstream of
pathways that involve phosphoinositide-
3-kinases, as experiments with wortmannin
in Nicotiana tabacum (Anielska-Mazur
et al. 2009) and Lemna trisulca (Grabalska
and Malec 2004) showed. These results sug-
gested that the directionality of chloroplast
movement was not influenced by calcium,
but by the phosphoinositides. Ca?>" may
affect chloroplast movement through its
influence on actin filament integrity or motor
molecule activity (Kadota and Wada 1992b;
Grabalska and Malec 2004; Anielska-Mazur
et al. 2009).

Studies using microbeams that illuminate
only a small fraction of an individual cell in
A. thaliana or A. capillus-veneris have shown
that whatever the signaling cascade, the light
signal does not travel to neighboring cells.
Interestingly chloroplasts that were posi-
tioned in the area that was illuminated with
the high light microbeam, moved away from
the light, while those outside of the micro-
beam moved towards it but stopped before
entering the high light area. This indicates
that there may exist a gradient in signaling
molecules that can reach chloroplasts at a
fair distance, but when chloroplasts get close
to excessively high light they stop moving.
Studies in which only a brief pulse of light
was given indicated that high light signals
lasted for a shorter period of time (three-fold
difference) than low intensity signals and
hence could induce movement on different
time scales after the microbeam was turned
off (Kagawa and Wada 1994, 1999). The dis-
tances from which chloroplasts could be
attracted towards the light were greater the
higher the light intensity of the microbeam
(Kagawa and Wada 1996).
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lll. The Role of the Cytoskeleton

It has been long suggested that chloroplasts
in higher plants, ferns and mosses move
along actin cables. Numerous studies have
shown that chloroplasts are surrounded by a
basket of actin filaments, or honeycomb-like
actin structures (e.g., in A. thaliana,
Nicotiana tabacum, Spinacia oleraceae,
Vallisneria gigantea, A. capillus-veneris,
Selaginella helvetica, P patens) and that
they are localized in close proximity to larger
actin cables that transverse the cells. In addi-
tion there is evidence in many species that
actin polymerization inhibitors prevent chlo-
roplast movement (Cox et al. 1987; Kadota
and Wada 1992b; Dong et al. 1996;
Kandasamy and Meagher 1999; Sato et al.
2001a, b; Takagi 2003; Kumatani et al. 2006;
Anielska-Mazur et al. 2009). Several studies
also documented a reorganization of the
actin cytoskeleton in response to strong light.
For example, in the epidermal cells of the
aquatic monocot Vallisneria gigantea, blue
light led to the reorganization of the actin
cytoskeleton. Thick bundles that surrounded
and anchored the chloroplasts in the dark,
disappeared under strong blue light, and
instead straight, aggregated actin bundles
appeared (Sakurai et al. 2005). Under weak
red light actin cables formed honeycomb like
structures, which trapped the chloroplasts
of V gigantea (Takagi 2003). In A. thaliana
red light had more significant effects on the
F-actin filaments than blue light and high
light intensities appeared to lead to more
fragile actin filaments (Krzeszowiec et al.
2007). In Nicotiana tabacum, leaves
exposure to strong red or blue light led to
diffuser and wider actin cables. However,
these changes did not correlate with the
directionality of chloroplast movement
(Anielska-Mazur et al. 2009). In the fern
A. capillus-veneris it had been shown that
arrays of actin filaments appeared when
chloroplasts reached their final destination,
while they disappeared before movement
started (Kadota and Wada 1992b). Using
GFP-mTalin constructs that allowed the
visualization of very fine actin filaments in
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combination with a microcopy system in
which part of a cell could be illuminated
with a microbeam to induce chloroplast
movement, finally led to a significant break-
through. 4. thaliana chloroplasts were shown
to be surrounded by very small actin fila-
ments covering the entire surface of the chlo-
roplasts when they were anchored to the
plasma membrane. When high intensity blue
light was shining on them, these filaments
first disappeared and then formed on the
leading edge of the chloroplasts, meaning on
the side facing the direction of chloroplast
movement. Hence, chloroplasts did not uti-
lize preexisting or newly formed large cables,
but depended on small, newly polymerized
actin filaments that formed on the leading
edge of chloroplasts (cp-actin filaments) in
response to blue light in a phototropin depen-
dent fashion (Kadota et al. 2009).

