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Abstract Chloroplast photorelocation movement, well-
characterized light-induced response found in various plant
species from alga to higher plants, is an important phenom-
enon for plants to increase photosynthesis efficiency and
avoid photodamage. The signal for chloroplast accumula-
tion movement connecting the blue light receptor, photo-
tropin, and chloroplasts remains to be identified, although
the photoreceptors and the mechanism of movement via
chloroplast actin filaments have now been revealed in land
plants. The characteristics of the signal have been found;
the speed of signal transfer is about 1 um min~' and that
the signal for the accumulation response has a longer life
and is transferred a longer distance than that of the avoid-
ance response. Here, to collect the clues of the unknown
signal substances, we studied the effect of temperature on
the speed of signal transmission using the fern Adiantum
capillus-veneris and found the possibility that the mecha-
nism of signal transfer was not dependent on the simple dif-
fusion of a substance; thus, some chemical reaction must
also be involved. We also found new insights of signal-
ing substances, such that microtubules are not involved in
the signal transmission, and that the signal could even be
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transmitted through the narrow space between chloroplasts
and the plasma membrane.

Keywords Blue light - Chloroplast movement - Fern -
Phototropin - Red light - Signaling

Introduction

Chloroplasts change their intracellular position in response
to environmental light conditions. Under weak light, chlo-
roplasts gather in the light irradiated area to perform effi-
cient photosynthesis (the accumulation response) (Zurzycki
1955) but move away from strong light to avoid photodam-
age (the avoidance response) (Kasahara et al. 2002). This
chloroplast photorelocation movement has been found in
most land plants tested, including a liverwort, mosses, ferns
and seed plants, and the mechanisms of this response have
been well studied in recent years (Banas et al. 2012; Gabry$
2012; Kong and Wada 2014; Suetsugu and Wada 2009).

In the terrestrial model plant Arabidopsis thaliana, chlo-
roplast photorelocation movement is regulated by two blue/
UV-A light-receptors, phototropinl (photl) and phot2. The
accumulation response is redundantly mediated by both
phototropins localized on the plasma membrane (Sakai
et al. 2001), while phot2 probably localized on the chloro-
plast outer membrane is involved in the avoidance response
(Kagawa et al. 2001; Jarillo et al. 2001; Kong et al. 2013a).
In the fern Adiantum capillus-veneris, chloroplast avoid-
ance movement is similarly regulated by phot2 (Kagawa
et al. 2004) and, moreover, the accumulation response is
induced by red light (Yatsuhashi et al. 1985; Kagawa and
Wada 1996), which is captured by neochromel (neol)
(Kawai et al. 2003), a chimeric photoreceptor combin-
ing a full-length phototropin at the C-terminus and the
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chromophore binding domain of phytochrome in the N-ter-
minus (Nozue et al. 1998; Suetsugu et al. 2005). photl is
clearly involved in the accumulation response of A. capil-
lus-veneris because a normal accumulation response was
observed in the phot2neol double mutant line (Tsuboi
et al. 2007), but confirmation of a defective accumulation
response in a photlphot2neol triple mutant line(s) and
recovery from this deficiency with a photl sequence is
necessary.

In recent years, not only the photoreceptors but also
the motility systems of chloroplast photorelocation move-
ment have been characterized (Kadota et al. 2009; Kong
et al. 2013b). Chloroplast movement is dependent on short
actin filaments specifically localized between the chloro-
plast outer envelope and the plasma membrane around the
peripheral region of chloroplasts. The chloroplast actin (cp-
actin) filaments also play an important role in chloroplast
attachment to the plasma membrane and show dynamic
changes in their distribution pattern and abundance on the
leading edge of the chloroplast during movement (Kong
et al. 2013b). Strong light induces the dissipation of cp-
actin filaments and subsequent reappearance at the front
edge of chloroplasts for the avoidance response, while dur-
ing the accumulation response under weak light, accumula-
tion of cp-actin filaments occurs at the front edge of chlo-
roplasts without dissipation, and then the chloroplasts start
their movement (Kadota et al. 2009; Kong et al. 2013b).

