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Introduction

Autophagy is the process by which cells degrade their own com-
ponents in lysosomes or vacuoles. In macroautophagy, parts of 
the cytoplasm are first enclosed in double-membrane-bounded 
structures called autophagosomes, which subsequently fuse with 
pre-existing lysosomes and/or vacuoles.1,2 This sequestration of a 
portion of the cytoplasm occurs non-selectively in some autopha-
gic processes and by targeting selected organelles in other pro-
cesses. In microautophagy, lysosomes and/or vacuoles directly 
incorporate portions of the cytoplasm without forming autopha-
gosomes.3-5 In both types of autophagy, the cytoplasm taken up 
into lysosomes/vacuoles is degraded by lysosomal/vacuolar pro-
teases. Autophagy contributes to the recycling of cellular com-
ponents and the supply of respiratory substrates. In addition to 
such universal roles, autophagy has been suggested to play a role 
in various developmental processes.6-13

Inhibition of lysosomal/vacuolar proteases with inhibitors 
that block the degradation of sequestered parts of the cytoplasm 
causes the accumulation of cytoplasmic materials in lysosomes 
and/or vacuoles. The protease inhibitor leupeptin inhibits lyso-
somal proteases, cathepsins B and L, and leads to the accumula-
tion of cytoplasmic inclusions in lysosomes in mammalian cells.14 
In contrast, the serine protease inhibitor phenylmethylsulfonyl 
fluoride inhibits proteinase B, resulting in the accumulation of 
cytoplasmic drops called autophagic bodies in the vacuole of yeast 
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cells.15 A similar phenomenon is found in the cultured tobacco 
cell line BY-2. When BY-2 cells at logarithmic growth phase are 
transferred to sucrose-free culture medium and further cultured, 
there is a net degradation of cellular proteins.16 Supplementation 
of culture medium with protease inhibitors, such as E-64c, E-64, 
leupeptin and antipain, inhibits intracellular cysteine protease 
and protein degradation in BY-2 cells, and causes the accumula-
tion of lysosomes containing cytoplasmic inclusions, which we 
termed “autolysosomes” in plant cells (Fig. 1).16-18 This result sug-
gests that protein degradation occurs in “autolysosomes,” which 
are newly formed upon autophagy in BY-2 cells.

The autophagic pathway [route (2) in Fig. 1)] merges with 
the endocytotic pathway [route (1) in Fig. 1)] in BY-2 cells19,20 
as in mammalian cells.21 In BY-2 cells, the fluorescent tracer of 
endocytosis FM4–64 predominantly migrates from the plasma 
membranes to the membranes of the central vacuole by endo-
cytosis, while FM4–64 fluorescence migrates from the plasma 
membrane but stops at the autolysosomes without arriving at the 
central vacuole in the cells shown to accumulate “autolysosomes.” 
This shows that the autolysosomes are located on the endocytotic 
pathway, downstream from the plasma membrane and upstream 
from the central vacuole.19

Retrograde transport of the membrane from the central vacu-
ole to “autolysosomes” is also seen in BY-2 cells [Fig. 1(3)]. When 
the cells with vacuolar membranes stained with FM4–64 are 
placed in sucrose-free culture medium containing E-64c, there 
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pathway from the plasma membrane to the 
central vacuole [route (1) in Fig. 1] converges 
with the autophagic pathway leading to the 
central vacuole [route (2) in Fig. 1] upstream 
from the step of autolysosome formation in 
Arabidopsis root cells in the same manner as in 
BY-2 cells. Thus, endocytosis appears to also 
contribute to the formation of “autolysosomes” 
in Arabidospsis root cells.

