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Abstract

In C4 plants, mesophyll (M) chloroplasts are randomly distributed along the cell walls, whereas bundle sheath

chloroplasts are located in either a centripetal or centrifugal position. It was reported previously that only M

chloroplasts aggregatively redistribute to the bundle sheath side in response to extremely strong light or

environmental stresses. The aggregative movement of M chloroplasts is also induced in a light-dependent fashion

upon incubation with abscisic acid (ABA). The involvement of reactive oxygen species (ROS) and red/blue light in the

aggregative movement of M chloroplasts are examined here in two distinct subtypes of C4 plants, finger millet and

maize. Exogenously applied hydrogen peroxide or ROS scavengers could not change the response patterns of M
chloroplast movement to light and ABA. Blue light irradiation essentially induced the rearrangement of M

chloroplasts along the sides of anticlinal walls, parallel to the direction of the incident light, which is analogous to

the avoidance movement of C3 chloroplasts. In the presence of ABA, most of the M chloroplasts showed the

aggregative movement in response to blue light but not red light. Together these results suggest that ROS are not

involved in signal transduction for the aggregative movement, and ABA can shift the blue light-induced avoidance

movement of C4-M chloroplasts to the aggregative movement.

Key words: Abscisic acid, aggregative movement, avoidance movement, blue light, C4 plant, chloroplast, Eleusine coracana,

mesophyll cell, reactive oxygen species, Zea mays.

Introduction

C4 plants have two types of photosynthetic cells, mesophyll

(M) and bundle sheath (BS) cells, which have structurally

and functionally differentiated chloroplasts. The intracellular

orientation of both of the chloroplasts is also different: M

chloroplasts are randomly distributed along the cell walls in

most cases, whereas BS chloroplasts are located in either

a centripetal (close to the vascular tissue) or centrifugal (close
to the M cells) position, depending on the plant species

(Dengler and Nelson, 1999). The intracellular arrangement of

both types of chloroplast is acquired during cell maturation

(Miyake and Yamamoto, 1987) and can be re-established 1–2

h after the disturbance of their positions by a centrifugal

force (Kobayashi et al., 2009). Immunofluorescence observa-

tion and pharmacological studies have revealed that C4

plants possess a mechanism for keeping chloroplasts in the

‘home’ position that is dependent on the actomyosin system

and cytosolic protein synthesis but not on tubulin or light

(Miyake and Nakamura, 1993; Kobayashi et al., 2009).

The differential positioning of C4-M and -BS chloroplasts

also occurs in response to environmental stresses. Only M
chloroplasts aggregatively redistribute to the BS side in

response to extremely strong light stimuli (3000–4000 lmol

m�2 s�1) or environmental stresses, such as drought,

salinity, and hyperosmosis under normal light conditions

(light intensity: 250–500 lmol m�2 s�1) (Yamada et al.,

2009). This rearrangement of M chloroplasts also occurs in
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field-grown C4 plants under midsummer drought condi-

tions. The migration of M chloroplasts is controlled by

actin filaments and is also induced in a light-dependent

fashion upon incubation with abscisic acid (ABA). From

these findings, it is thought that some factor generated by

light irradiation functions as a trigger for the M chloroplast

movement, and that ABA participates in signal transduc-

tion in response to environmental stresses. The aggregative
movement of C4-M chloroplasts is thought to be a protective

response under environmental stress conditions, but the

physiological significance and molecular mechanisms of the

chloroplast response remain to be investigated.

In C3 plants, the chloroplast movement in response to

light intensity has been extensively studied as a photo-

relocation movement. Under high-intensity light irradiation,

chloroplasts move away from the light to minimize photo-
damage, whereas under low-intensity irradiation, they move

towards the light to maximize photosynthesis (Suetsugu and

Wada, 2009). Blue light (BL) induces this photorelocation

movement, whereas red light is also effective in some alga,

moss, and fern species. Phototropin is the BL receptor for

chloroplast movement in seed plants, and actin filaments

are involved in the motility system (Sato and Kadota, 2007;

Suetsugu and Wada, 2009). Some putative signalling and
regulator proteins for the chloroplast movement have been

identified from mutant analyses in Arabidopsis thaliana,

a C3 plant. A study with Arabidopsis mutants also revealed

that chloroplast-avoidance movement protects plants from

photodamage under strong light (Kasahara et al., 2002).

