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The appearance of leaf mesophyll 
chloroplasts in angiosperms is char-

acterized by their uniform and static 
shape, which is molded by symmetric 
division of the preexisting organelles, 
involving three prokaryote-derived pro-
teins: the division executor protein, FtsZ, 
and the division site positioning proteins, 
MinD and MinE. On the other hand, 
noncolored plastids in roots, where the 
involvement of the known chloroplast 
division factors in plastid morphogenesis 
is yet unclear, are morphologically het-
erogeneous and transform dynamically. 
This is further emphasized by the active 
formation of long tubular protrusions 
called stromules from the main body 
of those plastids. Molecular regulation 
and physiological significance of such 
dynamic morphology of root plastids 
also remain unknown. In this context, 
we have recently demonstrated that the 
mitochondrial respiratory inhibitor anti-
mycin A induces rapid and reversible fila-
mentation of root plastids (leucoplasts) 
in Arabidopsis thaliana. In contrast, the 
same treatment with antimycin A did not 
affect the morphology of amyloplasts in 
the columella cells at the root tip. The 
alternative oxidase inhibitor salicylhy-
droxamic acid suppresses the antimycin-
induced plastid filamentation, perhaps 
implying an alternative oxidase-medi-
ated interorganellar signaling between 
the mitochondria and the leucoplasts 
in the root cells. Our data may provide 
some clues as to how the formation of 
stromules is initiated.

Plasticity of Plastid 
Morphology in Roots

The morphology of chloroplasts—
chlorophyll-containing photosynthetic 
plastids—in the leaf mesophyll cells in 
higher plants is mainly characterized by 
their uniform and simple shape, which is 
usually spherical or oval. The pioneering 
discovery of a chloroplast division mutant 
of Arabidopsis thaliana, named arc11 
(accumulation and replication of chloro-
plasts 11), which exhibits a heterogeneous 
population of mesophyll chloroplasts 
caused by their asymmetric division,1 
revealed that there must be proteinaceous 
factors that specify the symmetric chlo-
roplast division to generate two equal-
sized daughter chloroplasts. Subsequent 
studies have shown that several proteins 
contribute to the symmetry of chloro-
plast division by confining the assembly 
of the PD/dynamin/FtsZ (PDF) triadic 
division ring within the mid-chloroplast 
region. The division ring-positioning fac-
tors in vascular plants include prokary-
ote-derived stromal proteins MinD and 
MinE, which antagonistically inter-
act with each other to allow FtsZ (also 
known as a prokaryote-derived stromal 
protein) to form a ring exclusively in the 
mid-chloroplast,2 and chloroplast-specific 
proteins ARC3, MCD1 and PARC6 (also 
referred to as CDP1 or ARC6H), which 
were later invented and integrated into 
the positioning system at different times 
(in that order) during the course of land 
plant evolution.3
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antimycin A, an effective inhibitor of 
respiratory electron transport in the mito-
chondria, induces extreme filamentation 
of plastids (leucoplasts) in the main roots 
of A. thaliana, preferentially in the mature 
cortex (Fig. 2A and B). The plastid fila-
mentation is rapid, being initiated within 
5 minutes after the onset of antimycin 
treatment and completed within 1 hour. 
In addition, the filamentation is a revers-
ible response: morphology of the plastids 
was fully restored within 7 hours after the 
washout of antimycin. As expected from 
its rapid initiation, the antimycin-induced 
plastid filamentation was not suppressed 
by the protein synthesis inhibitors, cyclo-
heximide and chloramphenicol, implying 
that this response is not mediated by de 

FtsZ (our unpublished observations), even 
in the root cells, maybe through the pro-
cess of plastid replication. Nevertheless, 
the detailed mechanism of this morpho-
logical regulation on the root plastids 
remains totally unknown. Furthermore, it 
seems obvious that most of morphological 
alterations of plastids occur without asso-
ciated replication of the organelles. Then, 
what exactly governs the morphology of 
the root plastids as well as its maintenance 
and dynamic change?