In the moss P patens chloroplast movement
depends both on microtubules and microfila-
ments. In the absence of light, chloroplasts
moved quickly back and forth along micro-
tubules in a longitudinal direction, while
actin cables allowed for slow movement in
any direction. Red light induced movement
via the photoreceptor phytochrome occurred
only along microtubules, while blue-light
induced movement could take place either
along microtubules or actin filaments.
Interestingly, red light caused chloroplasts to
move in a fairly inefficient way towards their
final destination, while blue light caused
chloroplasts to move along the shortest way.
This specific system may be an intermediate
between the algal motility system, which
relies mainly on microtubules and that of
higher plants, which relies exclusively on
microfilaments (Sato et al. 2001b). A recent
study using GFP-labeled actin and microtu-
bules revealed that irradiation with a blue
microbeam induced changes in actin fila-
ments but not microtubules. High blue light
intensities led to the disappearance of actin
filaments in the high light area, while low
and high blue light led to the appearance of
actin filaments in the areas to which the chlo-
roplasts migrated. These short actin fila-
ments (cp-actin) seemed to emerge from the
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center part of chloroplasts and soon extended
to the area of the chloroplast surface facing
the plasma membrane. Just like in 4. thaliana
these cp-actin filaments seemed to form in
many cases on that side of the chloroplasts
that was leading the directional movement.
In contrast to A. thaliana the cp-actin fila-
ments in P patens were not present in the
dark, hence they may not be involved in
anchoring the chloroplasts under these con-
ditions (Yamashita et al. 2011). For an over-
view of our understanding of the light
receptors and the cytoskeletal elements in
movement in a range of species see Table 8.1
and Fig. 8.2.

It is not known how the force is generated
that allows the chloroplasts to move, as there
is contradictory evidence for the involve-
ment of myosins. While some, but not all
inhibitor studies pointed towards a role of
myosin in the accumulation response of
higher plants and ferns (Liebe and Menzel
1995; Paves and Truve 2007), there had been
limited success localizing specific myosins
to the chloroplasts of higher plants (Malec
etal. 1996; Wang and Pesacreta 2004; Reisen
and Hanson 2007) and none of the myosin
mutant lines in higher plants investigated so
far have shown any deficits in chloroplast
movement (Peremyslov et al. 2008). A recent
study which used transient RNA silencing
and YFP:myosin XI fusions in tobacco
plants found evidence of myosin XI-F
involvement in chloroplast dark positioning
(Sattarzadeh et al. 2009). This indicates that
while myosins may be involved in chloro-
plast movement, there is either considerable
redundancy between the members of this
large gene family found in plants and/or they
are only partially responsible for the move-
ment of chloroplasts. There is also evidence
that myosins change their localization in a
blue-light and phot2 dependent fashion in
A. thaliana. Under weak blue light antibodies
detected the presence of myosin associated
with the chloroplast envelope, while in strong
light very few patches of myosin could be
detected on the chloroplasts (Krzeszowiec
and Gabrys$ 2007). Hence myosin relocation
may be essential in chloroplast movement



8 Chloroplast Movement

137

Table 8.1. Some characteristics of chloroplast movement comparing higher plants, ferns and mosses.

Tissue/cells in which

light dependent Quality of light  Photoreceptors
movement has been that induces involved in cp-actin  Microtubules
Species shown movement movement involved involved
Higher plants
A. thaliana Mesophyll, Blue Photl, phot2 Yes No
guard cells
Other terrestrial Mesophyll Blue Photl, phot2 nd No
plants (C;)
Terrestrial Mesophyll, not Blue Photl, phot2 nd No
plants (Cy) bundle sheath
cells
Aquatic submerged Epidermis Red, blue phy nd No
plants (Cs)
Ferns
A. capillus-veneris Protonema, Red, blue Photl, phot2, neol nd No
and other polypo- prothallus,
diaceous ferns sporophyte
Other ferns Protonema, Blue Photl, phot2 nd nd
sporophyte
Mosses
P, patens Protonema, Red, blue PhotA1l, photA2, Yes Yes?
gametophyte photB1, photB2,
phy
Other mosses Protonema, Blue nd nd No
gametophyte

nd not determined
In movement under dark, red and blue light

and may play a role in signaling rather than
the movement itself. Alternatively, myosins
may only be involved in certain circum-
stances such as in anchoring of chloroplasts
in the dark and positioning them under low
light, but not in the avoidance response.
Clearly more work is needed to elucidate
the precise role of myosin in chloroplast
movement and its behavior across various
species.