Under excessive light conditions, a decrease in the con-

sumption and/or efflux of stromal reducing equivalents

results in the accumulation of electrons in the photosyn-
thetic electron transport chain, which produces harmful

reactive oxygen species (ROS) that induce the photodamage

(Oelze et al., 2008; Foyer and Noctor, 2009; Li et al., 2009;

Kinoshita et al., 2011). It was reported that one ROS,

hydrogen peroxide (H2O2), is generated by high-intensity

light in Arabidopsis M cells and promotes the chloroplast

avoidance movement, and ROS are thought to be involved

in the signal transduction for the avoidance movement
(Wen et al., 2008).

These important findings led us to investigate whether the

signalling factors for the C3-chloroplast movement also

function in the intracellular movement of C4-M chloro-

plasts. Compared with the light-avoidance movement of C3-

M chloroplasts, stronger light and longer exposure times are

required for the aggregative movement of C4-M chloro-

plasts (Yamada et al., 2009). In addition, environmental
stresses and ABA participate in the C4-chloroplast move-

ment. The intracellular directions of chloroplast movement

are different between C3 and C4 plants, and C4 cells might

possess their own system for determining cell polarity and

machinery for polarized motility. The present study was

therefore aimed at validating the involvement of ROS and

BL in the aggregative movement of C4-M chloroplasts. The

participation of ROS in the light-dependent M-chloroplast
movement and the effects of blue and red light on the

intracellular arrangement of chloroplasts in C4 plants were

investigated. From the experimental data, the relationship

between the BL-induced avoidance movement and the

ABA-induced aggregative movement of C4-M chloroplasts

is shown.

Materials and methods

Plant materials and growth conditions

Finger millet (Eleusine coracana L. Gaertn. cv. Yukijirushi), maize
(Zea mays L. cv. Golden Cross Bantam T51), and barley
(Hordeum vulgare cv. Haruna Nijo) were grown in vermiculite in
a growth chamber with 14 h of illumination (500 lmol m�2 s�1) at
28 �C and 10 h of darkness at 20 �C d�1. Plants were fertilized
regularly with Arnon and Hoagland solution (Arnon and
Hoagland, 1940) during growth. The middle regions of the fully
developed youngest leaf blades from 3 or 4-week-old plants were
used for the experiments.

Treatment with light and chemicals

Small segments (5 mm square) were excised from the leaf blades
and vacuum infiltrated for 10 min with 0.06% (v/v) ethanol with or
without 30 lM ABA. Then, the leaf segments were floated on the
same solution and irradiated with white light (fluorescent light,
FPL27EX-N, Panasonic, Osaka, Japan), BL (LED with a maxi-
mum peak at 450 nm, ISL-150X150-BB45, CCS, Kyoto, Japan) or
red light (LED with a maximum peak at 660 nm, ISL-150X150-
RR, CCS). The photosynthetic photon flux density at the leaf
surface was checked with a quantum meter (LI-250, Li-Cor,
Lincoln, NE, USA). After incubation at 25 �C, the leaf segments
were vacuum infiltrated for 15 min with fixation buffer [3% (v/v)
glutaraldehyde and 50 mM Na-phosphate, pH 7.0] and incubated
at 4 �C overnight. The fixed segments were inserted into a 5% (w/v)
agar block and sectioned at 40–50 lm with a vibrating-blade
microtome (VT1200S, Leica Microsystems GmbH, Wetzlar,
Germany). Transverse sections were observed with a light micro-
scope (BX51, Olympus, Tokyo, Japan) equipped with a CCD
camera (DP70, Olympus).