Despite of the abundance of knowledge about the photo-
receptors and the motility system, the signal and its trans-
mission pathway have not yet been clarified. Our studies
using a microbeam irradiation system have revealed some
characteristics of the signal(s), such as the speed of sig-
nal transmission (Tsuboi and Wada 2010), the signal lives
of the accumulation and avoidance responses (Kagawa
and Wada 1994, 1999; Higa and Wada 2015) and the dis-
tance travelled (Kagawa and Wada 1999). The speed of
signal transfer for chloroplast photorelocation movement
is approximately c. 1.0 pm min~! irrespective of the light
conditions (Tsuboi and Wada 2010). The lifetime of the
signal in its active state is 5—7 times longer in the accu-
mulation response than in the avoidance response in pro-
thallial cells of A. capillus-veneris (Higa and Wada 2015),
indicating that different signals are involved in these two
responses. Chloroplasts monitor the signal continuously
during accumulation movement (Tsuboi and Wada 2013),
suggesting that the active forms of photoreceptors release
the signal continuously until they are inactivated, depend-
ing on their photocycle or by far-red light irradiation in the
case of neochromel.

Other attempts to clarify the signaling of chloroplast
movement have been performed pharmacologically. Cal-
cium ions have long been thought to be a candidate sec-
ondary messenger of the signal for chloroplast movement
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(refer to the review Banas et al. 2012). The involvement of
Ca** ions has been shown in Lemna trisulca and Nicotiana
tabacum cells by applying chelates, antagonists, and Ca’*
with ionophores (Tlatka and Gabry$ 1993; Tlatka and Fric-
ker 1999; Anielska-Mazur et al. 2009). Ca** ions play an
important role as a secondary messenger in various cellular
responses to several different types of stimulation includ-
ing light (Hepler 2005; Trump et al. 1984; Bana$ et al.
2012). A transient increase of cytosolic Ca’* concentra-
tion was found to be mediated by phototropins upon blue
light perception (Babourina et al. 2002; Baum et al. 1999;
Harada et al. 2003; Stoelzle et al. 2003). In A. thaliana,
photl induces transport of Ca’" to the cytoplasm from
the apoplast over 10 min, with a peak 3—5 min after blue
light irradiation (Babourina et al. 2002). photl and phot2
increase the cytosolic Ca>* concentration after low fluence
rate light (0.1-50 pmol m~2 s~!) and high fluence rate light
(1-250 pmol m~2 s~!) stimulation, respectively. Both photl
and phot2 control influx of Ca?* through the plasma mem-
brane calcium channel, and phot2 alone induces an increase
of cytosolic Ca** concentration within 10 s via induction
of phospholipase C-mediated phosphoinositide signaling
and subsequent release of internal Ca>* stores, which con-
tinues for approximately c. 50-70 s (Harada et al. 2003).
Although several experiments have shown a relationship
between phototropins and Ca’*, suggesting in a candidate
for the chloroplast photorelocation signal, there is no con-
clusive evidence elucidating the signal and its transmission
pathways. In A. capillus-veneris protonemal cells, the chlo-
roplast avoidance response is induced by mechanical stress
and is blocked by a plasma membrane calcium channel
blocker, lanthanum (La3+; 100 uM), and a stretch-activated
channel blocker, gadolinium (Ga**; 10 M) (Sato et al.
2001b). However, light-induced chloroplast movement
including both the accumulation and avoidance responses
is not affected by these channel blockers, indicating that
calcium influx is not crucial in light-induced chloroplast
movement, at least in fern gametophytes (Sato et al. 2001b).

It is believed that the intracellular diffusivity of signal-
ing substances such as Ca®" ions and hydrogen peroxide
(H,0,) is very fast (Vestergaard et al. 2012; Wen et al.
2008). Direct observation of anomalous diffusion in an
artificial system using an inhomogeneous fluid, a solu-
tion of the aqueous polymer hyaluronan (molecular weight
300 kDa), revealed that the diffusion coefficient of the fluo-
rescent dye Alexa 488 (which has a molecular diameter of
1.4 nm and an approximately spherical shape) in the poly-
mer hyaluronan was in the order of 200-250 um?* s~! (Mas-
uda et al. 2005), which is very fast. However, the estimated
speed of signal transmission for the accumulation response
is very slow, about 1 um min~! (Tsuboi and Wada 2010),
suggesting that the signaling pathway might not involve the
diffusion of Ca* ions or other small substances. Hence,
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we investigated the involvement of diffusion of signaling
factor(s) in the accumulation response using gametophyte
cells of the fern A. capillus-veneris and found that the sig-
nal transmission pathways in the chloroplast accumulation
response did not involve the simple diffusion of substances
but that a biochemical pathway must be involved.

