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Abstract
Mitochondria have generated the bulk of ATP to fuel cellular activities, including membrane trafficking, since the beginning of 
eukaryogenesis. How inhibition of mitochondrial energy production will affect the form and function of the endomembrane system 
and whether such changes are specific in today’s cells remain unclear. Here, we treated Arabidopsis thaliana with antimycin A (AA), a 
potent inhibitor of the mitochondrial electron transport chain (mETC), as well as other mETC inhibitors and an uncoupler. We 
investigated the effects of AA on different endomembrane organelles connected by vesicle trafficking via anterograde and retrograde 
routes that heavily rely on ATP and GTP provision for SNARE and RAB/GEF function, respectively, in root cells. Similar to previous 
reports, AA inhibited root growth mainly by shortening the elongation zone (EZ) in an energy- and auxin-dependent way. We found 
that PIN-FORMED 2 (PIN2) and REQUIRES HIGH BORON 1 (BOR1), key proteins for EZ establishment and cell expansion, undergo 
accelerated endocytosis and accumulate at enlarged multivesicular bodies (MVBs) after AA treatment. Such accumulation is 
consistent with the observation that the central vacuole becomes fragmented and spherical and that the Arabidopsis Rab7 homolog 
RABG3f, a master regulator of MVB and vacuolar function, localizes to the tonoplast, likely in a GTP-bound form. We further 
examined organelles and vesicle populations along the secretory pathway and found that the Golgi apparatus—in particular, the 
endoplasmic reticulum–Golgi intermediate compartment (ERGIC)—cannot be maintained when mETC is inhibited. Our findings reveal 
the importance and specific impact of mitochondrial energy production on endomembrane homeostasis.
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Introduction
Mitochondria are powerhouses of eukaryotic cells and had been es
sential in the evolution of eukaryotes (Roger et al. 2017; Møller et al. 
2021; Suomalainen and Nunnari 2024). According to eukaryogenesis 
theories, a bacterial species in the phyllum alphaproteobacteria, 
was engulfed by an Archaea most closely related to the Asgard 
superphylum, and this endosymbiotic event probably led to the 
emergence of last common ancestor of eukaryotes (LECA) (Spang 
et al. 2015). A great expansion in cellular activities and complexities 
that accompanied the emergence of LECA has been attributed to the 
powerful energy production ability of mitochondria (Martin and 
Müller 1998), for the amount of ATP generated through mitochon
drial oxidative phosphorylation (OXPHOS) is at least 14 to 15 folds 
more than those generated through anaerobic glycolysis.

Mitochondrial energy production is carried out at the cisternae 
of mitochondrial inner membrane (Millar et al. 2011; Pfanner 
et al. 2019). Four multiprotein complexes, namely ubiquinone ox
idoreductase (Complex I), succinate dehydrogenase (Complex II), 
ubiquinol-cytochrome c oxidoreductase (Complex III), cyto
chrome c oxidase (Complex IV), along with soluble electron car
riers ubiquinone and cytochrome c, form the mitochondrial 
electron transport chain (mETC) (Schertl and Braun 2014; Zheng 
et al. 2024). They establish an electrochemical proton gradient 
across the inner membrane, which drives ATP production via a 
proton-driven rotation of ATP synthase (Complex V). Mutations 
in mETC components are either lethal or are a common cause 

of inherited metabolic disorders and inherited neurological disor
ders in humans (Nunnari and Suomalainen 2012; Gorman 
et al. 2016); plant mETC mutants are embryonic lethal except 
for those of Complex I, whose function can be bypassed by 
rotenone-insensitive, alternative NAD(P)H dehydrogenases 
(Rasmusson et al. 1999; Møller et al. 2021). mETC inhibitors and 
uncouplers either inhibits electron transport or terminal ATP 
production, or dissipate the proton gradient to prevent energy 
production. They have been powerful tools in dissecting mETC 
and in studying consequences of energy depletion and mitochon
drial reactive oxygen species (ROS) production (Schwarzländer 
et al. 2009). In fact, George Palade first demonstrated that mem
brane trafficking consumes energy in 1968 by combining pulse 
chase labelling and inhibitors of mETC, including cyanide, anti
mycin A, and oligomycin (Jamieson and Palade 1968).

Inhibition of mitochondrial energy production cause pleiotropic 
effects in eukaryotes, especially plants. Apart from replication, tran
scription, and translation, much cellular energy is spent on main
taining cellular structures and their functions. More than one 
third of cellular ATP is consumed by the plasma membrane (PM) 
and tonoplast proton ATPases, which maintain a steep pH gradient 
of up to 2 units, i.e. pH 5 to 6 in the apoplast/vacuole vs. pH 7 in the 
cytoplasm, and drive secondary active transporters and cell expan
sion (Neuhaus and Trentmann 2014; Hedrich et al. 2015; Falhof et al. 
2016; Martinoia 2018; Li et al. 2022). Furthermore, plant cells con
sume both ATP and GTP to fuel the assembly and disassembly of 
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cytoskeletons, which not only determine directional growth of the 
cell (Gutierrez et al. 2009), but also help maintain the morphology 
of membrane-bound organelles and serve as highways for vesicle 
trafficking (Szymanski and Staiger 2018). The most prominent 
structural complexity of eukaryotic cells is exhibited by the 
membrane-bound organelles, particularly the endomembrane sys
tem (Zeng et al. 2023; Zhuang et al. 2024). The highly dynamic endo
membrane system spans from the nuclear envelope to the PM and 
controls transport within a eukaryotic cell. It is mainly composed of 
the endoplasmic reticulum (ER), the Golgi apparatus, the endoso
mal compartments, i.e. trans-Golgi network or early endosome 
(TGN/EE) and multivesicular bodies/prevacuolar compartments/ 
late endosome (MVB/PVC/LE), the vacuole/lysosomes, and the PM. 
Vesicles carrying macromolecules constantly traverse between 
the organelles, resembling vehicles on highways that deliver pas
sengers and cargoes (Aniento et al. 2022). Generally, vesicles 
form and bud from a donor membrane, shuttle along the cytoske
leton, and arrive at and fuse with a target membrane, leading 
to the delivery of cargo from the donor to the target organelle. 
Each step is regulated by specific proteins and complexes, in
cluding adaptor and coat protein complexes, GTPases, soluble 
N-ethylmaleimide-sensitive factor attachment protein receptors 
(SNAREs) and the AAA-ATPase N-ethylmaleimide-Sensitive 
Factors (NSFs), and tethering complexes (Minamino and Ueda 
2019; González Solís et al. 2022). Many of these proteins and com
plexes are fueled by ATP or GTP hydrolysis, thus consumes cellular 
energy. However, how mitochondrial energy production specifi
cally affects the form and function of the endomembrane system 
rather than inhibiting synthesis of proteins functioning in mem
brane trafficking is still largely unknown.