For treatment with H2O2 and ROS scavengers, leaf segments
were vacuum infiltrated with 0.06% (v/v) ethanol with or without
30 lM ABA, 0.1 mM H2O2, 20 mM L-ascorbate, 10 mM 1,4-
diazabicyclo(2.2.2)octane (DABCO), and 5 mM 1,2-dihydroxy-3-
5-benzenedisulphonate (Tiron). After floating on the same solution
for 8 h under white light (100 lmol m�2 s�1), the leaf segments
were fixed and transverse sections were observed with a light
microscope.

All of the experiments were repeated and the reproducibility of
the obtained data was confirmed.

Quantification of the aggregative arrangement of M chloroplasts

To quantify the extent of the aggregative movement of M chlor-
oplasts, an index of the aggregative arrangement of M chloroplasts
was introduced (Fig. 1). At first, coordinates of the points A, B, C,
and D in the digital image of the transverse section were measured by
using a Microsoft Paint software; A (x1, y1), B (x2, y2), C (X, Y), and
D (X0, Y0). The slope (m) and y-intercept (n) of the straight line AB
are deduced from the equations (1) and (2), respectively.

m ¼ y2 � y1

x2 � x1
ðequation 1Þ

n ¼ y1 �
x1ðy2 � y1Þ
x2 � x1

ðequation 2Þ

The shortest distances between the line AB and the point C or D
(d and d0) are calculated from equations (3) and (4), respectively.
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d ¼ jY �mX�njffiffiffiffiffiffiffiffiffiffiffiffi
1þm2

p ðequation 3Þ

d0 ¼ jY0 �mX0�njffiffiffiffiffiffiffiffiffiffiffiffi
1þm2

p ðequation 4Þ

The ratio d/d0 is a relative distance from the BS-side cell wall to
each chloroplast and the index of aggregative arrangement of M
chloroplasts are deduced from equation (5).

index of aggregative arrangement

�
%

�
¼

�
1� d

d0

�
3100

ðequation 5Þ

This index indicates the extent of localization of M chloroplasts
towards the BS side. The index value is calculated to be 50% when
M chloroplasts are evenly distributed along the cell walls. The
index value approaches 100% as M chloroplasts aggregatively
migrate towards the BS side.

Results

A time-course of the ABA-induced movement of M
chloroplasts

It has previously been reported that treatment of leaf

segments excised from finger millet, an NAD-malic-enzyme-

type C4 plant, with ABA for 16 h induces the aggregative

movement of M chloroplasts in a light-dependent fashion

(Yamada et al., 2009). However, a detailed time-course of the
chloroplast movement was not examined. The intracellular

positions of M and BS chloroplasts were observed for up to

20 h of incubation with ABA under continuous white light

(100 lmol m�2 s�1) (Fig. 2). Slight aggregative movement of

M chloroplasts at the adaxial side was observed 6 h after the

onset of ABA treatment, and the apparent BS-sided distribu-

tion of M chloroplasts was detected at the adaxial and

abaxial sides 8 h after the beginning of the treatment. The

aggregative arrangement of M chloroplasts was maintained

thereafter. Leaf sections were therefore observed 8 h after the

beginning of the ABA treatment in subsequent experiments.

When the incubation of leaf segments was conducted in the

absence of ABA or in the dark, the rearrangement of M
chloroplasts was not observed until 20 h (see Supplementary

Fig. S1 at JXB online). The centripetal arrangement of BS

chloroplasts was not changed under any of the conditions.

The effect of ROS on the aggregative movement of M
chloroplasts

It has been reported that exogenously applied H2O2 promotes

the high-fluence avoidance movement of Arabidopsis chlor-

oplasts in a concentration-dependent manner within the range

of 0–100 lM (Wen et al., 2008). To examine whether H2O2

stimulates the C4-M chloroplast movement in response to

ABA and light, leaf segments of finger millet were incubated

with 100 lM H2O2 under light or dark conditions (Table 1;

see Supplementary Fig. S2 at JXB online). When the
incubation solution did not contain ABA, the aggregative

movement of M chloroplasts did not occur, regardless of the

presence or absence of H2O2. These results indicate that H2O2

alone does not induce the chloroplast movement. By contrast,

the aggregative movement occurred regardless of the presence

of H2O2 when the leaf segments were incubated with ABA in

the light. No significant change in the extent of the chloroplast

migration and the required time was observed with the H2O2

treatment. This ABA-induced movement was not observed

under dark conditions, regardless of the presence or absence

of H2O2. These results are evidence against the involvement of

ROS in the aggregative movement of C4-M chloroplasts.