Materials and methods
Plant materials

Spores of the fern Adiantum capillus-veneris L. were col-
lected from a glasshouse of Tokyo Metropolitan University
in September 2015. The spores were sterilized with 10%
(v/v) sodium hypochlorite solution (Nacalai Tesque, Kyoto,
Japan) for 30 s and were sown between two layers of agar-
gelatin film, which was made from a solution of 0.5% (w/v)
agar (Wako, Osaka, Japan) and 0.05% (w/v) gelatin (Wako)
and spread on a cover glass (see details in Sato et al. 1999).
The spores sandwiched between two gelatin-agar films
were soaked in liquid White’s medium (Tsuboi and Wada
2010) and cultivated under continuous red light (20 pmol
m~2 s7!) for 10 days to obtain single-celled protonemata.
The protonemata were irradiated with white light from a
fluorescent tube (FHF32EX-N-H; Toshiba, Tokyo, Japan)
for 10 min at 10 umol m~2 s™! and then incubated in the
dark for 2-3 days to induce cell division in the apical part
of each protonema. All experiments were conducted using
two-celled protonemata adapted to darkness by 2-3 days
incubation in the dark. Two-dimensional prothallus was
also used. Spores sown on the White’s medium solidi-
fied with 0.5% agar (Wako) were cultivated under white
light (100 umol m~2 s7!) at 25°C in an incubator (Biotron
LH300-RPSMP; Nippon Medical and Chemical Instru-
ments, Osaka, Japan) for 2-3 weeks and then incubated in
the dark for about 2 days. The dark-adapted prothallus was
set in a custom-made cuvette (Wada et al. 1983) and used
for microbeam irradiation experiments.

Partial cell irradiation

To calculate the speed of signal transmission in a linear pro-
tonemal cells, a ¢. 200 um area from the septum between
the apical and basal cells of two-celled protonemata was
irradiated with either a blue microbeam (190 pmol m~2s7!)
of 8 um diameter for temperature-dependency experiments
or a red microbeam (110 pmol m~2 s™') of 20 um width
for other experiments for 1 min using custom-made micro-
beam irradiators. The chloroplast movement on both sides
of the microbeam was then recorded continually every
1 min with an IR-sensitive video camera (DFC340FX;
Leica Microsystems, Wetzlar, Germany) under infrared

light using an infrared filter (IR85, Hoya Corp., Tokyo,
Japan) or 940 nm wavelength IR LED (OptoSupply Lim-
ited, Hong Kong, China), and the chloroplast behavior was
analyzed on a monitor screen (see Tsuboi and Wada 2010
for details). To observe the signal transmission pattern in
non-linear cells of two-dimensional prothallia, the center
of the cells was irradiated with a red microbeam (110 pmol
m~2s7!) of 5 um in diameter for 1 min and then the chloro-
plast movement from the cell periphery to the microbeam-
irradiated area was recorded and the speed of signal trans-
fer to each chloroplast was calculated. To study whether the
signal was transmitted over or under chloroplasts, or had to
detour around them, an area close to a chloroplast was irra-
diated with a red microbeam (110 pmol m~2 s7!) of 3 um
diameter for 1 min and then recorded. The recorded chloro-
plast behavior was analyzed by Image J (National institutes
of Health, Bethesda, MD, USA).

Oryzalin treatment

The microtubule depolymerizing factor oryzalin was
used to study the involvement of microtubules in the sig-
nal transmission pathway. Oryzalin dissolved in DMSO
as a 50 mM stock solution was diluted in liquid White’s
medium to a final concentration of 5 pM. To facilitate drug
import into the cells, a 0.2% (w/v) solution of the deter-
gent Pluronic F-127 (Sigma—Aldrich, St. Louis, MO, USA)
was also added to the medium. Dark-adapted protonemata
growing between two agar-gelatin films were soaked in
medium with or without oryzalin for 2 h in the dark before
microbeam irradiation. To confirm the depolymerization of
microtubules by oryzalin, the protonemata were fixed with
8% paraformaldehyde solution after treatment with oryza-
lin or DMSO as a control, and then the microtubules were
immunostained using an anti-tubulin antibody (a mixture
of N. 356 and N. 357; Amersham International plc, Buck-
inghamshire, England) and fluorescein-conjugated sec-
ondary antibody (N. 1031; Amersham International plc.).
The method for immunostaining of microtubules followed
Murata et al. (1997).