In this study, we provide a bird’s eye view of how antimycin A (AA), 
as well as other mETC inhibitors and uncoupler, affect the form and 
function of the endomembrane system in Arabidopsis thaliana. We 
examined root cells only to preclude the impact of chloroplasts, 
and documented the shared and unique effects of mETC inhibitors 
and uncoupler on individual organelles and vesicles along the 
endocytic pathway and the secretory pathway, to pinpoint energy 
deficiency-induced changes in organelle shape and function. Like pre
viously reported (Ivanova et al. 2014; Kerchev et al. 2014; Tivendale 
and Millar 2022), AA inhibited root development in an ATP- and 
auxin-dependent way, and a major consequence of AA treatment is 
the inhibition of cell expansion. We further dissected how membrane 
trafficking of key proteins that mediate cell expansion and root elon
gation, such as PIN-FORMED 2 (PIN2) and REQUIRES HIGH BORON 1 
(BOR1), are specifically affected, and found that both are subject to en
hanced endocytosis for vacuolar degradation, with some trapped at 
enlarged MVBs/LEs. Strikingly, protein trafficking appeared to be de
pleted from both sides of the TGN/EEs. On one side, MVBs/LEs are en
larged, but vacuoles became fragmented and spherical, with RABG3f 
stuck on the tonoplast likely in a GTP-bound, activated form. On the 
other side, Golgi number and shape could no longer be maintained, 
and the endoplasmic reticulum–Golgi intermediate compartment 
(ERGIC) disappeared. Our study provides a cell biology view of how en
domembrane trafficking and organelles are affected by inhibiting mi
tochondrial energy production.

Results
Antimycin A depolarizes mitochondria and 
inhibits cell expansion
To evaluate how reduced mitochondrial energy production would 
affect the cell and its organelles, we examined Arabidopsis 

seedling roots in all experiments, like previous reports (Ivanova 
et al. 2014; Kerchev et al. 2014), trying to reduce the involvement 
of chloroplasts. Notably, the interaction between mitochondria 
and chloroplasts cannot be eliminated since plastids in the roots 
(i.e. heterotrophic plastids) are also affected by ATP depletion. 
For example, the import of ATP from the cytosol into the plastids 
facilitates starch biosynthesis in heterotrophic plastids (Tjaden 
et al. 1998; Smith 2008). We first quantified the inhibitory effects 
of antimycin A (AA) on root growth. One micromolar AA signifi
cantly inhibited additional primary root elongation of 5-d-old 
seedlings over the next 7 d, and at 50 µM, no additional elongation 
was observed by Day 12 (Fig. 1, A and B). To see whether the growth 
inhibition is indeed caused by energy reduction, we measured 
cytosolic ATP levels in the root tip with AT1.03, a genetically- 
encoded fluorescence resonance energy transfer (FRET)-based 
ATP biosensor (Imamura et al. 2009). (Figure 1, C and D). AT1.03 
was based on the bacterial ϵ subunit, which binds but does not 
hydrolyze ATP. ATP-induced conformational change in AT1.03 
brings the N-terminal mseCFP to the vicinity of the C-terminal 
cp173-mVENUS to increase FRET efficiency; hence ATP levels 
can be measured by the Venus/CFP fluorescence emission ratios 
(Imamura et al. 2009). We found that ATP levels in root tip cells 
were greatly reduced by AA, and further examined the effects of 
other classic mETC inhibitors and uncoupler. Rotenone and oligo
mycin are classic Complex I and Complex V (the F1F0-ATPase) in
hibitors, and FCCP (carbonyl cyanide p-trifluoromethoxyphenyl 
hydrazone) is a potent uncoupler. Like AA, oligomycin and FCCP 
greatly reduced ATP levels (Fig. 1, C and D). In contrast, rotenone 
treatment led to higher ATP levels (Fig. 1, C and D), which is ex
pected, since mETC of plants and fungi can bypass Complex I 
via non-proton pumping NAD(P)H oxidases especially under 
stress conditions (Garmier et al. 2008).

We then confirmed the AA-induced impairment of mitochon
drial function by staining with tetramethylrhodamine ethyl ester 
(TMRE), a positively charged fluorescent dye sensitive to membrane 
potential (Supplementary Fig. S1, A and B; Fig. 1, C and D) (Ma et al. 
2021). Under normal growth conditions, TMRE stained nearly all mi
tochondria in root epidermal cells. Depolarized mitochondria with
out TMRE staining can be observed upon 1 µM AA treatment 
(Supplementary Fig. S1, A and B), and 10 to 50 µM AA completely 
prevented TMRE staining (Supplementary Fig. S1, A and B; Fig. 1, E 
and F). Upon 10 µM AA treatment, mitochondrial protein levels 
were unaffected (Supplementary Fig. S1C). However, most mito
chondria failed to maintain cristae and became vacuolated (Fig. 1, 
G and H; Supplementary Fig. S1, E and F). Upon 20 µM AA treatment, 
root epidermal cells started to lose PM integrity, as Propidium Iodide 
(PI)-staining of nuclei was observed in Fluorescein Diacetate 
(FDA)-PI staining of roots (Supplementary Fig. S1D). These imaging 
results confirmed the detrimental effects of AA on mitochondrial 
structure and function. Based on these observations, we used 1 to 
20 µM AA in most of the following experiments.

The inhibitory effect of AA on primary root elongation indi
cated hormonal changes like the interaction of auxin and cytoki
nin in regulating the root apical meristem (RAM) and the 
elongation zone (EZ) (Schaller et al. 2015). We hence examined 
the sizes of the RAM, which reflects meristematic cell division, 
and the EZ, which reflects cell expansion rate. Both RAM and EZ 
were reduced in length in AA-treated seedlings (Fig. 2, A to D). 
Reduced transcript levels of key genes in cell expansion, such as 
the cell wall expansins EXPA1, 4, 6, 8, and 9, and endoglucanases 
CEL1 and KOR1, were observed (Fig. 2E). The shortened EZ and the 
reduced expression of key genes in cell expansion suggested that 
auxin level at the root tip may be reduced. The fluorescent 
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Figure 1. Antimycin A inhibits primary root elongation and impairs structure and function of mitochondria. A) Phenotype of Arabidopsis (Columbia-0) 
grown on 1/2 Murashige and Skoog (MS) medium supplemented with different concentrations (0, 1, 10, 50, and 100 μM) of antimycin A (AA). Five-day-old 
vertically grown seedlings were transferred to ½ MS medium containing AA and grown vertically for another 7 d. Bar = 1 cm. B) Quantification of relative 
primary root elongation on AA in (A). Additional primary root elongation on ½ MS was set as 100%. Center lines, box range, whiskers, and points indicate 
the median, lower to upper quartile, 1.5 × interquartile, and statistical duplication, respectively. Data are mean values ± SD from >15 seedlings of 3 
biological replicates. ****, P < 0.0001, Student’s t-test. C) Cytosolic ATP levels in root tip cells, indicated by the AT1.03 ATP biosensor, are greatly reduced 
by AA, oligomycin, and FCCP, but not by rotenone. Five-d-old seedlings were treated with 20 μM drugs for 2 h before imaging. Bar = 20 μm. D) 
Quantification of FRET signals (Venus/CFP fluorescence emission ratios) in C), reflecting ATP levels in living cells. Data are mean values ± SD from > 15 
roots from three biological replicates. ****, P < 0.0001, Student’s t-test. E) Mitochondrial membrane depolarization induced by AA. Confocal micrographs 
of 5-d-old WT root cells expressing a mitochondrion-targeted GFP (mito-GFP) after incubation with dimethyl sulfoxide (DMSO) or 10 μM AA for 2 h. 
Mitochondria were pre-stained with 100 nM TMRE (tetramethylrhodamine, ethyl ester) for 30 min before imaging. Arrows indicated the depolarized 
mitochondria after AA treatment. Bar = 5 μm. F) Quantification of percentages of depolarized mitochondria in E). Data are mean values ± SD from about 
500 mitochondria from five samples per condition. ****, P < 0.0001, Student’s t-test. G) Transmission Electron Microscopy (TEM) of mitochondria in WT 
root tip cells incubated with DMSO or 10 μM AA for 2 h. Bar = 500 nm. H) Quantification of percentage of normal-looking mitochondria in G). Nearly all 
mitochondria lost crista and became vacuolated upon AA treatment. Data are mean values ± SD of > 10 cells from three biological replicates. ****, P < 
0.0001, Student’s t-test.
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intensity of DR5rev:GFP, a marker for auxin response, was signifi
cantly reduced in the columella (Fig. 2, F and G). Supplying 
AA-treated seedlings with ATP partially rescued the defects in lat
eral root formation (Supplementary Fig. S2, A and B). The partial 
rescue phenotype suggested that ROS generated by AA-damaged 
mitochondria may also affect the sizes of RAM and EZ. Consistent 
with the partially restored lateral root phenotypes, transcript levels 
of key genes in cell expansion were restored or partially restored by 
exogenous ATP (Supplementary Fig. S2C).