An important player in the actin mediated
chloroplast movement and anchoring to the
plasma membrane is the protein CHUP1
(chloroplast unusual positioning), which
localizes to the outer chloroplast envelope
via its hydrophobic N-terminus. CHUP1
contains a coiled-coil domain, an actin-
binding domain that allows it to interact with
G- and F-actin, a proline-rich motif and
two leucin-zipper domains (Oikawa et al.
2003; Oikawa et al. 2008). CHUP1 cannot

polymerize G-actin, but interacts with the
actin-binding protein profilin (Schmidt von
Braun and Schleiff 2008a, b). Recent evi-
dence suggests that the leucine zipper motifs
in the N- and C-terminal regions of CHUP1
are important for an intramolecular fold that
may help to bring the actin- and profilin-
binding domains together (Lehmann et al.
2011). Three other proteins have been shown
to affect chloroplast movement by influenc-
ing cp-actin filament formation: Two kinesin-
like proteins, KAC1 and KAC2, with a
C-terminus that can interact with F-actin are
crucial for chloroplast movement and
anchoring and seem to be involved in the
generation or stability of cp-actin filaments
(Suetsugu et al. 2010a, b). THRUMINI, an
actin-bundling protein that localizes to the
plasma membrane in a light- and phototropin-
dependent fashion, plays an important role in
chloroplast movement under low and high
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Fig. 8.2. Overview of factors driving chloroplast movement in three model species. In Arabidopsis thaliana
blue light drives the accumulation response through phot1 and phot2, and the avoidance response through phot2.
Through a signaling cascade that is not yet indentified cp-actin filaments form on the leading edge of chloro-
plasts, allowing chloroplasts to be pulled either into or out of the light. In the dark chloroplasts are anchored via
cp-actin filaments to the plasma membrane. A similar model is proposed for Adiantum capillus-veneris, however
in this species red and blue light can also induce an accumulation response through the photoreceptor neol. In
Physcomitrella patens the situation is more complicated and less well understood. Blue light causes an accu-
mulation response in protonemal cells via photA and photB through the biased formation of cp-actin filaments.
In addition blue light and red light (via phytochrome) can induce chloroplast movement along microtubules.

Chloroplasts are not anchored in the dark, but move along microtubules and possibly actin filaments.

light intensities (Whippo et al. 2011). More
studies are needed to investigate how KACI,
KAC2, CHUPI and THRUMINI interact
and if they play similarly important roles in
other species. So far CHUP1 orthologues
have been reported in Zea mays and Eleusine
coracana (Kobayashi et al. 2009), but no
mutants are available as of yet to test if they
are functionally equivalent.

Not only is it important to move chloro-
plasts into the correct position to optimize
light interception, it is equally important to
ensure the anchoring of chloroplasts once
they have reached the appropriate position. It
has been shown in A. thaliana that chloro-
plasts seem to be anchored to the plasma
membrane through CHUP1 and actin cables,

as chloroplasts cluster together in chupl
mutants or after application of actin de-
polymerization agents such as cytochalasin
B. If chloroplasts were not anchored cyto-
plasmic streaming would displace them
(Takagi et al. 2009). Chloroplast anchoring
plays an especially important for chloro-
plasts in the bundle sheath cells of C, plants
such as Eleusine coracana, where they are
organized in a centripetal fashion, suppos-
edly to allow for the efficient exchange of
metabolites between mesophyll and bundle
sheath cells. In young leaves chloroplasts are
distributed evenly along the cell walls and
only achieve the centripetal arrangement as
the leaves mature (Miyake and Yamamoto
1987; Miyake and Nakamura 1993). The
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actin cytoskeleton and cytosolic protein syn-
thesis seem to be crucial for chloroplast
movement and anchoring after disturbance
(through centrifugation). Interestingly, the
bundle sheath chloroplasts do not move in
response to changes in blue light (Kobayashi
et al. 2009).

IV. Chloroplast Movement Speed

Several methods have been employed to
characterize chloroplast movement behavior
in plants. On a leaf level one can determine
the changes in transmission to red light
through the leaf in response to various blue
light intensity. If the chloroplasts within the
cells are spread out in a typical accumulation
response then the transmission value will be
low, as most of the light will be absorbed by
the chloroplasts. On the other hand, if the
chloroplasts are arranged along the anticlinal
cell walls, as is typical in an avoidance
response, the transmission through the leaf
will be high (Walczak and Gabry$ 1980;
DeBlasio et al. 2005; Berg et al. 2006). One
can determine the speed of movement as a
change in transmission per unit time when
the light intensity is changed and chloro-
plasts move in order to achieve a more favor-
able positioning (Koniger and Bollinger
2012). For an example showing transmission
changes in the model organisms A. thaliana,
A. capillus-veneris and P, patens see Fig. 8.3.
Alternatively, one can follow the movement
of individual chloroplasts within a cell that is
partially illuminated by a microbeam that
induces chloroplasts to move (e.g., Kadota
and Wada 1992a, 1999). Both methods have
been used to characterize the behavior of
various species and mutants under control
and experimental conditions.

