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We recently found that nuclei take different intracellular posi‑
tions depending upon dark and light conditions in Arabidopsis 
thaliana leaf cells. Under dark conditions, nuclei in both epidermal 
and mesophyll cells are distributed baso‑centrally within the cell 
(dark position). Under light conditions, in contrast, nuclei are 
distributed along the anticlinal walls (light position). Nuclear 
repositioning from the dark to light positions is induced specifi‑
cally by blue light at >50 mmol m‑2 s‑1 in a reversible manner. 
Using analysis of mutant plants, it was demonstrated that the 
response is mediated by the blue‑light photoreceptor phototropin2. 
Intriguingly, phototropin2 also seems to play an important role in 
the proper positioning of nuclei and chloroplasts under dark condi‑
tions. Light‑dependent nuclear positioning is one of the organelle 
movements regulated by phototropin2. However, the mechanisms 
of organelle motility, physiological significance, and generality of 
the phenomenon are poorly understood. In this addendum, we 
discussed how and why nuclei move depending on light, together 
with future perspectives.

Introduction

Nuclear positioning is a well‑known phenomenon in plant cells 
and plays important roles in developmental events such as cell 
division and cell elongation.1,2 However, a new aspect of nuclear 
positioning was reported in 1993: nuclei change their intracellular 
positions in response to incident light in prothallial cells of the 
fern Adiantum capillus‑veneris.3,4 This unique response was termed 
“light‑dependent nuclear positioning”. Since the response was 
observed in cells that exhibit neither cell division nor cell elongation, 
it was suggested that light‑dependent nuclear positioning plays some 
physiologically important role in cells exposed to light. However, the 
mechanisms of motility, physiological significance, and generality of 
the light‑dependent nuclear positioning have not yet been elucidated 
in detail to date. We currently set out to dissect this fascinating 

phenomenon in higher plants and have recently found that nuclei 
in mature leaf cells of the spermatophyte Arabidopsis thaliana are 
differently distributed under dark and light conditions.5 In this 
addendum, we introduce basic features of light‑dependent nuclear 
positioning in A. thaliana leaf cells and discuss the mechanisms of 
motility and physiological significance of the response, together with 
future perspectives.

Basic Features of Light‑Dependent Nuclear Positioning  
in Arabidopsis thaliana

We initially observed the intracellular distribution of nuclei in 
mesophyll cells under dark and light conditions. Under dark condi-
tions, nuclei were located baso‑centrally within the cell, termed the 
dark position (Fig. 1A and F). Chloroplasts were distributed along 
the inner periclinal walls and the lower half of the anticlinal walls. 
Under 100 mmol m‑2 s‑1 of blue light, in contrast, nuclei were located 
along the anticlinal walls, termed the light position (Fig. 1B and 
H). Chloroplasts were distributed along the anticlinal walls, known 
as the chloroplast avoidance response.6 Nuclear repositioning was 
also observed in epidermal cells, which have no chloroplasts (Fig. 
1C–E and G), suggesting that the nucleus can move without any 
involvement by chloroplasts. Nuclear repositioning from the dark 
to the light positions was specifically induced within a few hours 
of blue light irradiation at >50 mmol m‑2 s‑1, and was a reversible 
response. Furthermore, from the analysis of phototropin mutants 
and the complementation analysis of the phot2 mutant (Fig. 1I–P), 
we verified that the response was mediated by phototropin2 (phot2), 
which is known to mediate the chloroplast avoidance response.7,8 
Additionally, we noticed that some nuclei and chloroplasts in the 
phot2 mutant were abnormally distributed along the anticlinal walls 
and outer periclinal walls, even under dark conditions. Similar 
results have been reported in Adiantum capillus‑veneris.9 Thus, phot2 
appears to play an important role in the proper positioning of nuclei 
and chloroplasts under both dark and light conditions in Arabidopsis 
and Adiantum.

How do Nuclei Move in Response to Light?

We are investigating which cytoskeletal elements are involved 
in light‑dependent nuclear positioning in A. thaliana. When actin 
filaments in epidermal cells kept under dark conditions were visual-
ized by staining with Alexa488‑phalloidin, thick, long actin bundles 
seemed to interact with the nucleus at the cell base. Conversely, 
under 100 mmol m‑2 s‑1 of blue light, actin bundles in the vicinity 
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of the nucleus were apparently positioned 
along the anticlinal walls, together with 
the nucleus. LatranculinB, an actin‑depo-
lymerizing reagent, disrupted the actin 
bundles and caused the complete inhibi-
tion of light‑dependent nuclear positioning 
in both epidermal cells and mesophyll 
cells. A possible interaction of actin 
filaments with nuclei has been already 
demonstrated in leaf cells of A. thaliana.10 
These results suggest that reorganization of 
actin cytoskeleton plays an important role 
in light‑dependent nuclear positioning; 
which also appears to be the case in the 
blue‑light‑induced chloroplast avoidance 
response.6 Thus, there are many simi-
larities between light‑dependent nuclear 
positioning and the chloroplast avoid-
ance response with regard to the relevant 
photoreceptor (phot2), effective fluence 
rate (>50 mmol m‑2 s‑1 in the former, 
>32 mmol m‑2 s‑1 in the latter), and the 
responsible cytoskeletal elements.6‑8,10,11 
Plant cells may use very similar signaling 
pathways for the two different types of 
organelle movement. However, since it 
has been reported that chup1 (chloro‑
plast unusual positioning1) mutant exhibits 
no chloroplast relocation movement but 
normal distribution of other organelles 
including nuclei, peroxisomes, and mito-
chondria,12 some components must be 
specific to each response. This suggestion 
may be supported by the fact that nuclei 
in epidermal cells, which lack chloro-
plasts, can respond to light (Fig. 1C–E 
and G). It would be worth testing whether 
the nuclear positioning is induced in the 
chup1 mutant.