AA accelerates PIN2 and BOR1 endocytosis 
and vacuolar degradation to reduce their levels 
at the PM
The auxin efflux carrier PIN2 localizes to the apical PM of lateral 
root cap (LRC) and epidermal cells in the transition zone to facili
tate EZ establishment (Abas et al. 2006; Jásik et al. 2016). PIN2 is 
highly dynamic as it undergoes endocytosis, exocytosis, recycling 
back to the PM, and vacuolar degradation. The short EZ phenotype 
in AA-treated seedlings suggested that PIN2 sub-cellular distribu
tion and membrane trafficking may be interrupted. First we 
observed that PIN2-GFP fluorescence at the PM was clearly re
duced by AA (Supplementary Fig. S2, D and E), whereas PIN2 
mRNA level stayed unchanged (Supplementary Fig. S2F). Such 
reduction thus prompted us to examine PIN2 endocytosis and va
cuolar degradation. Starting from 1 µM, AA treatment led to PIN2 
accumulation within puncta in the cytoplasm (Fig. 2, H and I). The 
number of PIN2 puncta increased to reach a peak at 20 µM AA. 
Timewise, PIN2 puncta can been seen within one hour of AA treat
ment (Fig. 2, J and K).

We then examined whether other mETC inhibitors and uncou
pler can induce PIN2 internalization. Similar to AA, oligomycin 
induced cytoplasmic PIN2 puncta formation, whereas rotenone 
had very little effects (Fig. 3, A and B). FCCP strongly reduced 
PIN2-GFP levels. These observations are consistent with ATP 
levels observed (Fig. 1C). We then checked the identity of PIN2 
puncta. Co-localization of PIN2-GFP and the endocytic tracer 
FM4-64 was seen in AA-treated cells 2 h after FM4-64 staining 
(Fig. 3, C and D), a time point when FM4-64 stains mainly MVB/ 
LE. Partial co-localization was seen between PIN2-GFP and 
VHA-a1-RFP, the TGN/EE-localized catalytic subunit of the 
V-ATPase (Dettmer et al. 2006) (Fig. 3, E and F). Furthermore, treat
ing the seedlings concurrently with AA and ES9-17, an endocytosis 
inhibitor that targets clathrin heavy chain (CHC) in plants 
(Dejonghe et al. 2019), inhibited cytoplasmic PIN2 puncta forma
tion (Fig. 3, G and H). These observations indicated that, upon 
AA treatment, PIN2 undergoes accelerated endocytosis and likely 
accumulated at the MVB/LE.

We then examined whether AA treatment can lead to PIN2-GFP 
vacuolar degradation. Dark treatment was used to induce vacuo
lar transport and degradation of PIN2 (Laxmi et al. 2008). First, 
dark-induced PIN2-GFP vacuolar accumulation was indeed 
much stronger in AA-treated seedlings (Fig. 3, I and J). Then we 
blocked protein synthesis with cycloheximide (CHX) to trace 
PIN2-GFP upon AA and oligomycin treatments. Both AA and oligo
mycin reduced PIN2 levels at the PM, and quantification of PIN2 
protein level in the membrane fraction with western blotting con
firmed such reduction (Fig. 3, K to M). Collectively, AA treatment 
accelerated PIN2 endocytosis toward the vacuole for degradation.

To see whether AA may promote vacuolar degradation of other 
polar PM proteins to inhibit root growth, we also examined the 
sub-cellular distribution and trafficking of AUX1, the auxin influx 
carrier required for primary root elongation and lateral root 

formation (Marchant et al. 1999; Yang et al. 2006), and BOR1, the 
boron exporter required for efficient xylem loading of boron. 
Particularly, the micronutrient boron is a constituent of primary 
cell walls and influences the mechanical properties of pectins 
(Vera-Maldonado et al. 2024), and BOR1 PM localization is tightly 
regulated. For instance, in excess boron supply, BOR1 undergoes 
endocytosis and vacuolar degradation, likely to avoid boron toxic
ity (Takano et al. 2002, 2010). We reasoned that, since AA treat
ment can reduce primary root elongation and cell expansion, 
it may also induce AUX1 and BOR1 endocytosis. Indeed, 
AA-induced internalization of AUX1 and BOR1 (Supplementary 
Fig. S2, G and H), and the effects of AA on BOR1 endocytosis was 
also time- and concentration-dependent (Supplementary Fig. S2, 
I to L). The effects of mETC inhibitors and uncoupler on BOR1 
was also comparable to the observations on PIN2, with rotenone 
having little effect and FCCP the strongest (Supplementary Fig. 
S3, A and B). Co-localization between BOR1 and the TGN/EE, rep
resented by VHA-a1-RFP, was only seen after AA treatment 
(Supplementary Fig. S3, C to E), validating AA-induced BOR1 
endocytosis. The endocytosis inhibitor ES9-17 also inhibited 
AA-induced BOR1 endocytosis, largely reducing BOR1 puncta 
numbers in the cytoplasm (Supplementary Fig. S3, F and G). We 
also analyzed the protein levels of BOR1 after AA or oligomycin 
treatment, and saw clear reduction in both (Supplementary Fig. 
S3, H to J). Therefore, AA affects the sub-cellular distribution of 
BOR1 and PIN2 similarly, promoting their endocytosis and vacuo
lar degradation.

AA reduced TGN/EE protein levels but did not 
affect their localization
We asked how AA treatment may affect the organelles along the 
endocytic pathway, including TGN/EE, MVB/LE, and the vacuole. 
AA reduced protein levels of SYP43, a Qa-SNARE that localize 
to the TGN (Uemura et al. 2012), and VHA-a1, however the 
sizes of SYP43 or VHA-a1 puncta were not affected by AA 
(Supplementary Fig. S4, A to D). Therefore, the amount of pro
teins at the TGN/EE is reduced, but TGN/EE size and distribution 
appear to be unaffected by AA.