Microbeam irradiation under a temperature-controlled
microscope

A custom-made microbeam-irradiator with a custom-made
temperature-controlled stage was used to study the temper-
ature-dependency of signal transmission. Because details
of the microbeam-irradiator and temperature-controlled
stage will be published in elsewhere (Tanaka and Kodama
et al. submitted; Fujii, Hasegawa, Hayasaki and Kodama
et al. submitted), they are described only briefly here. The
observation system is composed of a blue LED at 450 nm,
light guiding optics, a temperature-controlled stage and
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a microscope (Leica DM IL LED). The irradiation area
of blue light was controlled using an iris within the light
guiding optics. The temperature-controlled stage was con-
structed with reference to a previous study (Buchner et al.
2007). Dark-adapted, two-celled protonemata cultured
between two layers of gelatin-agar film were transferred to
custom-made cuvettes (25 mm in diameter, 5 mm in height,
see details in Wada et al. 1983) under dim light conditions,
and then the cuvettes were placed on the temperature-con-
trolled stage. An area c¢. 200 pm from the septum in the
basal cell was irradiated with a blue microbeam (180 pmol
m~2 s7!') of 8 um diameter for 1 min. Chloroplast move-
ments at 15, 20, 25 and 30 °C were recorded under infrared
light and analyzed.

Evaluation of the speeds of signal transmission
and chloroplast movement

To analyze the speed of signal transmission from the light-
irradiated area to chloroplasts and the speed of chloroplast
movement, the accumulation movement of each chloro-
plast towards the light-irradiated area was recorded with
an IR-sensitive video camera as mentioned above, and
then the chloroplast paths were traced on a monitor screen
and analyzed by Image J (National institutes of Health,
Bethesda, MD, USA). The speed of signal transmission
was calculated from the relationship between the distance
of the chloroplast from the microbeam-irradiated area at
the start point of experiment and the time when the chlo-
roplast started moving after microbeam irradiation (refer to
Tsuboi and Wada 2010). The slope of the regression line
corresponds to the speed of signal transmission. It might
seem confusing to calculate the signal transmission speed
using the time taken to initiate the accumulation response
because if there is a lag time between the timing of excita-
tion of photoreceptors and the release of signal substance
and/or signal acceptance by the chloroplasts and induction
of the motility system required for chloroplast movement.
However, these lag times might be constant irrespective of
the distance of each chloroplast from the microbeam-irradi-
ated area and could be cancelled in the same temperature.
In this regard, the difference in the timings observed for the
accumulation responses among chloroplasts will be equiva-
lent to the speed of signal transmission. The speed of chlo-
roplast movement during the accumulation response was
calculated from the distance that chloroplasts moved in the
first 5 min of the accumulation response.

Statistical analyses

Differences of the signal transmission distances were tested
by analysis of covariance (ANCOVA), with temperature or
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with or without oryzalin as the main factor and the signal
transmission time as a covariant.