A possible relationship of ROS to the chloroplast movement

Fig. 1. Quantification of the aggregative arrangement of M

chloroplasts. (A) A light microscopy image of the transverse

section of finger millet leaf blade. BSC, bundle sheath cell; MC,

mesophyll cell; VB, vascular bundle. (B) A diagram of an M cell in

which chloroplasts are applicable to the quantitative analysis. Both

ends of the M cell wall in contact with a neighbour BS cell are set

as points ‘A’ and ‘B’, respectively. Within the same M cell, a point

‘C’ is a centre point of each chloroplast and a point ‘D’ is an

innermost point from the straight line AB. The shortest distances

between the line AB and the point C or D are set as ‘d’ and ‘d0’,

respectively. A method for calculating the distances and index of

the aggregative arrangement of M chloroplasts are described in

the Materials and methods.

Table 1. The effects of H2O2 and ROS scavengers on the

aggregative movement of M chloroplasts

Leaf segments excised from leaf blades of finger millet were de-
aerated in 0.06% ethanol with or without 30 lM ABA, 100 lM H2O2,
and ROS scavengers, and floated on the solution for 8 h under white
light (100 lmol m�2 s�1) or in the dark. Transverse sections were
observed with a light microscope and the occurrence of the
aggregative movement of M chloroplasts is listed.

Light or
dark

30 mM
ABA

100 mM
H2O2

ROS scavenger Aggregative movement

L – – – Did not occur

L – + – Did not occur

D – – – Did not occur

D – + – Did not occur

L + – – Occurred

L + + – Occurred

D + – – Did not occur

D + + – Did not occur

L + – 20 mM ascorbate Occurred

L + – 10 mM DABCO Occurred

L + – 5 mM Tiron Occurred

Avoidance and aggregative movements of C4 chloroplasts | 3 of 9
 at Pennsylvania State U

niversity on Septem
ber 16, 2016

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

Supplementary Fig. S4.
Supplementary Fig. S4.
Supplementary Fig. S4.
http://jxb.oxfordjournals.org/


was examined further by using ROS scavengers. It has been
reported that the application of H2O2 scavengers largely

abolishes H2O2 generation and chloroplast movement in

Arabidopsis leaves under high-intensity light (Wen et al.,

2008). Ascorbate was used as a scavenger of H2O2, DABCO

as a scavenger of 1O2 and Tiron as a scavenger of O�
2 , at

concentrations that were reported to be effective for the

suppression of ROS-induced physiological responses in rice

leaves (Yamane et al., 2004). If ROS participate in the C4-M
chloroplast movement, it was expected that the ABA-induced

aggregative movement would be inhibited in the presence of

ROS scavengers. However, it was found that the aggregative

movement was not blocked by the scavenging of endogenous

ROS (Table 1; see Supplementary Fig. S3 at JXB online).

Together these findings indicate that ROS are not involved

in the M chloroplast aggregative movement, in contrast to

the high light-induced chloroplast-avoidance movement in
Arabidopsis.

The effect of blue and red light on the intracellular
positions of chloroplasts in finger millet

In C3 plants, BL induces chloroplast photorelocation move-

ments and phototropins function as BL receptors for these

chloroplast movements (Suetsugu and Wada, 2009). The

effect of BL on the intracellular arrangement of chloroplasts
in C4 finger millet was investigated (Fig. 3). When the leaf

segments were illuminated with weak BL (20 lmol m�2 s�1)

without ABA for 8 h, an apparent rearrangement of the

chloroplasts was not observed (Fig. 3A). However, in the

presence of ABA, M chloroplasts aggregatively migrated

towards the BS side (Fig. 3B). When BL with a light

intensity of 100 lmol m�2 s�1 was applied in the absence of

ABA, M chloroplasts migrated to the anticlinal walls,
parallel to the direction of the incident light (Fig. 3C). This