AA induces enlargement of MVB/LE
We then evaluated whether MVB/LE is affected by AA treatment. 
Treating a double transgenic line carrying both a TGN marker 
VHA-a1-RFP and a MVB marker YFP-ARA7 with AA confirmed that 
only MVB size and signal intensity increased (Supplementary Fig. 
S4E). Since MVB functions are regulated by the signaling lipid phos
phatidylinositol 3-phosphate (PI3P), we examined how AA can af
fect mNeonGreen-2xFYVE, a probe that specifically binds PI3P. 
2xFYVE puncta enlarged significantly after AA treatment, indica
tive of enlarged/fused MVB (Fig. 4, A and B). ARA7 and RHA1, two 
MVB-localized Rab5 homologs, VAMP727, a v-SNARE that mediates 
fusion events at MVB and tonoplast, and VSR4 and BP-80, two va
cuolar sorting receptors, all accumulated on enlarged structures 
(Fig. 4, C to L; Supplementary Fig. S4F). In a double transgenic line 
carrying YFP-ARA7 and BP80-mCherry, the signal intensities of the 
two MVB-localized proteins increased after AA treatment (Fig. 4, 
M and N).

We also compared the effects of mETC inhibitors and uncoupler 
on mNeonGreen-2xFYVE, BP-80 and VAMP727. Rotenone did not 
affect the PI3P probe or MVB-localized proteins, whereas AA and 
oligomycin had similar effects, and FCCP strongly reduced levels 
of mNeonGreen-2xFYVE, BP80-mCherry, and mRFP-VAMP727 
(Fig. 4, O and P; Supplementary Fig. S4, G to J). Observation on 
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Figure 2. Antimycin A inhibits cell expansion and promotes PIN2 internalization. A) Length of the elongation zone (EZ) is reduced by AA. Five-d-old WT 
seedlings vertically grown on 1/2MS were transferred to 1/2 MS with dimethyl sulfoxide (DMSO) or AA (10 μM) and grown vertically for 5 d. Arrows 
indicate the beginning of the root hair zone. Bar = 1 mm. B) Quantification of EZ length in A). Data are mean values ± SD of >15 roots from three 
biological replicates. **, P < 0.01, Student’s t-test. C) Length of the root apical meristem (RAM) is reduced by AA. Seedlings in A) are stained with FM4-64 to 
outline cells. SAM region was marked by white flatheaded lines. Bar = 50 μm. D) Quantification of RAM length in C). Data are mean values ± SD of > 15 
roots from three biological replicates. ****, P < 0.0001, Student’s t-test. E) RT-qPCR of genes functioning in cell expansion in roots from A). Actin 2 was used 
as an internal control. Data are mean values ± SD from one representative biological replicate (>10 roots) of three biological replicates. *, P < 0.05; **, P < 
0.01; ***, P < 0.001, Student’s t-test. F) GFP intensity of the auxin response marker DR5rev:GFP is reduced by AA. AA treatment was same as in A). Bar = 
100 μm. G) Quantification of GFP intensity in the columella in F). Data are mean values ± SD from >10 roots from three biological replicates. *, P < 0.05, 
Student’s t-test. H) PIN2 internalization following treatments of AA at different concentrations. Confocal images of epidermal cells in the root tip of 
PIN2-GFP after 2 h of AA treatment. Bar = 10 μm. I) Quantification of cytoplasmic PIN2 puncta numbers per unit area in (H). Data are mean values ± SD of 
> 15 cells from three biological replicates (>5 roots each). ****, P < 0.0001, Student’s t-test. J) PIN2 internalization in a time course. Confocal images of 
epidermal cells in the root tip of PIN2-GFP treated with 20 μM AA at indicated time points. Bar = 10 μm. K) Quantification of cytoplasmic PIN2 puncta 
numbers per unit area in (J). Data are mean values ± SD of >15 cells from three biological replicates (>5 roots each). ****, P < 0.0001, Student’s t-test. In B), 
D), G), I), and K), center lines, box range, whiskers, and points indicate the median, lower to upper quartile, 1.5 × interquartile, and statistical 
duplication, respectively.
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Figure 3. Antimycin A induces PIN2 endocytosis and vacuolar degradation. A) Effects of mETC inhibitors and uncoupler on PIN2-GFP sub-cellular 
distribution. Both AA and oligomycin promoted PIN2-GFP internalization. Rotenone had little effects on PIN2-GFP, whereas FCCP clearly reduced 
PIN2-GFP levels. B) Quantification of relative PIN2 puncta number in (I). Data are mean values ± SD of >15 cells from three biological replicates (>5 roots 
each). ****, P < 0.0001, Student’s t-test. C) Co-localization of PIN2-GFP and FM4-64 2 h after 20 μM AA treatment in 5-d-old seedlings. FM4-64 staining was 
performed right before AA treatment. Bar = 10 μm. Insert, 5 × enlarged image, bar = 1 μm. D) Pearson’s correlation coefficient graph for PIN2-GFP and 
FM4-64 signals in C). Significant co-localization was detected. E) Co-localization of PIN2-GFP and VHA-a1-RFP after 2 h of 20 μM antimycin A (AA) 
treatment in 5-d-old seedlings. Bar = 10 μm. Insert, 5 × enlarged image, bar = 1 μm. F) Pearson’s correlation coefficient graph for PIN2-GFP and 
VHA-a1-RFP signals in E). Co-localization between PIN2 and VHA-a1 was not significant. G) AA-induced PIN2-GFP internalization is completely blocked 
by ES9-17, an endocytosis inhibitor. Five-d-old PIN2-GFP seedlings were treated with 20 μM AA alone, or 20 μM AA plus 50 μM ES9-17, for 2 h before 
imaging. Bar = 10 μm. H) Quantification of relative PIN2 puncta number in (G). Data are mean values ± SD of >25 cells from three biological replicates (>8 
roots each). ****, P < 0.0001, Student’s t-test. I) AA accelerated dark-induced vacuolar accumulation of PIN2. Five-d-old PIN2-GFP seedlings pre-stained 
with FM4-64 were treated with dimethyl sulfoxide (DMSO) or AA in dark for 3 h. J) Quantification of intracellular/plasma membrane (PM) GFP intensity 
in I). Data are mean values ± SD of >20 cells from three biological replicates (>8 roots each). ****, P < 0.0001, Student’s t-test. K) Five-d-old PIN2-GFP 
seedlings were treated with the protein synthesis inhibitor cycloheximide (CHX, 100 μM), or with both CHX and AA or oligomycin (20 μM) for 2 h before 
imaging. AA and oligomycin further reduced PIN2-GFP intensity at the PM. L) Quantification of relative PIN2 intensity at the PM in (K). Data are mean 
values ± SD of >60 cells from three biological replicates (>10 roots each). ****, P < 0.0001, Student’s t-test. M) AA and oligomycin promotes PIN2 
degradation. Root tips of seedlings in K) were cut for membrane protein extraction and Western blotting (WB) detection of PIN2-GFP. Coomassie 
Brilliant Blue (CBB) staining of total protein served as loading control. PIN2 levels relative to CBB was quantified from a representative blot of three 
biological replicates. In B), H), J), and L), center lines, box range, whiskers, and points indicate the median, lower to upper quartile, 1.5 × interquartile, 
and statistical duplication, respectively.
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Figure 4. Multivesicular bodies are enlarged in AA-treated root cells. A) Accumulation of a PI3P probe mNeonGreen-2xFYVE after 2 h of 20 μM 
antimycin A (AA) treatment in 5-d-old seedlings. Bar = 10 μm. B) Quantification of FYVE puncta diameter, indicative of multivesicular bodies (MVBs) 
size, in A). Data are mean values ± SD of >60 cells from three biological replicates (>10 roots each). ****, P < 0.0001, Student’s t-test. C) Confocal 
micrographs of root tip cells of 5-d-old YFP-ARA7 seedlings after dimethyl sulfoxide (DMSO) or 20 μM AA treatment for 2 h. Bar = 10 μm. D) 
Quantification of ARA7 puncta diameter, indicative of MVB size, in C). Data are mean values ± SD of >60 cells from three biological replicates (>10 roots 
each). ****, P < 0.0001, Student’s t-test. E) Confocal micrographs of root tip cells of 5-d-old GFP-RHA1 seedlings after DMSO (control) or 20 μM AA 
treatment for 2 h. Bar = 10 μm. F) Quantification of RHA1 puncta diameter, indicative of MVB size, in E). Data are mean values ± SD of >60 cells from 
three biological replicates (>10 roots each). ****, P < 0.0001, Student’s t-test. G) Confocal micrographs of root tip cells of 5-d-old RFP-VAMP727 seedlings 
after DMSO (control) or 20 μM AA treatment for 2 h. Bar = 10 μm. H) Quantification of VAMP727 puncta diameter, indicative of MVB size, in G). Data are 
mean values ± SD of >60 cells from three biological replicates (>10 roots each). ****, P < 0.0001, Student’s t-test. I) Confocal micrographs of root tip cells of 
5-d-old Citrine-VSR4 seedlings after DMSO (control) or 20 μM AA treatment for 2 h. Bar = 10 μm. J) Quantification of VSR4 puncta diameter, indicative of 
MVB size, in I). Data are mean values ± SD of >60 cells from three biological replicates (>10 roots each). ****, P < 0.0001, Student’s t-test. K) Confocal 
micrographs of root tip cells of 5-d-old BP80-mCherry seedlings after DMSO (control) or 20 μM AA treatment for 2 h. Bar = 10 μm. L) Quantification of BP80 
puncta diameter, indicative of MVB size, in (K). Data are mean values ± SD of >60 cells from three biological replicates (>10 roots each). ****, P < 0.0001, 
Student’s t-test. M) AA-induced concurrent accumulation of ARA7 and BP80 in YFP-ARA7 BP80-mCherry double transgenic lines. Bar = 10 μm. N) 
Quantification of fluorescence intensity of ARA7 and BP80 in M). Data are mean values ± SD of >60 cells from three biological replicates (>10 roots each). 
****, P < 0.0001, Student’s t-test. O) Effects of mETC inhibitors and uncoupler on the PI3P probe, mNeongreen-2xFYVE. Rotenone had little effects on PI3P; 
both AA and oligomycin induced enlargement of PI3P-labeled endosome, and FCCP reduced 2xFYVE levels. Bar = 10 μm. P) Quantification of sizes of 
PI3P-labeled endosomes in O). Data are mean values ± SD of >60 cells from three biological replicates (>10 roots each). ns, not significant, ****, P < 0.0001, 
Student’s t-test. In B), D), F), H), J), L), and P), center lines, box range, whiskers, and points indicate the median, lower to upper quartile, 1.5 × 
interquartile, and statistical duplication, respectively.
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PIN2, BOR1, PI3P, and TGN/EE and MVB/LE markers collectively 
suggested that inhibition of mETC promotes endocytosis of polar 
PM proteins functioning in cell elongation, and that the endocy
tosed PM proteins are partially stuck at enlarged MVB/LE.