A study comparing four fern species
(Pteris cretica, Adiantum caudatum, Adiantum
diaphanum, Adiantum capillus-veneris) found
considerable differences in overall movement
speeds as determined by changes in transmis-
sion values per unit time. Since the two species
that exhibited the fastest speed came from
environments with variable light intensities,
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Fig. 8.3. Chloroplast movement behavior in the model
species of higher plants, ferns and mosses, measured
as the percentage of red light transmission through
leaves or pieces of moss. Plants were dark-adapted
overnight before leaves or pieces of moss (leaflets and
protonemata grown on agar plates) were placed in a
photometer measuring the red light transmission under
increasing blue light intensities (1 h exposures to 0, 0.1,
40 and 100 pmol photons m™ s7'). While Arabidopsis
thaliana showed both strong and fast accumulation
and avoidance responses, Adiantum capillus-veneris
showed no accumulation response and a slow avoid-
ance response. No net change in transmission could be
observed in Physcomitrella patens.

the authors speculated that environmental
flexibility rather than growth light conditions
determine chloroplast movement speed
(Augustynowicz and Gabry$ 1999). However,
a more recent study that included ten species
ranging from ferns to monocots and eudicots
found no support for this idea. In this study
the plants that preferred higher light intensi-
ties during growth exhibited on average higher
speeds of movement during both accumulation
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and avoidance responses than those that pre-
ferred shade environments (Koniger and
Bollinger 2012). Clearly the question regard-
ing the ecological pressures that lead to the
selection of different chloroplast movement
speeds needs further elucidation.

Among the higher plant and fern species
that have been investigated by measuring
transmission changes through the leaves, the
speed during the avoidance response was
consistently about three-times faster than the
accumulation response (Augustynowicz and
Gabrys$ 1999; Koniger and Bollinger 2012).
Studies in A4. thaliana indicate that reasons
for the differences in speed seem to be related
mainly to factors that influence the forma-
tion of cp-actin filaments. Both the accumu-
lation and the avoidance speeds of individual
chloroplasts correlated with the difference in
amounts of cp-actin filaments comparing the
front and rear ends of chloroplasts: the larger
the difference, the faster the chloroplasts
moved. Increasing light intensities also led to
increasing movement speeds through this
mechanism (Kadota et al. 2009). Mutant
screens in A. thaliana identified four proteins
(PMI2, WEBI1, KACI and PHOT?2), which
all modified the speed of movement via their
effects on cp-actin filaments. PMI2 (plastid
movement impaired 2), a protein with a long
coiled-coil domain (Luesse et al. 2006),
interacts with WEBI1 (weak chloroplast
movement under blue light 1) in the cytosol.
A mutation in either protein impaired both
the accumulation and the avoidance speeds
of individual chloroplasts (Kodama et al.
2010). The kinesin-like protein KAC1 was
shown to be essential for rapid avoidance
speeds also through its effects on the dynam-
ics of cp-actin filaments (Suetsugu et al.
2010a, b). It is not known if mutations in the
sequences or different protein concentrations
of WEBI1, PMI2 and KACI1 can explain the
variation in chloroplast movement speed
observed between different species, however
in A. thaliana it has been shown that PHOT2
has a concentration-dependent effect on move-
ment speed. Heterozygous PHOT2/phot2
mutant plants moved their chloroplasts at
half the speed as wild type 4. thaliana
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(Kagawa and Wada 2004), and PHOT?
overexpressor lines showed increasing speed
with elevated PHOT2 concentrations, but
saturated at PHOT2 concentrations more
than five-times higher than those of wild-
type (Kimura and Kagawa 2009). Further
evidence for the involvement of PHOT2
comes from a study that showed that pro-
longed exposure to sucrose or glucose
reduced the speed of accumulation and
avoidance movement in A. thaliana and
Lemmna trisulca. This effect was less severe
in PHOT? overexpressors than in wild-type,
pointing towards the involvement of the
phot2-signaling pathway (Banas and Gabry$
2007).