rearrangement pattern is an avoidance movement observed

in C3 leaves under high-intensity light irradiation. In the

presence of ABA, the avoidance movement of M chloro-

plasts was observed at the illuminated side (adaxial side) of

each leaf section (Fig. 3D). By contrast, the aggregative

movement of M chloroplasts occurred at the opposite side

(abaxial side). When high-intensity BL (500 lmol m�2 s�1)
was applied in the absence of ABA, M chloroplasts showed

the avoidance movement at the illuminated side and

aggregative movement at the opposite side (Fig. 3E). In the

presence of ABA, the aggregative movement was observed

at both the sides (Fig. 3F). These results indicate that BL

can induce the avoidance movement of M chloroplasts in

finger millet, and ABA promotes M chloroplasts to the

Fig. 2. The changes in the intracellular arrangement of chloroplasts in response to ABA. Leaf segments, excised from leaf blades of

finger millet, were de-aerated in 0.06% ethanol with 30 lM ABA and floated on the solution under white light (100 lmol m�2 s�1).

Transverse sections were observed with a light microscope before (A) and after 2 (B), 6 (C), 8 (D), 16 (E), and 20 h (F) of illumination. The

adaxial side of each leaf section (upper side in the photograph) was illuminated: B, bundle sheath cell; M, mesophyll cell; V, vascular

bundle. Scale bars¼50 lm. (G) The index of aggregative arrangement of M chloroplasts at the adaxial and abaxial sides (circles and

squares, respectively) following illumination with ABA. Data are means 6SE (n¼86–320 chloroplasts). Asterisks indicate statistically

significant differences compared with t¼0 according to Student’s t test (*P <0.05, **P <0.01).
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aggregative movement. These aggregative arrangements in

response to BL and ABA was also confirmed by the

quantitative analysis of intracellular positions of M chlor-

oplasts (Fig. 3G, H). The index values of chloroplasts that

were observed with aggregative redistribution were signifi-

cantly higher than those of M cells illuminated with weak

BL without ABA. It should be noted that the index value

does not reflect the extent of avoidance movement of M
chloroplasts. For example, the index values of M cells

illuminated with BL (100 lmol m�2 s�1) without ABA are

58% and 39% on the adaxial and abaxial sides, respectively,

while the avoidance movement of M chloroplasts occurs on

both sides. The centripetal arrangement of BS chloroplasts

was not changed under any of the conditions.

In most C3 plant species, red light has little effect on

inducing chloroplast movement, whereas red light-induced
chloroplast movement was found in some cryptogam, moss,

and fern species (Suetsugu and Wada, 2009). Thus, the

effect of red light on the ABA-induced aggregative move-

ment of M chloroplasts was investigated (Fig. 4). When leaf

segments of finger millet were illuminated with red light of

100 or 500 lmol m�2 s�1 intensity for 8 h, the intracellular

arrangement of chloroplasts was not changed, regardless of

the absence or presence of ABA.

The effect of BL and ABA on the intracellular positions
of chloroplasts in maize and barley

Maize is an NADP-malic-enzyme-type C4 plant and the BS

chloroplasts are located in the centrifugal position. The M

chloroplast movement was also observed in maize subjected

to high-intensity white light or environmental stresses, but

with a distinct pattern of redistribution along the sides of

anticlinal walls, analogous to the avoidance movement of
C3 chloroplasts (Yamada et al., 2009). The effect of BL and

ABA on the intracellular arrangement of maize chloroplasts

was examined (Fig. 5). It was observed that M chloroplasts

were randomly distributed along the cell walls in leaves

under normal growth conditions (white light 500 lmol m�2

s�1) (Fig. 5A). When BL with a light intensity of 100 lmol

m�2 s�1 was applied in the absence of ABA, an obvious

avoidance movement of M chloroplasts occurred at both
the illuminated and opposite sides (Fig. 5B). The extent of

the movement was higher than that observed in maize

leaves irradiated for 2 h with high-intensity white light

(2000 lmol m�2 s�1) (Yamada et al., 2009). In the presence

of ABA, the avoidance movement of M chloroplasts at the

illuminated side and the aggregative movement at the

opposite side occurred (Fig. 5C). These responses of maize

Fig. 3. The effects of blue light and ABA on the intracellular

arrangement of chloroplasts. Leaf segments of finger millet were

de-aerated in 0.06% ethanol with or without 30 lM ABA, floated

on the solution, and continuously irradiated for 8 h with blue light

(BL) of intensity 20 (A, B), 100 (C, D) or 500 lmol m�2 s�1 (E, F).