AA inhibits the RAB7 cycle and perturbs vacuole 
morphology maintenance
The enlarged MVB/LE with accumulated cargoes in AA-treated 
cells suggested that fusion of MVB with tonoplast is impaired. 
The Arabidopsis Rab7 homolog RABG3f localizes to MVB and the 
tonoplast membranes and is a key regulator of MVB-tonoplast 
fusion (Cui et al. 2014; Rodriguez-Furlan et al. 2019). As a Rab 
GTPase, RABG3f cycles between GTP-bound and active form and 
GDP-bound and inactive form. RABG3f Q67L (CA-RABG3f) corre
sponds to a constitutively active form, and RABG3f T22N 
(DN-RABG3f) corresponds to a dominant negative, inactive form 
(Cui et al. 2014). DN-RABG3f is known to localize to cytoplasm 
and endosome, whereas CA-RABG3f mainly localizes to the tono
plast (Cui et al. 2014). Moreover, overexpression of either 
CA-RABG3f or DN-RABG3f strongly changes vacuole morphology, 
resulting in rounded and fragmented vacuoles (Cui et al. 2014). 
We asked if AA can affect the level and distribution of RABG3f, 
and if such distribution is dependent on the activation state of 
RABG3f. AA treatment significantly promoted accumulation of 
GFP-RABG3f at MVB and on the tonoplast (Fig. 5, A to D; 
Supplementary Fig. S5, A to C), which is more like the localization 
pattern of CA-RABG3f (Fig. 5E; Supplementary Fig. S5A). These ob
servations suggested that RABG3f is stuck in the GTP-bound form 
and accumulated on MVB and, especially, the tonoplast.

We then examined vacuole morphology in response to AA 
treatment with a line carrying YFP-VAMP711, a v-SNARE that 
localizes to tonoplast, and 7-amino-4-chloromethylcoumarin 
(CMAC), a fluorescent dye that stains the vacuole lumen (Wang 
et al. 2023). Vacuoles became fragmented and spherical after AA 
treatment (Fig. 5, H to J). We documented the time course of 
changes in vacuole morphology, and spherical vacuoles were al
ready prominent 2 h after AA treatment in the entire root tip, ex
cept for some large epidermal cells (Supplementary Fig. S5, D and 
E, Supplementary Videos S1 and S2).

To further establish the causal relationship between mitochon
drial dysfunction and changes in vacuole morphology, we collected 
several mitochondrial mutants with reported dysfunction and de
velopmental defects, including ndufs4, ftsh4, and lon1-1. NDUFS4 
encodes the NADH dehydrogenase (ubiquinone) fragment S subu
nit 4 (Meyer et al. 2009), FtSH4 encodes an inner membrane-bound 
mitochondrial AAA-protease (Gibala et al. 2009; Zhang et al. 2014a, 
2014b), and LON1 encodes a multifunctional ATP-dependent pro
tease (Rigas et al. 2009). All three mutants have fragmented and 
spherical vacuoles when grown on ½ MS, mimicking AA-treated 
wild-type seedlings. We concluded that changes in vacuole mor
phology are a result of mitochondrial dysfunction.