Microbeam studies have greatly enhanced
our understanding of the behavior of indi-
vidual chloroplasts, but are mostly limited
to organisms with a single layer of cells
like gametophytes. In higher plants such as
A. thaliana it is possible to use a microbeam,
but since the light has to traverse the epider-
mis, the beam is not as focused as when
applied to gametophytes and A. thaliana
chloroplasts are not as sensitive to increases
in blue light in this system. In general, chlo-
roplasts in all species moved away from the
area illuminated by a strong blue light micro-
beam, but those situated outside of the beam
moved towards it without entering it (e.g.,
Kagawa and Wada 2000; Sato et al. 2001b).
The speed with which individual chloro-
plasts move seemed comparable across spe-
cies, as individual chloroplasts in A. thaliana
moved along actin cables at about the same
speed as those of P patens and A. capillus-
veneris (Sato et al. 2003). In A. thaliana and
A. capillus-veneris the velocity of individual
chloroplasts during an avoidance response
increased with increasing blue light intensi-
ties, while the speed during the accumulation
response was unaffected by light intensities.
As a consequence the avoidance movement
was faster than the accumulation movement
(Kagawa and Wada 2004; Tsuboi and Wada
2010b). In contrast, light intensity had no
effect on speed in P, patens, resulting in simi-
lar speeds when comparing accumulation
and avoidance responses (Sato et al. 2001b).
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The specific behavior of individual chloro-
plasts and the influence of light quality was
also species specific. In A. thaliana it was
necessary to apply background red light illu-
mination, which increased cytoplasmic
motility, to achieve significant blue light
induced chloroplast movement during micro-
beam irradiation (Kagawa and Wada 2000).
In 4. capillus-veneris the speed of movement
of individual chloroplasts was the same in
red and blue light, but the further the chloro-
plasts were away from the microbeam the
faster they moved towards it (Kagawa and
Wada 1996; Tsuboi and Wada 2010a). In the
moss P patens fast chloroplast movement
was observed along microtubules and slower
movement along actin cables (Sato et al.
2001b). With the recent breakthroughs in
microscopy technology, it should be possible
to further investigate the dynamic changes in
cp-actin filaments in different species and
under different light qualities and quantities.

V. Degrees of Movement

By determining the transmission levels at
maximum accumulation and avoidance rela-
tive to the dark values one can quantify the
degree or amplitude of movement in a given
species. It is necessary to normalize trans-
mission levels relative to the dark level, since
chloroplast arrangements in dark-adapted
leaves vary greatly among species, as does
leaf thickness. For example, in dark-adapted
leaves of Tradescantia, chloroplasts distrib-
ute themselves evenly along all cell walls
(Zurzycki 1980), while in A. thaliana they
assume a position similar to the avoidance
response in the palisade cells, but a position
similar to an accumulation response in the
spongy mesophyll cells (Berg et al. 2000).
Dark level transmission values are species
specific (Koniger and Bollinger 2012) and
are influenced by the light conditions during
growth. For example, A. thaliana leaves
exhibited dark transmission values nearly
twice as high when grown under very low
versus high light due to differences in chlo-
roplast positioning and leaf thickness (Trojan
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and Gabrys$ 1996). Mutant screen in A. thali-
ana have identified two proteins, namely
JAC1 (J-domain accumulation response 1)
and PHOT2, as important players in the
proper dark positioning of mesophyll chloro-
plasts, but it is not clear how they mediate
their effects (Suetsugu et al. 2005a). In dark-
adapted A. capillus-veneris and P patens
protonemal cells, the chloroplasts are spread
out evenly along the entire cell periphery
(Sato et al. 2001b; Kadota and Wada 1992a),
in prothallial cells of A. capillus-veneris the
chloroplasts are localized along the anticli-
nal wall excluding the upper surface (Kagawa
and Wada 1999), and in sporophytes the
chloroplasts are randomly distributed within
the cells (Kawai et al. 2003). It is interesting
that the dark positioning in 4. capillus-
veneris was so distinctly different depending
on the developmental state of the plant.
Interestingly, in the protonemal cells of P
patens chloroplasts were not anchored to the
plasma membrane in the dark, but exhibited
a back and forth motion along the longitudi-
nal axis probably along microtubules (Sato
et al. 2001b). Is not known if the same pro-
teins are responsible for the dark positioning
in ferns and mosses as in A. thaliana and if
the developmental state also changes chloro-
plast distribution in mosses. Clearly, more
research is needed to understand the physio-
logical importance of distinct dark positions
in various species and to identify the compo-
nents that determine the proper dark posi-
tioning in various species.