The adaxial side of each leaf section (upper side in the

photograph) was illuminated. Typical M cells in which chloroplasts

show the avoidance response are indicated by closed arrow-

heads. In the same sections, there are a few M cells in which

chloroplasts do not show the avoidance response and are

distributed along the sides of periclinal walls, irrespective of

incident direction of BL. These M cells are indicated by open

arrowheads. Scale bars¼50 lm. The schematic model of the

chloroplast arrangement is shown on the right side of each section

photograph: B, bundle sheath cell; M, mesophyll cell; V, vascular

bundle. The index of aggregative arrangement of M chloroplasts at

the adaxial and abaxial sides (G and H, respectively) following

irradiation with BL are obtained. Data are means 6SE (n¼100–355

chloroplasts). Asterisks indicate statistically significant differences

compared with the treatment with BL (20 lmol m�2 s�1) in the

absence of ABA according to Student’s t test (**P <0.01).
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M chloroplasts are similar to those of finger millet M

chloroplasts (Fig. 3C, D). By contrast, the centrifugal

arrangement of maize BS chloroplasts was not changed

under any of the conditions.

Barley is a graminaceous C3 monocot and multiple layers

of M cells surround the single layer of BS cells. M cells

contain many chloroplasts and BS cells relatively few (see
Supplementary Fig. S4A at JXB online). M chloroplasts are

randomly distributed along the cell walls and the intracellu-

lar arrangement of chloroplasts was not changed after

irradiation for 8 h with BL, regardless of the absence or

presence of ABA (see Supplementary Fig. S4B, C at JXB

online). This result was quite a contrast to the response of

M chloroplasts in the C4 monocots, finger millet, and maize.

Discussion

ROS are not involved in the aggregative movement of M
chloroplasts

It was reported previously that the aggregative rearrange-

ment of C4-M chloroplasts to the BS side is induced by

environmental stresses in a light-dependent fashion, and

that this movement is mediated by ABA (Yamada et al.,
2009). It was estimated that some factor generated by light

irradiation functions as a trigger for the M-chloroplast

aggregative movement, and that ABA participates in the

signal transduction in response to environmental stresses.

A number of studies have shown that ROS are generated

under environmental stress conditions and function as

signalling factors in physiological responses (Foyer and

Noctor, 2009; Li et al., 2009). It was hypothesized that ROS
are generated in the stressed leaves by light irradiation and

act as an intermediate factor in signal transduction for the

light-dependent chloroplast aggregative movement in C4-M

cells. To test this possibility, the incubation experiment was

conducted with H2O2 (Table 1). If H2O2 is involved in the

signal transduction of the chloroplast aggregative move-
ment in finger millet M cells, it might be possible to induce

the aggregative movement by the addition of H2O2, even in

the dark. However, the chloroplast movement did not occur

under the dark conditions in the presence of H2O2.

Moreover, exogenously applied H2O2 or ROS scavengers

did not change the extent and required time for the ABA-

induced chloroplast aggregative movement in the light.

From these results, it was concluded that ROS is not
a trigger or signalling intermediate for the aggregative

movement of C4-M chloroplasts. This conclusion does not

agree with the previous report that H2O2 is involved

in the high-fluence BL-induced avoidance movement of

Arabidopsis chloroplasts (Wen et al., 2008). The authors

speculated that H2O2 generated at the plasma membrane

Fig. 4. The effects of red light and ABA on the intracellular

arrangement of chloroplasts. Leaf segments of finger millet were

de-aerated in 0.06% ethanol in the absence (A, C) or presence

(B, D) of 30 lM ABA, floated on the same solutions, and

continuously irradiated for 8 h with red light of intensity 100 (A, B)

or 500 lmol m�2 s�1 (C, D). Scale bars¼50 lm.