AA strongly affects Golgi structure and 
localization of Golgi SNAREs
When imaging PIN2-GFP after AA treatment, we noticed that, 
apart from accumulating in cytoplasmic puncta, PIN2 at the PM 
dwindled within several hours (Fig. 2, H and J; Fig. 3G), which 
is not prevented by ES9 treatment (Fig. 3G). We quantified the rel
ative intensity of PIN2 at the PM and found out it reduced within 
2 h of AA treatment (Fig. 6, A and B). A similar reduction was ob
served for BOR1 (Supplementary Fig. S6, A and B). Such observa
tion indicated that some newly synthesized PIN2 and BOR1 

might be stuck in the secretory pathway. To see which organelle 
along the secretory pathway may be affected by AA, we examined 
the Golgi, ERGIC, and the ER.

TEM showed that the Golgi apparatus loses its overall structure 
upon AA treatment (Fig. 6C), possibly a consequence of decreased 
actin polymerization due to ATP depletion. We selected three 
markers to dissect the possible Golgi defects caused by AA, includ
ing the cis-Golgi Qa-SNARE SYP32 (Uemura et al. 2004; Rui et al. 
2021) and the Qb-SNARE MEMBRIN12 (MEMB12) (Uemura et al. 
2004; Fougère et al. 2023), and a trans-marker ST-GFP, a signal an
chor sequence of a rat sialyl transferase fused with GFP (Saint-Jore 
et al. 2002). We also generated several double transgenic lines car
rying these Golgi markers and TGN markers.

Upon AA treatment, MEMB12 completely lost its Golgi localiza
tion (Fig. 6, D and E; Supplementary Videos S3 and S4). In a trans
genic line carrying both MEMB12-RFP and GFP-SYP32, AA 
treatment led to re-localization of both MEMB12 and SYP32 to a 
perinuclear network that appears to be the ER, and SYP32 partially 
maintained its Golgi localization pattern (Fig. 6F; Supplementary 
Fig. S6, C and D). Like SYP32, ST-GFP partially maintained its 
Golgi localization (Supplementary Fig. S6, E and F), and partially 
co-localized with MEMB12 in perinuclear, ER-like structures after 
AA treatment (Supplementary Fig. S6G). Such observation agrees 
with the TEM results, in which Golgi structure is severely affected 
but still visible, since SYP32, like SYP31, is a core component 
of the cis-Golgi, and ST marks the trans-Golgi, whereas MEMB12 
is believed to localize not only to cis-Golgi, but is a component 
of the recently identified ER-Golgi Intermediate Compartment 
(ERGIC) in Arabidopsis (Fougère et al. 2023), through which some 
ER-to-Golgi cargoes pass. We further examined how other mETC 
inhibitors and uncoupler affect MEMB12 localization, and again 
found out oligomycin and AA had similar strong effects, and 
that rotenone had limited effect on MEMB12. FCCP, however, 
appeared to affect MEMB12 less than AA and oligomycin (Fig. 6, 
G and H). This is reasonable because, as an uncoupler, FCCP 
should primarily affect compartments with delta pH; however, 
H+-ATPase is not known to be present in the ERGIC.

To see whether AA can affect the spatial relationship between the 
Golgi and ERGIC and TGN/EE, transgenic lines carrying MEMB12-RFP/ 
GFP-SYP43 were analyzed. As shown in Supplementary Fig. S6H, 
co-localization between MEMB12-RFP and GFP-SYP43, a TGN/EE 
marker, were reduced by AA, mainly because MEMB12 largely 
re-localized to perinuclear, ER-like structures (Supplementary 
Fig. S6H).

BFA compartments were much smaller in the 
presence of AA likely due to reduced Golgi number
We further confirmed AA-induced reduction in Golgi number 
by treating cells with Brefeldin A (BFA). BFA binds to the interface 
between the GTPase ARF and its GEF (Mossessova et al. 2003) and 
reversibly inhibits ER-Golgi protein trafficking. It causes redistrib
ution of Golgi resident proteins into the ER and induces formation 
of BFA bodies, which are formed by multiple Golgi stacks and sur
rounding TGN/EE vesicles. We postulated that reduced Golgi 
number would cause reduced size of BFA bodies. Indeed, BFA 
bodies containing PIN2-GFP and stained by FM4-64 were much 
smaller in the presence of AA (Fig. 7, A and B). Likewise, auxin 
flux carriers PIN1-GFP and AUX1-GFP accumulated less in much 
smaller compartments (Supplementary Fig. S7, A to D). TGN/EE 
markers, GFP-SYP43 and VHA-a1-GFP, and vacuolar sorting recep
tors, Citrine-VSR4 and BP80-mCherry, all gave similar results 
(Fig. 7, C to F; Supplementary Fig. S7, E to H). Lastly, in a double 

8 | Plant Physiology, 2025, Vol. 197, No. 2

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/197/2/kiaf033/7985695 by Shanghai Jiao Tong U

niversity School of M
edicine user on 25 February 2025

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf033#supplementary-data


CA B D

E

HG

F

I J

Figure 5. Antimycin A induces RABG3f accumulation on tonoplast and changes vacuole morphology. A) GFP-RABG3f accumulated on tonoplast after 
antimycin A (AA) treatment. Confocal micrographs of GFP-RABG3f root tip cells 2 h after dimethyl sulfoxide (DMSO) or 20 μM AA treatment. Bar = 10 μm. 
B) Quantification of RABG3f puncta diameter, indicative of MVB size, in A). Data are mean values ± SD of >60 cells from three biological replicates (> 10 
roots each). ****, P < 0.0001, Student’s t-test. C) Quantification of relative intensity of RABG3f puncta, indicative of amount of RABG3f at MVB, in A). Data 
are mean values ± SD of >60 cells from three biological replicates (> 10 roots each). ****, P < 0.0001, Student’s t-test. D) Quantification of RABG3f-labeled 
vacuole numbers per cell in A). Data are mean values ± SD of >60 cells from three biological replicates (> 10 roots each). ****, P < 0.0001, Student’s t-test. 
E) Comparison of RABG3f sub-cellular localization in WT form (both with or without AA), GTP-bound form (Q67L, constitutively active, CA), and 
GDP-bound form (T22N, dominant negative, DN). RABG3f treated with AA is very similar to RABG3f Q67L. Vacuoles were pre-stained with CMAC for 
30 min before imaging. Bar = 10 μm. F) Altered vacuole morphology after AA treatment. YFP-VAMP711 root tip cells were imaged 2 h after DMSO 
(control) or 20 μM AA treatment. Vacuoles were pre-stained with CMAC for 30 min before imaging. Bar = 10 μm. G) Effects of mETC inhibitors and 
uncoupler on vacuole shape, outlined by YFP-VAMP711. Rotenone had little effects; both AA and oligomycin treatments led to spherical and 
fragmented vacuoles, and FCCP reduced YFP-VAMP711 levels. Bar = 10 μm. H) Quantification of relative number of spherical vacuoles in regions of a 
same size in G). More than 8 roots from 3 biological replicates were used for quantification. ns, not significant; ****, P < 0.0001, Student’s t-test. I) Mutants 
with mitochondrial dysfunction also exhibit abnormal vacuolar morphology. Root tip cells of wild-type (WT), WT treated by 20 μM AA, ndufs4, ftsh4, and 
lon1-1 mutant were imaged after CMAC staining of the vacuole. Bar = 10 μm. J) Quantification of relative number of spherical vacuoles in regions of a 
same size in (I). More than 8 roots from 3 biological replicates were used for quantification. ****, P < 0.0001, Student’s t-test. In B), C), D), H), and J), center 
lines, box range, whiskers, and points indicate the median, lower to upper quartile, 1.5 × interquartile, and statistical duplication, respectively.