The staining of root tips from atg5-1 and 
atg5-2 mutants was the same as that from 
the wild type plants for incubation in the 
absence of E-64d (Fig. 2C vs. A), suggesting 
that the disruption of the ATG5 gene per se 
does not perturb the endocytotic pathway in 
Arabidopsis root cells. In contrast, a dramatic 
change in staining patterns was observed for 
root tips incubated in the presence of E-64d 
(Fig. 2D); there was accumulation of some spe-
cial structures stained with FM4–64, although 
the amount of such accumulation was less than 
that in wild‑type root tips both in the elon-
gation zone and near the meristematic zone 
(Fig. 2D vs. B). These structures appeared to 
take on a more highly condensed formation 
compared to autolysosome accumulation in 

wild type‑root tips (Fig. 2D vs. B). Most of these structures were 
localized around the nucleus, similar to the patterns observed for 
the accumulation of autolysosomes; however, we occasionally 
found that some structures appeared to be located in the central 
vacuole. We suspect that the same structures accumulate in the 
cells of wild‑type roots, but we could not find any. This suggests 
that the emergence of these structures in the presence of E-64d is 
ATG-dependent and that these structures correspond to “autoly-
sosomes” in wild‑type cells.

Discussion

Staining with FM4–64 appears to be more sensitive for the 
detection of autolysosomes in Arabidopsis root cells compared 
to our previous method using neutral red. In the previous 
study, root tips from Arabidopsis seedlings were cultured in a 
similar way as in the present study, and stained with neutral 
red.23 Neutral red is a lysosomotrophic dye, which tends to 
accumulate in acidic organelles such as vacuoles and autoly-
sosomes, and cytoplasmic inclusions in these organelles were 
preferentially stained. In contrast, the staining method in the 
present study is based on the assumption that the endocyto-
sis marker FM4–64 finally becomes associated with autoly-
sosomes, if they emerge. Thus, this method, in principal, 
specifically stains autolysosomal membrane and not cytoplas-
mic inclusions in autolysosomes and the central vacuole. This 
staining allows the sensitive detection of autolysosomes in a 
wide range of Arabidopsis root cells.

Autophagy seems to occur constitutively in Arabidopsis 
root cells irrespective of nutritional conditions (see also ref. 

is predominant FM4–64 fluorescence in the emerging autolyso-
somes.19 This shows that when autolysosomes are formed, a mem-
brane flow occurs from the central vacuole to the autolysosomes.

Taken together, FM4–64 added to the culture medium is 
incorporated into cells and finally associates with autolysosomes 
in the presence of E-64c. Therefore, the combination of FM4–64 
and E-64c with fluorescence microscopy allows the detection of 
autolysosomes in BY-2 cells.

In the present study, we examined whether this staining 
method is suitable for detecting autolysosomes in the autophagy 
of Arabidopsis root cells.

Results

The FM4–64 staining protocol used in the present study visual-
ized the plasma membrane immediately after staining and dotted 
structures in the cytoplasm, some of which are considered to be 
early endosomes (data not shown). After 18 h, FM4–64 fluo-
rescence migrated to the membrane of the vacuoles for the root 
tips incubated in the absence of E-64d, and we could visualize 
vacuolar membrane together with some particulate structures, 
which are likely to be “bulbs” (Fig. 2A).22 FM4–64 fluorescence 
near the meristematic zone appeared stronger than that in the 
elongation zone (Fig. 2A-A1 vs. A2), probably because cells 
near the meristematic zone are smaller and the structures of the 
vacuolar membranes in these small cells are more convoluted. In 
contrast to root tips incubated without E-64d, root tips incu-
bated in the presence of E-64d showed fluorescence primarily 
on the autolysosomes with negligible fluorescence associated with 
vacuolar membranes (Fig. 2B), suggesting that the endocytotic 

Figure 1. Convergence of autophagy and endocytosis. (1) the endocytotic pathway; (2) the 
macroautophagic pathway; (3) a retrograde membrane transport from the central vacuole to 
autolysosomes. A cysteine protease inhibitor blocks the degradation of cytoplasmic inclu-
sions in autolysosomes and their fusion with the central vacuole, causing their accumulation.
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root cells is somehow involved in the genesis of vacuoles in 
root cells. There have been several reports that plant vacuoles 
are generated through autophagic processes.9,26-28