Results

Speed of signal transmission under different
temperatures

Red-light-grown, single-celled protonemata were irradi-
ated with white light for 10 min and then kept in darkness
for 2-3 days to induce cell division in the apical part of
each protonema. The protonemata in a cuvette were put
on the temperature-controlled stage of the microbeam
irradiator for 5 min to adjust to the desired temperature
(15, 20, 25 or 30°C). Then, an area c. 200 pm from the
cell plate of the long basal cell of each two-celled pro-
tonema was irradiated with a blue microbeam of 8§ um
in diameter for 1 min at each temperature (Fig. S1). The
accumulation response toward the microbeam-irradiated
area was continually recorded under infrared light con-
ditions. The times when individual chloroplasts in dif-
ferent parts of the cell started to show the accumulation
response were detected using the image J software, and
the data were plotted against the distance to where each
chloroplast was located at the beginning of microbeam
irradiation (Fig. 1). The data obtained from chloroplasts
moving toward the microbeam-irradiated area from the
septum (i.e., the signal transmitted from the microbeam-
irradiated area with the direction of bottom-to-apex of
the cell) (Fig. la, c, e, g) and from the cell bottom (i.e.,
the signal transmitted from the microbeam-irradiated
area with the direction of apex-to-bottom of the cell)
(Fig. 1b, d, f, h) were visualized in different graphs. The
chloroplasts closer to the light-irradiated area clearly
started moving earlier and vice versa at all temperatures
tested. The slope of each regression line represents the
speed of signal transmission. The distance of signal
transmission per unit time period increased significantly
with temperature elevation from 15 to 20 °C (ANCOVA;
P<0.001) and from 25 to 30°C (ANCOVA; P<0.05)
but not from 20 to 25°C (ANCOVA; P>0.1), in both
the apical and the basal directions (Fig. 1). There is no
regression line across the ordinate axis at 0, which indi-
cates that the signals from photoreceptors reach over
several um from the microbeam-irradiated region imme-
diately after microbeam irradiation by stray light, or
that it takes some time for chloroplasts to prepare mov-
ing machinery after signal acceptance, especially under
low temperature conditions at 15 °C. However, the speed
of signal transmission from apex to bottom at 20 °C is
slower than 15 °C, although overall feature of the scatter
plot data looks reasonable (ANCOVA; P <0.001). Since
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the slope of regression line could easily be affected by
unexpected data points caused by the mixture of the data
from different protonemata, a different method for anal-
ysis of the speed of signal transmission under different
temperature was applied and the results were shown in
Fig. 2a, b.

The value in each temperature is the average of the
data from 3 to 5 movies (i.e., 3—5 protonemata) in which
the speed was calculated in each protonema with 5 to
10 chloroplasts. In both cases, from the cell bottom and
from the cell apex, the speed of signal transmission was
slow at 15 °C and more than twice as fast at 30 °C than at
15 °C, while the speeds at 20 and 25 °C were in between
those at 15 and 30°C, although the speeds at 20 and
25 °C were almost the same.

Speed of chloroplast accumulation movement
at different temperatures

The speed of chloroplast accumulation movement was
also dependent in temperature on both directions, from the
cell bottom and from the cell apex. The movement speed
at 30°C was almost twice as fast than those at 15, 20 and
25°C (Fig. 2c, d). It is curious that the speeds at 15, 20 and
25 °C were almost the same in both directions.

Effect of a microtubule inhibitor on the speed of signal
transmission

Microtubules run parallel to the cell polarity, the grow-
ing axis of protonemal cells. Hence, the possible
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Fig.2 The speed of signal transmission (a, b) and the speed of
chloroplast accumulation movement (¢, d) in the basal cell of two-
celled protonemata at 15, 20, 25 and 30°C. a, b The speeds of sig-
nal transmission from the cell bottom to the apex (a) and from the
apex to the cell bottom (b). *P <0.03, NS no significant difference.
¢, d The speed of chloroplast accumulation movement from the
apex to the cell bottom (c) and from the cell bottom to the cell apex
(d). *P<0.03, **P=0.13, NS no significant difference. The speeds

involvement of microtubules in the speed of signal trans-
mission for the accumulation response was examined
using oryzalin, a microtubule depolymerization factor.
Before red microbeam irradiation for chloroplast accu-
mulation induction, the protonemata were incubated in a
low concentration DMSO solution with or without 5 uM
oryzalin for 2 h in dark conditions, and then the speed of
signal transmission was calculated. The results in Fig. 3
indicate that the speed of signal transmission from both
sides, the cell bottom and the cell apex, was unaffected
by the presence or absence of microtubules. Immuno-
fluorescence microscopy was used to determine whether
the concentration of oryzalin used in this study was
high enough to depolymerize the microtubules (Fig. 3c,
d). The microtubules were fragmented in protonemata
treated with oryzalin, but long microtubules along
the long axis of the protonemata were observed in the
DMSO control (Fig. 3c, d), indicating that microtubules
are not involved in the speed of signal transmission.
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were calculated from the distance the chloroplasts migrated from
the apical side (c) or basal side (d) toward the microbeam in the first
5 min of the accumulation response. All data were calculated from
the time-lapse movies used for Fig. 1. Error bars indicate standard
errors. Means and standard errors were obtained from 3 to 5 movies
(i.e., 3-5 protonemata) in which the data of 5-10 chloroplasts in each
movie were averaged