Inhibiting ETC disrupts endomembrane organization | 9
D

ow
nloaded from

 https://academ
ic.oup.com

/plphys/article/197/2/kiaf033/7985695 by Shanghai Jiao Tong U
niversity School of M

edicine user on 25 February 2025



transgenic line carrying YFP-ARA7 and VHA-a1-RFP, both ARA7 
and VHA-a1-RFP co-localized to these smaller compartments 
after BFA plus AA treatment (Supplementary Fig. S7I).

To see how the spatial relationship between Golgi and TGN/EE 
may change in response to AA plus BFA, we treated double trans
genic lines carrying MEMB12-RFP/GFP-SYP43 and GFP-SYP32/ 
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Figure 6. Antimycin A impairs Golgi structure and inhibits ERGIC formation. A) Antimycin A (AA) reduces PIN2 level at the plasma membrane (PM) in a 
time course. Confocal micrographs of PIN2-GFP root epidermal cells in a time course after 20 μM AA treatment. Bar = 10 μm. B) Quantification of relative 
PIN2 intensity at the PM. Data are mean values ± SD of >60 cells from three biological replicates (>10 roots each). ****, P < 0.0001, Student’s t-test. C) TEM 
image of a Golgi apparatus. Root tips of 5-d-old WT seedlings were treated with dimethyl sulfoxide (DMSO) or 20 μM AA for 2 h before fixation. Bar = 
200 nm. D) MEMB12-RFP, an endoplasmic reticulum–Golgi intermediate compartment (ERGIC) and cis-Golgi marker, completely lost its Golgi 
localization after AA treatment. Root tips of 5-d-old MEMB12-RFP seedlings were imaged 2 h after DMSO (control) or 10 μM AA treatment. Bar = 10 μm. 
Insert, 2 × enlarged image, bar = 2 μm. E) Quantification of relative number of MEMB12 puncta in (C). Data are mean values ± SD of >30 images from 
three biological replicates (>10 roots each). ****, P < 0.0001, Student’s t-test. F) Translocation of MEMB12-RFP and GFP-SYP32 after AA treatment. Root tip 
of 5-d-old double transgenic seedlings carrying MEMB12-RFP and GFP-SYP32 were imaged after 2 h of DMSO (control) or 20 μM AA treatment. Bar = 
10 μm. Insert, 2 × enlarged image, bar = 2 μm. G) Effects of mETC inhibitors and uncoupler on MEMB12-RFP. All drugs significantly reduced MEMB12 
puncta numbers. Bar = 10 μm. H) Quantification of relative number of MEMB12 puncta in G). Data are mean values ± SD of >15 images from three 
biological replicates (>5 roots each). ***, P < 0.001; ****, P < 0.0001, Student’s t-test. In E) and H), center lines, box range, whiskers, and points indicate the 
median, lower to upper quartile, 1.5 × interquartile, and statistical duplication, respectively.
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Figure 7. Formation of BFA bodies is compromised in antimycin A-treated cells. A) Brefeldin A (BFA) bodies, indicated by PIN2-GFP, are smaller in 
antimycin A (AA)-treated cells. Five-d-old PIN2-GFP seedlings, pre-stained with FM4-64, were treated with dimethyl sulfoxide (DMSO) or 20 μM AA for 
2 h. BFA (50 μM) was added for another 1 h before imaging. Bar = 10 μm. B) Quantification of the diameter of BFA bodies in A). Data are mean values ± SD 
of >60 cells from three biological replicates (>10 roots each). ****, P < 0.0001, Student’s t-test. C) BFA bodies, indicated by GFP-SYP43, are smaller in 
AA-treated cells. Five-d-old GFP-SYP43 seedlings were treated with DMSO (control) or 20 μM AA for 2 h. BFA (50 μM) was added for another 1 h before 
imaging. Bar = 10 μm. D) Quantification of the diameter of BFA bodies in C). Data are mean values ± SD of >60 cells from three biological replicates (>10 
roots each). ****, P < 0.0001, Student’s t-test. E) BFA bodies, indicated by VHA-a1-GFP, are smaller in AA-treated cells. Five-d-old VHA-a1-GFP seedlings 
were treated with DMSO (control) or 20 μM AA for 2 h. BFA (50 μM) was added for another 1 h before imaging. Bar = 10 μm. F) Quantification of the 
diameter of BFA bodies in E). Data are mean values ± SD of >60 cells from three biological replicates (>10 roots each). ****, P < 0.0001, Student’s t-test. G) 
Reduced sizes of BFA bodies are due to loss of endoplasmic reticulum–Golgi intermediate compartment (ERGIC) and trans-Golgi network or early 
endosome (TGN/EE). Five-d-old double transgenic seedlings carrying MEMB12-RFP and GFP-SYP43 were treated with DMSO (control) or 20 μM AA for 2 h. 
BFA (50 μM) was added for another 1 h before imaging. BFA bodies are composed of TGN/EE vesicles, surrounded by Golgi and ERGIC. Both parts are 
reduced in size and fluorescent intensity in the presence of AA. Bar = 10 μm. Insert, 3 × enlarged image, bar = 2 μm. H) TEM images of BFA compartments 
with or without AA. Root tips of 5-d-old WT seedlings were treated with DMSO (control) or 20 μM AA for 2 h, and BFA (50 μM) was added for another 1 h 
before fixation. Bar = 200 nm. White arrows indicate BFA bodies that are greatly reduced in size. I) Effects of mETC inhibitors and uncoupler on BFA 
bodies, indicated by GFP-SYP43. All drugs except for rotenone significantly reduced sizes of BFA bodies. J) Quantification of the diameter of BFA bodies in 
I). Data are mean values ± SD of >60 cells from three biological replicates (>10 roots each). ns, not significant; ****, P < 0.0001, Student’s t-test. In B), D), F) 
and G), center lines, box range, whiskers, and points indicate the median, lower to upper quartile, 1.5 × interquartile, and statistical duplication, 
respectively.
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VHA-a1-RFP with BFA or BFA plus AA. As expected, BFA alone led to 
accumulation of MEMB12-RFP around aggregated GFP-SYP43; AA 
plus BFA greatly reduced the size of BFA compartments labeled 
by GFP-SYP43, whereas MEMB12-RFP redistributed into the ER 
(Fig. 7G). Same localization patterns were observed for GFP-SYP32 
and VHA-a1-RFP (Supplementary Fig. S7J). TEM further validated 
the reduced size of BFA compartment, in which the TGN/EE 
vesicles were greatly reduced in number and sizes (Fig. 7H).

We also compared the effects of the inhibitors of mitochondrial 
functions on BFA compartment formation. Again, AA and oligo

mycin affected BFA compartment in similar ways, rotenone had 

little effect, and FCCP greatly reduced accumulation of SYP43 

and PIN2 (Fig. 7, I and J; Supplementary Fig. S7, K and L). We sum

marize our findings in a model to illustrate how the endomem

brane system responds to mitochondrial mETC inhibitors and 

uncouplers in a hierarchy of events that occurs upon cellular en

ergy depletion (Fig. 8).