The present study clearly shows that autolysosomes 
are formed in Arabidopsis root cells, whereas experiments 
using concanamycin A have shown that autophagosomes 
directly fuse with the central vacuole without transforming 

24). Even when root tips were incubated in nutrient-sufficient 
culture medium, autolysosomes accumulated in all root cells 
in the presence of E-64d. In contrast, autolysosomes do not 
accumulate significantly in BY-2 cells cultured in nutrient-
sufficient medium.25 Root tip cells differ from BY-2 cells in 
that they are growing and the vacuoles are enlarging. This 
evidence leads us to suppose that constitutive autophagy in 

Figure 2. Accumulation of autolysosomes in Arabidopsis root cells. Root tips were cut from Arabidopsis (wild type and atg5-2) seedlings and incu-
bated in culture medium containing 1% methanol as a solvent control (A and C) or 100 μM E-64d (B and D) for 3 h, followed by staining with 10 μM 
FM4–64 for 30 min. After FM4–64 was removed, the root tips were placed in fresh media and incubated under the same culture conditions for 18 h. (A) 
wild type in the absence of E-64d; (B) wild type in the presence of E-64d; (C) atg5-2 in the absence of E-64d; (D) atg5-2 in the presence of E-64d. A1, A2, 
B1, B2, C1, C2, D1 and D2 are the enlargements of portions enclosed by rectangles in (A–D). In A1, A2, C1 and C2, the fluorescent image is at right, and 
the merged image of the fluorescent image and the Nomarski image is at left; in B1, B2, D1 and D2, the fluorescent and merged images are placed at 
the left and right, respectively. Scale bar, 50 μm.
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Materials and Methods

Seedlings of wild type and atg5-1 and atg5-2 mutant plants of 
Arabidopsis were grown for 1 week at 23 ± 1°C under continuous 
light from fluorescent lamps (Inoue et al. 2006). Root tips were 
cut 5 mm from the apex and cultured in the medium consisting 
of ½-strength Murashige and Skoog medium, 3% (w/v) sucrose, 
and either 100 μM E-64d (an ester of E-64c, and thus more 
membrane-permeable; Peptide Institute) or 1% (v/v) methanol 
as a solvent control at 23 ± 1°C with shaking at 50 rpm in the 
dark. After 3 h, FM4–64 (Molecular Probes) was added to each 
culture to a final concentration of 10 μM, and the cultures were 
kept at 23 ± 1°C for 30 min to stain the root cells, and unbound 
FM4–64 was washed out. The root tips were then transferred 
to fresh culture medium containing 100 μM E-64d or 1% (v/v) 
methanol and further cultured for 18 h at 23 ± 1°C with shaking 
at 50 rpm in the dark. Root tips were observed by confocal laser 
microscopy (FV1000-D, Olympus).
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to autolysosomes in Arabidopsis root cells,29 as occurs in 
yeast cells.30 Concanamycin A is an inhibitor of vacuolar 
H+-ATPase, and is thought to prevent the acidification of the 
vacuolar/lysosomal interior and thus inhibits vacuolar/lyso-
somal protease. Therefore although the two inhibitors E-64d 
and concanamycin are supposed to have the same effects, 
there is a conflict between the two. It has been reported that 
concanamycin A has effects other than increasing pH in the 
central vacuole, and it is likely that concanamycin A distorts 
the normal autophagic pathway in root cells. However, we 
need experimental evidence to prove this.

E-64d caused some structures stained with FM4–64 to 
accumulate, even in the atg5-1 and atg5-2 mutants. Although 
the pattern of accumulation of these structures appeared to 
be different from that of autolysosomes in wild‑type plants, 
most of these structures were located around the nucleus, like 
autolysosomes. We are now analyzing these structures by elec-
tron microscopy. If some of the accumulated structures are 
proved to be real autolysosomes, it would follow that unlike in 
yeast cells, the ATG5 gene is not essential for the progression 
of autophagy in Arabidopsis root cells.
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