Fig. 5. The effects of blue light and ABA on the intracellular

arrangement of maize chloroplasts. Leaf segments, excised from

maize leaf blades, were de-aerated in 0.06% ethanol with or

without 30 lM ABA and floated on the solution under blue light

(100 lmol m�2 s�1). The adaxial side of each leaf section (upper

side in the photograph) was illuminated. (A) Transverse section of

untreated leaf segment. (B) Transverse section of leaf segment

illuminated for 8 h in the absence of ABA. (C) Transverse section of

leaf segment illuminated for 8 h in the presence of ABA. Typical M

cells in which chloroplasts show the avoidance response are

indicated by closed arrowheads. M cells in which chloroplasts do

not show the avoidance response are indicated by open arrow-

heads. B, bundle sheath cell; M, mesophyll cell; V, vascular

bundle. Scale bars¼50 lm.
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acts on phototropin to promote the chloroplast avoidance

movement. Our experimental data suggest that the signal

transduction pathway for the aggregative movement of C4-

M chloroplasts is partially different from that for the

avoidance movement of C3 chloroplasts. Further studies

are needed to clarify the role of ROS in chloroplast

movement, making a distinction between BL-induced

avoidance and the aggregative movements in C4-M cells.

The BL-responsive avoidance movement and ABA-
induced aggregative movement

Inoue and Shibata previously reported that irradiation with
BL (corresponding to a light intensity of 86 lmol m�2 s�1)

induces a decrease in the absorbance of leaves from five

graminaceous C4 species, including maize, but the precise

migration pattern of chloroplasts was not reported (Inoue

and Shibata, 1974). In the present study, it was confirmed

that BL induces the avoidance movement of M chloroplasts

in finger millet and maize (Figs 3, 5). As red light was not

effective in the chloroplast rearrangement (Fig. 4), it is
concluded that the avoidance and aggregative movements

of C4-M chloroplasts are mediated by a BL receptor, such

as phototropin. The response of M chloroplasts to BL in

the absence of ABA varied by the intensity of BL (Fig. 3A,

C, E). The avoidance movement was not observed at a weak

BL intensity (20 lmol m�2 s�1) but was observed at a BL

intensity above 100 lmol m�2 s�1. The avoidance move-

ment was observed at the illuminated and opposite sides in
leaves that were exposed to BL, with the light intensity of

100 lmol m�2 s�1, whereas high-intensity BL (500 lmol

m�2 s�1) induced the avoidance movement at the illumi-

nated side and the aggregative movement at the opposite

side. Because ABA can induce the chloroplast aggregative

movement, there is speculation that the illumination by

high-intensity BL may promote the synthesis or relocaliza-

tion of ABA at the unirradiated side and promote the ABA-
induced aggregative movement of M chloroplasts.

In the presence of ABA, the aggregative movement of M

chloroplasts was observed on both sides of the leaves

irradiated with the three kinds of light intensity (Fig. 3B,

D, F). The only exception was the avoidance movement

observed at the illuminated side of leaves exposed to BL

with the light intensity of 100 lmol m�2 s�1 (Fig. 3D). At

present, the reason cannot be explained, but it is possible
that the balance between the BL intensity and ABA

concentration may be important for the aggregative move-

ment to occur. The distribution of M chloroplasts encircling

BS cells in response to ABA occurred even under the weak

BL (20 lmol m�2 s�1), whereas white light with an equal

light intensity could not induce the chloroplast movement

(data not shown). The distribution of the chloroplasts

encircling the BS cells became more compact with an
increase in BL intensity (Fig. 3G, H). These results suggest

that ABA (or an unknown ABA-derived factor) can shift M

chloroplasts from the BL-induced avoidance distribution to

the aggregative distribution. In field-grown C4 plants, high-

intensity sunlight, including BL, may essentially elicit the

avoidance movement of M chloroplasts to provide photo-

protection through the mutual shading of the chloroplasts,

similar to C3 chloroplasts. If the C4 plants receive severe

environmental stresses such as drought or salinity stress,

ABA may be synthesized in the leaves, or synthesized in

roots and transported to leaves, and then ABA may shift M

chloroplasts to the aggregative movement for the protection

of BS chloroplasts against photodamage and/or the mainte-
nance of C4 photosynthetic activity. Encircling BS cells by