Species also differ greatly with regard to
the degree of their accumulation and avoid-
ance responses. In general, the species-
specific variations observed in the avoidance
response were smaller than those in the accu-
mulation response. Interestingly, growth
light preferences seemed to influence the
degree of accumulation responses. For
example, while some shade plants such as
the fern Cyrtomium fortunei, and the mono-
cot Alocasia odora showed barely a decrease
in transmission after the change from dark to
low blue light, sun plants such as Taraxacum
officinale and Digitaria sanguinalis showed
very distinct accumulation responses
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(Koniger and Bollinger 2012). It is not well
understood how various molecular factors
influence the amplitude of accumulation and
avoidance responses. Interestingly some pro-
teins only influence the accumulation or the
avoidance response, while others influence
both. The amplitude of the accumulation
response was adversely affected by mutations
in JAC1 (Suetsugu et al. 2010a, b), the ampli-
tude of the avoidance response was reduced
by knockouts of PMI2 (Luesse et al. 2006;
Kodama et al. 2010), while THRUMINI,
PMI1, and WEBI influenced both the degree
of the accumulation and the avoidance
response (DeBlasio et al. 2005; Kodama
et al. 2010; Whippo et al. 2011). Taken
together these results point towards separate
mechanisms and signaling pathways for dark
positioning, accumulation and avoidance
responses. Careful studies on chloroplast
movement in A. capillus-veneris prothallial
cells supported this idea of separate signal-
ing pathways as it was shown that the red
light signal was transferred over longer dis-
tances the higher the light intensity (Kagawa
and Wada 1996). For blue light the signals
were transferred over longer distances and
lasted longer for low light intensities than for
the high intensities (Kagawa and Wada 1994,
1999).

VI. Effects of Other Environmental
Factors on Chloroplast Positioning

Certainly light seems to be the most impor-
tant factor inducing chloroplast movement
through the phototropin, neochrome or
phytochrome pathways. However, several
other environmental stressors can modify or
induce chloroplast movement, at least in
some species. These studies clearly show
that our picture of light induced chloroplast
movement is too simplistic. The effects of
other environmental factors and drastic
differences in the behavior of various species
need to be included in our models of chloro-
plast movement and may yield helpful infor-
mation on the signaling pathways that trigger
movement.
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For example, chloroplast movement in the
epidermal cells of Vallisneria gigantea is
known to be red light induced, in a
phytochrome-mediated manner, but red light
also acts through its effects on photosynthe-
sis in some unknown way (Dong et al. 1995,
1996). A recent study in a different system,
namely the prothallial cells of 4. capillus-
veneris, also showed that red light induced
chloroplast movement through its effects on
photosynthesis in neo! mutants, which could
be eliminated by treating the cells with
inhibitors of photosynthesis (Sugiyama and
Kadota 2011). It is unclear how these light
receptor independent pathways mediate their
effects, but possibly photosynthetic rates
affect Ca’>" concentrations outside of the
chloroplasts. Alternatively depending on the
amount of light, zeaxanthin concentrations
within the chloroplasts change (Demmig-
Adams and Adams III 2006) and may
modulate chloroplast movement behavior
(Tlalka et al. 1999).

In addition to light, low temperatures have
been shown to induce chloroplast movement
in a variety of species ranging from higher
plants to ferns. For example temperatures
below 10°C induced an avoidance move-
ment in prothallial cells of A. capillus-
veneris. Interestingly the movement was
enhanced by high light and not observed in
phot2 indicating that temperature also medi-
ated its effect through phototropin (Kodama
et al. 2008). Low temperatures affected chlo-
roplast movement in the tropical evergreen
higher plant Tradescantia albiflora and the
conifer Taxus cuspidata, but not in herba-
ceous plants such as A. thaliana, Nicotiana
tabacum, Viola odorata and Taraxacum offi-
cinale. Low temperature induced chloroplast
positioning was further observed in several
evergreen ferns (Pteris cretica, Pteris vittata,
Crepidomanes amabile, Hymenophyllum
wrighii), but not in summer-green ferns
(Lygodium japonicum, Pteridium aquilinum;
Haberlandt 1876; Gabry$ and Konopacka
1980; Tanaka 2007; Kodama et al. 2008).
Hence temperature induced movement may
be a mechanism important for plants with
overwintering leaves or plants that need to
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protect their chloroplasts from photoinhibi-
tion induced by a combination of unfavor-
able temperatures and high light.

In addition to cold temperatures, water
stress also seems to affect chloroplast posi-
tioning in the mesophyll cells of some C,
plants. Studies in Eleusine coracana and Zea
mays showed that mesophyll chloroplasts
aggregated in response to severe drought or
after application of the water stress hormone
ABA in the presence of moderate blue light
(Yamada et al. 2009; Maai et al. 2011).
Similarly, high light stress in combination
with water stress or a treatment with ABA
induced clumping of chloroplasts in the
CAM  plants  Zygocactus  truncatus,
Kalanchoe fedtschenkoi and K. blossfeldiana
(Kondo et al. 2004). ABA also influenced the
chloroplast positioning in guard cells of the
C; plant A. thaliana, causing them to cluster
in the center of the guard cells (Koniger et al.
2010). Clumping of chloroplasts has been
also observed in the submerged seagrass
Halophila stipulacea, but was certainly not
caused by water stress (Sharon and Beer
2008).