The signal is transmitted evenly in all directions
in prothallial cells

To determine whether the speed of signal transmission in
prothallial cells (where cell polarity is not obvious), has
direction-specificity, like the polarity-dependency in pro-
tonemal cells, or shows an equal speed in all directions, the
accumulation response was induced with a red-light micro-
beam of 5 um diameter (110 pmol m~2 s~! for 1 min) in
dark-adapted prothallial cells, and the time when each chlo-
roplast started accumulation movement was measured. The
speed of signal transmission to each chloroplast was calcu-
lated from the time period needed for the signal to reach
the chloroplast (detected by the start of the accumulation
response of the chloroplast) and the distance of the chlo-
roplast from the microbeam. As shown in Fig. 4, chloro-
plasts moved towards the microbeam spot from any place,
meaning that the signal was transmitted in every direction

with almost the same speed; ¢. 1-1.5 um min~! on average.
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Fig.4 The speed of signal transmission for the accumulation
response on the surface of non-polar, two-dimensional cells of dark-
adapted prothallia of Adiantum capillus-veneris. The accumulation
response was induced by a short pulse of red microbeam (5 um in
diameter, 110 pmol m~2 s~ for 1 min) irradiation. The speed of sig-
nal transmission to each chloroplast located at the cell periphery was
calculated from 170 chloroplasts and plotted as a circle graph depend-
ing on the direction of signal transmission (i.e., the direction of the
chloroplast at the cell periphery). The direction was measured as an
angle between the prothallus polarity and a line connecting the center
of the microbeam and each chloroplast. The speed is shown as the
length of a radial bar. The direction 0° represents signal transmission
from the apical side towards the basal side, parallel to the prothallus
polarity

There were a few signals with rapid transmission, as indi-
cated by chloroplasts that started accumulation movement
early. This happened in random directions and did not have
any directional specificity (Fig. S2).

The signal is transmitted without detouring
chloroplasts

As the signal was transmitted in all directions but with
variability in speed as shown in Fig. 4, the question arose
whether the signal was transmitted freely irrespective of the
presence of organelles or had to detour around organelles
as obstacles. Because chloroplasts are the largest organelles
in cells excepting nuclei and firmly attach to the plasma
membrane at their peripheral region with CHUP1 (Chlo-
roplast Unusual Positioning 1) proteins, we tested whether
the signal dispersed to avoid and detour chloroplast-con-
taining areas or was transmitted straight to the microbeam-
irradiated area, passing through the narrow space between
the chloroplasts and the plasma membrane. The chloroplast
accumulation response was induced with a red microbeam
located near to a chloroplast as an obstacle in prothallial
cells. The speeds of signal transmission to the chloroplasts
from the microbeam with or without the chloroplast as an
obstacle were calculated (Fig. 5a). Surprisingly, chloro-
plasts whose paths to the microbeam were blocked by the
obstructing chloroplast moved straight towards the micro-
beam (Fig. 5a). Moreover, the speeds of signal transmission
were the same irrespective of the presence of the obstruct-
ing chloroplast (Fig. 5b), meaning that the signal was
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Fig. 5 The speed of signal transmission through chloroplasts. The
accumulation response was induced in dark-adapted prothallial
cells by a short irradiation with a red microbeam (3 um in diameter,
110 pmol m~2 5! for 1 min) illuminated close to a chloroplast as an
obstacle. a The paths of the two chloroplasts were traced and shown
with white lines. Scale bar 10 um. b The speeds of signal transmis-

spread evenly without detouring the obstructing chloroplast
and reached chloroplasts beyond the obstructing chloro-
plast, probably through the space between the chloroplast
and the plasma membrane. Similar chloroplast behavior
was repeatedly observed in all experiments performed.

Discussion

Ca** ions, phosphoinositides, and reactive oxygen spe-
cies have all been thought to be part of the signaling path-
way of chloroplast movement (Bana$ et al. 2012), but no
concrete evidence has been presented about the signal(s).
More information on the signal characteristics would be
valuable to infer the real second messenger for chloroplast
movement; thus, that the temperature dependency of signal
transmission was examined in this work.