Effects of Antimycin A 
on Plastid Morphology in Roots

Our recent report may provide a hint 
about the above question.9 We found that 

In contrast to leaf mesophyll chloro-
plasts, non-green plastids in the root cells, 
which are usually categorized as leucoplasts 
or amyloplasts depending on the degree 
of their starch accumulation, are highly 
heterogeneous in their shape and size and 
also transform dynamically, as revealed 
by the visualization of those noncolored 
organelles by plastid-targeted fluorescence 
proteins4 (Fig. 1). The most conspicuous 
feature of the plastid morphology in roots 
is the exuberant formation of stromules, 
the stroma-containing, double envelope-
bound tubules, which themselves also 
actively transform5,6 (Fig. 1). Recent stud-
ies have suggested the regulation of plastid 
morphology by some chloroplast division 
factors, such as ARC3, ARC6,7 MinE8 and 

Figure 1. Morphology of non-green plastids in Arabidopsis thaliana roots. Plastids in the epidermal cells of main roots (A and C) and the root tip, 
including root cap and meristem (B), were visualized by plastid-targeted green fluorescence protein, pt-sGFP(S65T).15 For each panel, GFP images are 
shown at the right. For (A and B), 4',6-diamidino-2-phenylindole (DAPI)-stained fluorescent image of the same field of view as the GFP image is at the 
left to show the positions of cell nuclei (indicated by arrows) and the cell outlines. In (B), single arrowheads and double arrowheads indicate mature 
amyloplasts in the columella cells and transitional plastids that are differentiating into amyloplasts from proplastids, respectively. For (C), the differen-
tial interference contrast (DIC) image of the same field of view as the GFP image is at the left to show the presence of an exceptionally long stromule 
(indicated by arrowheads), which reaches a length of about 96.8 µm including the length of the plastid main body. Bar = 10 µm.
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morphological changes of their plastids 
through dysfunction of the cytochrome 
pathway of mitochondrial electron trans-
port, activation of AOX, and generation 
of AOX-derived signal directed to the 
plastids, although the identity, if any, of 
this hypothetical signal remains entirely 
an open question at present. While we 
found no obvious differences in plastid 
morphology in the hypocotyls, cotyledon 
epidermis, and true leaf epidermis and 
mesophylls between antimycin-treated 
and nontreated Arabidopsis thaliana,9 
high temperature-induced formation of 
chloroplast protrusions and stromules 
was previously observed in the leaf meso-
phylls.14 Undoubtedly, the tissue specific-
ity and physiological relevance of plastid 
filamentation, as well as stromule forma-
tion, are the important issues to be clari-
fied, which deserve further investigation 
in the future.
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novo protein synthesis in the cytoplasm 
and organelles. Similarly, the cytoskeletal 
inhibitors, demecolcine and latrunculin 
B, did not suppress the plastid filamenta-
tion under our experimental condition, 
although there are several lines of evidence 
for the interaction between stromules and 
the cytoskeleton.6,10-12

In spite of the powerful and broad-
ranging effect of antimycin A on the mor-
phology of leucoplasts in the mature root 
cortex, we could not detect major differ-
ences in the morphology of plastids in the 
hypocotyls, cotyledon epidermis, and true 
leaf epidermis and mesophylls between 
the antimycin-treated seedlings and the 
mock-treated control.9 In this study, we 
have extended our observation of plastids 
to the columella cells at the root tip, which 
contain well-developed amyloplasts, and 
found no significant differences again 
in the amyloplast morphology therein 
between inhibitor- and mock-treated 
plants (Fig. 2C and D). One may question 
why the antimycin’s effect appears to be 
specific to root cortex plastids. Although 
we have no answer for this question at the 
moment, it might be worth noting that 
among those we used for the inhibitor 
experiment, the root cortex is the only tis-
sue in which active formation of stromules 
is constantly observed as a normal state.

Among the chemicals we used for the 
co-application with antimycin A, salicyl-
hydroxamic acid (SHAM) was the only 
one that suppressed the plastid filamen-
tation.9 SHAM is known as a typical 
inhibitor of alternative oxidase (AOX). 
AOX is a cyanide-resistant mitochondrial 
enzyme, which allows electrons on the 
respiratory chain to bypass cytochrome 
bc

1
 complex and cytochrome c oxidase 

and thus to reduce the oxygen when 
cytochrome-mediated electron transport 
is blocked by chemicals, such as cyanide 
or antimycin A, or by certain stress con-
ditions, such as wounding of tissue or 
chilling.13 Because AOX is thought to be 
activated by blockage of the cytochrome 
pathway, we proposed the hypothesis that 
the plastid filamentation upon antimycin 
treatment might be caused by some sort 
of an interorganellar signal, which would 
be derived from the activated AOX in the 
mitochondria. This idea would connect 
stress conditions surrounding the plants to 

Figure 2. Effects of antimycin A on plastid morphology in Arabidopsis thaliana roots. Leucoplasts 
in the mature cortex of main roots (A and B) and amyloplasts in the columella cells at the root 
tip (C and D) from 1-week-old seedlings were visualized by plastid-targeted cyan fluorescence 
protein (CFP). CFP images are shown for the mock-treated sample (A and C) and for the samples 
treated for 2 hours with 50 µM antimycin A (B and D). Bar = 10 µm.
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