Given that various environmental stress-
ors can influence chloroplast positioning it is
not surprising that hydrogen peroxide, a
reactive oxygen species that is formed in
response to stress, can affect chloroplast
movement. Studies in A. thaliana showed
that elevated levels of hydrogen peroxide
induce an avoidance response at lower light
intensities and caused an increased degree of
avoidance movement. The increase in hydro-
gen peroxide was PHOT2 dependent and
DCMU, an inhibitor of the photosynthetic
electron transport chain, prevented in part
the blue light induced generation of hydro-
gen peroxide (Wen et al. 2008). In contrast,
in the C, plants Eleusine coracana and Zea
mays, application of hydrogen peroxide did
not alter the chloroplast distribution in meso-
phyll cells and did not induce an aggregation
of chloroplasts in the dark (Maai et al. 2011).

In the bryophyte P patens and the fern
A. capillus-veneris chloroplast movement
can also be induced by mechanical stress
e.g., by touching the protenemal cells with a
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microcapillary. In 4. capillus-veneris and
P, patens this response is dependent on Ca?*
influx via the plasma membrane and the
mechano-movement is dominant over light
induced chloroplast movement. Interestingly
in other respects there are species-specific
differences: in the mosses P patens,
Ceratodon purpureus and Marchantia
polymorpha chloroplasts move towards the
stimulus, while they move away from the
stimulus in the ferns A4. capillus-veneris,
Dryopteris filix-mas, Onoclea sensibilis, and
Matteucia struthiopteris. Chloroplasts also
move along different systems with mosses
using microtubules, while ferns employ actin
for the mechano-relocation (Sato et al. 1999,
2001a, b, 2003).

VII. Chloroplast Movement
in Different Cellular Locations

Nearly all studies on chloroplast movement
of terrestrial higher plants focus on the
behavior of chloroplasts in palisade meso-
phyll cells, however several studies show the
behavior of chloroplasts is greatly influenced
by their cellular location.

For example, when leaves of a wide range
of species were illuminated with high light,
the chloroplasts in the cells on the adaxial
and abaxial leaf surfaces did not always
behave in a uniform way. In some species,
such as A4. thaliana, chloroplasts in both pali-
sade and spongy mesophyll cells responded
by retracting to the anticlinal walls, but in
other species such as Taraxacum officinale
and FEichhornia crassipes, only the palisade
cell chloroplasts showed an avoidance
response. In the shade plant Hosta, the chlo-
roplasts in the cells on the lower leaf surface
even spread out more in high light than low
light (K6niger and Bollinger 2012).

Even more extreme is the situation in C,
plants in which the chloroplasts in the meso-
phyll and bundle sheath cells exhibit vastly
different behavior. Chloroplasts in bundle
sheath cells are either centrifugally or cen-
tripetally arranged and do not move in
response to light, while those in the mesophyll
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do. In some of the C, species investigated,
like Zea mays, mesophyll chloroplasts
behave similarly to those in C; species by
exhibiting accumulation and avoidance
responses. However, in Eleusine coracana
mesophyll chloroplasts behaved differently
in that they moved during an avoidance
response mainly towards the anticlinal cell
walls close to the bundle sheath cells. They
also moved very slowly, over the course of
hours rather than minutes, and only did so in
response to light intensities higher than full
sunlight. When environmental stressors such
as water stress acted on C, plants in addition
to the high light stress then an aggregation of
the mesophyll chloroplasts was observed
(Yamada et al. 2009).

Chloroplasts in submerged aquatic plants
such as Vallisneria gigantea and Halophila
stipulacea are present in epidermal cells and
move in response to light (Takagi 2003;
Sharon and Beer 2008). Chloroplast move-
ment in the epidermis has also been observed
in a couple of fern species (Koniger and
Bollinger 2012) and in the guard cells of A4.
thaliana where chloroplasts moved horizon-
tally towards the pore under high light condi-
tions and exhibited a behavior that was in
part similar to an avoidance response, but
clearly had other qualities (Koniger et al.
2010).

As mentioned earlier the dark positioning
of chloroplasts in A. capillus-veneris was
different in protonemal cells than prothallial
cells than sporophytes (Kadota and Wada
1992a; Kagawa and Wada 1999; Kawai et al.
2003). Clearly, the question of how the cel-
lular environment mediates its effects on
chloroplast positioning needs to be
addressed.