In our results, the speed of signal transmission for the
accumulation response increased roughly as much as two
times with a 10°C increase. This fits the Arrhenius equa-
tion in chemical reactions, suggesting the involvement of
a chemical reaction during the signal transmission. Con-
versely, the diffusion coefficient is proportional to the abso-
lute temperature, known as the Stokes—FEinstein equation,
meaning that a temperature rise of 10 °C affects on the dif-
fusion speed by only 3-4%. On the other hand, the viscos-
ity is depending on Andrade equation and shows that the
higher temperature causes the lowering of liquid viscosity.
Previous study reported that the viscosity of cytosol of the
animal muscles was increased by 1.35-fold, and the diffu-
sion coefficient for *’Ca®" was increased by 2.04-fold with
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NS

Without obstacle  With obstacle

sion from the microbeam to chloroplasts at the cell periphery with
or without the obstacle chloroplast in between them were calculated.
Error bars indicate standard errors obtained from four movies. Each
movie includes 3-5 chloroplasts “with obstacle” or “without obsta-
cle”. NS no significant difference

a 10°C increase (Sidell and Hazel 1987). Therefore, it is
still possible that the diffusion of unknown substances is
involved in chloroplast accumulation response. However,
the diffusion coefficient of 247 um? s~! for *Ca** at 25°C
is very fast compared to the signal transmission speed of
1.02-1.97 pm s~ at 15-30°C in the accumulation response
calculated in this study. Thus, there is a possibility that an
enzymatic reaction, not only the simple diffusion of a sign-
aling substance such as Ca®* ions, phosphoinositides, or
reactive oxygen species, is involved in the signal transmis-
sion of accumulation response. Furthermore, we showed
that signals could be transmitted along the plasma mem-
brane being attached to or embedded in the membrane or
through a narrow space of ectoplasm between the plasma
membrane and a chloroplast whose peripheral region was
attached tightly to the plasma membrane when observed
under electron microscopy (Wada and O’Brien 1975;
Wada and Kong 2011) probably with an N-terminal half
of CHUP1 (Oikawa et al. 2003). Based on these charac-
teristics, the signal might be transmitted by relaying from
one factor to another factor localized on or close to the
plasma membrane. Specifically, some proteins localized on
the plasma membrane such as KINESIN-LIKE PROTEIN
FOR ACTIN-BASED CHLOROPLAST MOVEMENT
(KAC) (Suetsugu et al. 2010) and PLASTID MOVEMENT
IMPAIRED 1 (PMI1) (DeBlasio et al. 2005) are possible
candidates, because their mutants are deficient in or have
strongly altered chloroplast movement, although the precise
roles of these proteins are still to be identified.

The speed of signal transmission is dependent on
cell polarity in A. capillus-veneris protonemal cells.
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Transmission from the cell bottom to the cell apex is
faster than in the opposite direction, from the cell apex
to the cell bottom (Tsuboi and Wada 2010), however the
speed of signal transmission from the cell bottom and
from the cell apex were similar in this work (Fig. 2). This
is probably because, in the previous study, the speeds of
signal transmission both from the bottom and from the
apex were measured in the same region—from the sep-
tum down to 200 um—with microbeam irradiation at
200 um from the septum and near the septum, respec-
tively (Tsuboi and Wada 2010). In this study, however,
the 200 pm region from the septum was irradiated with a
spot of 8 um diameter and the speed of signal transmis-
sion as well as chloroplast movement were measured on
both sides, from the septum to the 200 um region and in
the area from 200 to c. 400 um. It is plausible that differ-
ent parts of protonemal cells have different sensitivities
for signal transmission, because the speed of chloroplast
accumulation movement in protonemata is faster farther
down from the septum (Tsuboi and Wada 2010), although
the reason for this is not known.

Microtubules in the long protonemal cells of A. cap-
illus-veneris run parallel to the cell axis (Murata et al.
1987; Murata and Wada 1989), suggesting they are
involved in the signal transmission because they play
an important role in intracellular transportation using
kinesin and/or dynein (Romagnoli et al. 2003; Shim-
men and Yokota 2004) as motor proteins. Furthermore,
microtubules and actin filaments are used for chloroplast
movement in the moss Physcomitrella patens (Sato et al.
2001a). However, our results shown in Fig. 3 contradict
this possibility because the depolymerization of micro-
tubules by oryzalin had no effect on the speed of signal
transmission. Interestingly, the slope of the regression
lines corresponding to the speed of signal transmission
decreased compared to the results of Fig. 1. It is assumed
that the solvent DMSO and/or detergent Pluronic F-127
affect the signal transmission for chloroplast accumula-
tion response.
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