Recently, Kadota and his colleagues 
have presented excellent results on inves-
tigations into the mechanisms of motility 
involved in chloroplast photorelocation 
movements.13,14 Upon the accumulation 
or avoidance response, chloroplasts migrate 
using short actin filaments (cp‑actin), 
which newly appear at the leading edge 
of each chloroplast.13,14 The cp‑actin is 
never observed in the chup1 mutant. In 
contrast, as described above, nuclei seem to migrate using heavily 
bundled actin filaments. Consequently, although the motility system 
for light‑dependent nuclear positioning has not been fully eluci-
dated, nuclei most likely move independently of chloroplasts using a 
nuclear specific mechanism implicating thick actin bundles.Further 
investigation into how myosin is involved in the actin reorganization 
and generation of driving force15,16 and whether Ca2+ regulates the 
actin reorganization17 through Ca2+‑sensitive actin binding proteins 

such as villin,18 is required.

Why do Nuclei Move in Response to Light?

The physiological significance of light‑dependent nuclear posi-
tioning also requires further investigation. We assume that it is one of 
the defensive responses for reducing DNA damage caused by excess 
light, and UV stress, from the two following points: (1) light‑depen-
dent nuclear positioning is induced by so‑called “strong light”, and 

Figure 1. Distribution of nuclei in leaf cells of Arabidopsis thaliana in darkness and under blue light. After 
dark treatment for 16 h (Dark), leaves of wild‑type plants (A–H), phototropin mutants phot1 (I and J), phot2 
(K and L), phot1phot2 (M and N), and transgenic plant expressing 35S:PHOT2 gene in the phot2 mutant 
(O and P) were irradiated with blue light (470 nm, 100 mmol m‑2 s‑1) for 5 h (BL). Nuclei were stained 
with Hoechst33342, then bright‑field and fluorescence images are demonstrated as merged pictures (A–D 
and I–P). Transverse sections of adaxial part of the leaves were stained with 0.5% toluidine blue (E–H). 
Each arrow indicates the position of the nucleus. Bars show 20 mm.
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(2) nuclei move to the anticlinal walls parallel to the direction of 
incident light minimizing the surface area directly facing the light. 
This assumption is supported by the fact that the chloroplast avoid-
ance response genuinely functions in reducing photodamage caused 
by excess light,19 although current investigations in our lab seek to 
verify this possibility. Another possible function is that the response 
might be needed to polarize cell elongation in leaf palisade cells. In 
A. thaliana leaves grown under low‑fluence‑rate light, palisade cells 
become more spherical.20 Under high‑fluence‑rate light, in contrast, 
palisade cells become elongated in the adaxial/abaxial direction.20 
Involvement of phototropins in the polar growth of palisade cells 
has been suggested by Kozuka et al.21 Therefore, relocation of nuclei 
from the cell bottom to the anticlinal walls might be responsible for 
the state shift from the nonpolar state to the polar state in palisade 
cells. Finally, light‑dependent nuclear positioning might contribute 
to the efficient nuclear accumulation of photoreceptor molecules 
such as phytochromes. Phytochromes are known to translocate into 
the nucleus to interact with nuclear proteins.22 Nuclei move from 
the cell bottom to the anticlinal walls so that photoreceptors can 
efficiently translocate into the nuclei. Again, this requires further 
testing.

Perspectives

We have succeeded in partial characterization of blue‑light‑ 
dependent nuclear positioning in A. thaliana leaf cells. However, we 
have not been able to follow the response in real time, due to the 
difficulty in observing transparent nuclei in living cells. Real‑time 
observation of the response by visualizing nuclei, for example with 
GFP, is required for a better understanding of the response. This 
will enable us to precisely analyze the signaling pathway intervening 
between the light‑perception by phot2 and the induction of nuclear 
movement, and it would become possible to isolate specific mutants 
defective in each step of the pathway. Moreover, rigorous comparison 
of the mechanisms of organelle motility for light‑dependent nuclear 
positioning with those for the chloroplast avoidance response should 
elicit organelle‑specific regulatory mechanisms of cytoskeleton. Now, 
we believe that light‑dependent nuclear positioning is cell biologi-
cally and photobiologically a very attractive subject.
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