VIIl. Ecological Importance

It has long been suggested that chloroplast
movement serves as a means to optimize
light interception (Zurzycki 1955) and the
amazing ability of species to fine-tune their
chloroplast positioning even after small
changes in light intensity certainly speaks to
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its importance (Gorton et al. 1999; Williams
et al. 2003; Koniger and Bollinger 2012).
Particular importance has been given to the
avoidance response as a photoprotective
mechanism under conditions of excess light.
Several studies provide clear evidence for
this in 4. thaliana, as phot2 and chup1 plants
were shown to be more sensitive to high light
stress treatments than WT and phot! plants
(Kasahara et al. 2002; Sztatelman et al. 2010;
Koniger and Bollinger 2012).

However, little is known about how differ-
ent movement behaviors affect stress toler-
ance across different species. As discussed
earlier, species vary greatly in their chloro-
plast movement behavior in terms of light
qualities that trigger it, the cytoskeletal ele-
ments that provide the tracks, and especially
the degree and speed with which their chlo-
roplasts move. Only a few studies have com-
pared species with regard to their chloroplast
movement behavior and their stress toler-
ance. A comparison of a wide range of spe-
cies including ferns, monocots and eudicots
showed that there was no correlation between
the speed or the degree of chloroplast avoid-
ance responses and high light stress toler-
ance of these species (Koniger and Bollinger
2012). Clearly, plants utilize various mecha-
nisms to deal with high light stress and an
analysis of the relative importance of chloro-
plast movement is complicated by the extent
to which other photoprotective mechanisms
are employed. Interestingly, two studies indi-
cated that the avoidance movement probably
is more important for shade than sun plants.
For example, the shade plant 7. albicans
exhibited greater high light stress tolerance
than the sun plant P, sativum due its superior
chloroplast movement behavior despite a
lower ability to utilize light for photosynthe-
sis and to repair damage to the D1 protein
(Park et al. 1996). Another study showed that
on average sun plants showed a lower degree
of avoidance response than shade acclimated
plants (Koniger and Bollinger 2012). Maybe
chloroplast movement is not as important for
most sun loving species, since they have
higher photosynthetic capacities and a larger
potential for non-photochemical dissipation
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of excess light via a zeaxanthin-dependent
mechanism (Koéniger et al. 1995; Demmig-
Adams 1998).

It has been suggested that the avoidance
response may not only be important for
minimizing high light stress, but that it
allows light to penetrate deeper into leaves
thereby increasing photosynthesis in more
light-limited tissue layers (Brugnoli and
Bjorkman 1992; Terashima and Hikosaka
1995; Gorton et al. 1999). This is certainly
possible, as in many species investigated few
chloroplasts were found in the periclinal
position of the cells on the adaxial leaf sur-
face under high light intensities, allowing
more light to reach the chloroplasts in the
layer below under high light intensities
(Koniger and Bollinger 2012).

Chloroplasts need not only light but also
CO, for photosynthesis and hence there has
been interest in understanding if chloroplasts
also position themselves to influence leaf
mesophyll conductance for CO,. In moder-
ate to high light chloroplasts move to the
anticlinal cell walls, hence closer to intercel-
lular airspaces where CO, concentrations are
supposedly higher (Terashima and Hikosaka
1995). Studies in Alocasia brisbanensis, and
A. thaliana wild-type and mutant plants indi-
cated that when the chloroplasts were in their
avoidance response they were not enhancing
or in some cases even limiting CO, diffusion
within the leaf. This was the consequence of
the fact that this position on the anticlinal
cell walls reduced the surface area of chloro-
plasts bordering intercellular airspaces and
hence decreased internal conductance for
CO, through the mesophyll, which in turn
limited photosynthesis. This reduction in
conductance was not observed in phot2
mutants, which do not assume an avoidance
positioning. However, the conductance was
always low in chupl plants because of their
clustered arrangement (Gorton et al. 2003;
Tholen et al. 2008). However, it seems that
the reduction in conductance after blue light
irradiation was not exclusively caused by the
avoidance response since part of it still
occurred after treatment with cytochalasin B
which inhibits chloroplast movement, and
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since the kinetics with which conductance
changed and chloroplasts moved did not
match up (Loreto et al. 2009).

IX. Conclusions

The last decade has brought exciting new
insights into the mechanism and importance
of chloroplast movement. Mutant screens
have revealed some of the proteins that are
involved in chloroplast movement and
anchoring, while other technological
advances have allowed us to study the behav-
ior of individual chloroplasts in more detail.
Most of this work has been done in the model
species A. thaliana, A. capillus-veneris and
P, patens. It will be crucial to continue work-
ing on these model species in order to gain a
better understanding of how the different
players that have been identified interact.
In addition we will need a broader approach
comparing mechanisms and the importance
of chloroplast movement behavior in a range
of species in order to understand the ecologi-
cal importance of this behavior.
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