M chloroplasts shortens the diffusion pathway of metabo-

lites between M and BS cells, and may contribute to

keeping photosynthesis active. Alternatively, it may be

advantageous to refix the CO2 released from BS cells

(Yamada et al., 2009). It has been reported that maize M

chloroplasts collapse inward and aggregate in synchrony

with inhibition of photosynthesis under the water stress
conditions (Lal and Edwards, 1996). The aggregative

arrangement of M chloroplasts naturally occurs in field-

grown C4 plants when exposed to high-intensity sunlight

and drought stress (Yamada et al., 2009). Chloroplast

rearrangement in response to ABA has not been found in

a C3 monocot, barley and, therefore, the aggregative

movement of chloroplasts might be an adaptive strategy of

C4 plants to survive under dry and high-temperature
conditions. In our experiment, BS chloroplasts showed no

response to BL and ABA. It is thought that C4 BS cells

possess a mechanism for anchoring chloroplasts in the

centripetal or centrifugal position (Kobayashi et al., 2009).

However, there is a report that maize BS chloroplasts lose

their centrifugal position and become equally distributed

around the cell in response to water stress (Lal and

Edwards, 1996). The relationship between the intracellular
positioning of BS chloroplasts and environmental stress

remains to be investigated.

It was previously reported that maize M chloroplasts

redistribute along the sides of anticlinal walls, analogous to

the C3 avoidance movement, in response to high-intensity

white light (Yamada et al., 2009). In this study, BL (100

lmol m�2 s�1) induced an obvious light avoidance move-

ment of maize M chloroplasts (Fig. 5). The exogenously
applied ABA shifted the aggregative arrangement at the

opposite side of BL irradiation, similar to the observation in

finger millet. The aggregative rearrangement of M chlor-

oplasts in response to drought or salinity stresses was

confirmed in some phosphoenolpyruvate carboxykinase-

type C4 species (S Shimada et al., unpublished data).

Therefore, it is thought that the mechanism of M-

chloroplast movement is conserved among the three sub-
types of C4 plants.

To summarize the properties of the chloroplast photo-

relocation movement in C4 and C3 plants (Table 2),

extremely high-intensity white light induces chloroplast

aggregative movement in C4 plants. This response is specific

to M chloroplasts, and strong light and long exposure times

are required to elicit a response, as compared with the light-

avoidance movement of M chloroplasts in C3 plants
(Yamada et al., 2009). In addition, the patterns of the

chloroplast rearrangement in C4-M cells in response to
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environmental stresses are dependent on the plant species,

as the avoidance movement of M chloroplasts in response

to high-intensity light preferentially occurs in maize. The

avoidance movement of M chloroplasts also occurs in finger

millet leaves exposed to BL, but ABA shifts the chloroplast

disposition to the aggregative manner. These responses to

BL and ABA are unique to C4-M chloroplasts, in addition
to the responses to environmental stresses and no role of

ROS. During the evolution of C4 plants, M cells have

acquired a mechanism for the aggregative movement of

chloroplasts in addition to the avoidance movement and BS

cells have a mechanism for holding chloroplasts in the

centripetal or centrifugal position. Further research should

explore the mechanisms for C4 chloroplast arrangement and

an attempt to provide the mechanisms to C3 plants for
improving their ability of stress tolerance.

Supplementary data

Supplementary data can be found at JXB online.

Supplementary Fig. S1. The effect of white light and

ABA on the intracellular arrangement of chloroplasts.

Supplementary Fig. S2. The effect of H2O2 on the

intracellular arrangement of chloroplasts.

Supplementary Fig. S3. The effect of ROS scavengers on

the intracellular arrangement of chloroplasts.

Supplementary Fig. S4. The effects of blue light and ABA

on the intracellular arrangement of barley chloroplasts.
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