Discussion
The relationship between mitochondria and the endomembrane 
system has a deep root in evolution. The emergence of the endo
membrane system is believed to be one of the great changes 
brought by the endosymbiosis of an archaea and an alphaproteo
bacteria, which is the ancestor of mitochondria. It can be postu
lated that mitochondria activities are essential in maintaining 
such highly dynamic and energy-consuming entities in today’s 
cells; however, in our knowledge, such experimental evidence is 
limited for plant cells. This study therefore aimed at providing a 
relatively detailed description of how inhibition of mitochondrial 
energy production can actually affect the form and function of the 
endomembrane system.

On our hands, oligomycin and antimycin A have similar im
pacts on endomembrane organelles and vesicle trafficking, rote
none is not so effective since plants have additional NADH 
dehydrogenases, and the decoupler/ionophore FCCP had the 

Figure 8. A model that summarizes our findings. Antimycin A (AA) inhibits mitochondrial electron transport chain (mETC) to reduce ATP production 
and impairs mitochondrial morphology. The endomembrane system and intracellular trafficking are severely affected by AA. The trans-Golgi network/ 
early endosome (TGN/EE) is the only vesicle population free from morphological changes. Starting from TGN/EE, toward the vacuole, plasma 
membrane (PM)-localized membrane proteins functioning in cell expansion, such as PIN2 and BOR1, are partially stuck at enlarged multivesicular 
bodies or late endosome (MVB/LE). Fusion between MVB/LE and the vacuole is inhibited and the vacuole becomes spherical and fragmented. The Rab7 
homolog, RABG3f, is trapped at the tonoplast likely in a GTP-bound form. In the other direction, neither the Golgi apparatus nor the ERGIC can be 
maintained; proteins functioning in the Golgi and especially the endoplasmic reticulum–Golgi intermediate compartment (ERGIC) are relocated to the 
endoplasmic reticulum (ER). Accelerated endocytosis and eventually degradation of PIN-FORMED 2 (PIN2) and REQUIRES HIGH BORON 1 (BOR1) lead to 
reduced cell expansion and short root phenotype in AA-treated seedlings.
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strongest effect, likely because it abolishes proton/ion gradients 
across membranes. The imaging results are in general consistent 
with the ATP levels indicated by the ATP biosensor AT1.03 (Fig. 1).

An interesting finding here is that the TGN/EE appears to be the 
only organelle/vesicle population in the endomembrane system 
that does not change in morphology; it only became dim due to de
creased protein levels (Fig. 4; Supplementary Fig. S4). This observa
tion agrees with what we know about TGN/EE; ATP or GTP 
consumption in large quantities had not been described for this or
ganelle before, although V-ATPase activity in the TGN/EE was 
shown to be required for secretion and protein (re)cycling 
in Arabidopsis aside of vacuolar acidification (Luo et al. 2015). In 
contrast, vesicle budding from the ER, clathrin-mediated endocyto
sis, homotypic fusion of vacuoles, and fusion of MVB/LE to va
cuoles, all consume large amounts of ATP or GTP. Apart from 
H+-ATPases that establish proton gradients that drives secondary 
transport across the PM and the tonoplast, which are critical in cel
lular homeostasis, the places where AAA-ATPase is required are 
also presumably very energy consuming. These included the re
lease of used SNARE from target vesicles, including tonoplast, by 
the AAA-ATPase NSF; the formation of intraluminal vesicles in 
MVB, in which the AAA-ATPase VPS4/SKD1 cuts the membrane, 
and the ERAD and CHLORAD, in which the AAA-ATPase CDC48 is 
used for pulling out ubiquitinated protein from the ER or the chlor
oplast. CDC48 also functions in the recycling of peroxisomal import 
receptors such as peroxin 5 (PEX5). Our observation on retardation 
in MVB-vacuole fusion is consistent with the idea of energy con
sumption. Nevertheless, whether these steps are truly critical in 
determining the form of function of endomembrane system in re
sponse to energy depletion needs more direct evidence.

Another interesting finding is that AA can induce significant 
changes in vacuole morphology: the lytic vacuole became frag
mented and rounded. Similar vacuole morphology were observed 
in several mutants with defective mitochondrial functions (Fig. 5), 
thus validating a link between dysfunctional mitochondria with 
failure in maintaining vacuole morphology. There are several 
plausible explanations. First, actin cytoskeleton is involved in va
cuole morphology (Zhang et al. 2014a, 2014b), and actin polymer
ization and bundling processes are highly energy consuming. 
Second, upon AA treatment, the key Rab GTPase at MVB/LE and 
vacuole, Rab7, can be seen localized mainly at the tonoplast 
(Fig. 5; Supplementary Fig. S5), resembling the localization pattern 
of GTP-bound Rab7 (RABG3F-CA). We further found that 
RABG3F(CA) and AA-treated RABG3F segregated into vesicles of 
same densities upon sucrose density gradient centrifugation, 
and RABG3F(CA) seedlings are less sensitive to AA treatment 
(Fig. 5; Supplementary Fig. S5). Rab GTPases cycle between 
GTP-bound and GDP-bound forms with the aid of GEF and GAP 
proteins, and upon activation they recruit downstream effectors 
to organize trafficking routes, such as endosome maturation 
and fusion events between endosomes and vacuoles (Takemoto 
et al. 2018; Minamino and Ueda 2019). Interrupting the Rab7 cycle 
can certainly impair MVB/LE and vacuole fusion. A recent report 
showed that NETWORKED 4 (NET4) proteins that bind to F-actin 
and localize to the vacuole to mediate actin-vacuole interactions 
are RABG3 effectors (Hawkins et al. 2023). Whether RABG3-NET4 
interaction, and subsequently, actin bundling on the vacuole, 
would be interrupted by AA treatment, or mitochondrial dysfunc
tion, is unknown. The fragmented vacuole phenotypes have 
also been documented in zig-1 and vti11 alleles of the vacuolar/ 
MVB Qb-SNARE VTI11 (Ebine et al. 2014; Zheng et al. 2014). 
Importantly, the quintuple rabg3b,c,d,e,f mutation (rabg3) sup
pressed the short inflorescence phenotype of zig-1 (Ebine et al. 

2014), and treating vti11 with PI3K inhibitors wortmannin and 
LY294002 induced vacuole fusion in the mutant (Zheng et al. 
2014). These observations indicated that over-accumulation of 
PI3P at the MVB, rather than timely turnover inside the vacuole 
(Kim et al. 2001), may lead to constitutive activation of Rab7 and 
subsequently, inhibition of vacuole fusion or activation of vacuole 
fission. Last, in animal cells, mitochondria-lysosome membrane 
contact formation is promoted by GTP-bound lysosomal Rab7 to 
mark mitochondrial fission sites, and such contacts allow bidirec
tional regulation of mitochondrial and lysosomal dynamics 
(Wong et al. 2018). In addition, damaged mitochondria also under
go various forms of autophagy including microautophagy, and 
such processes may also require Rab7 activity, since Rab7 and 
its downstream effectors are key players in homotypic fusion of 
vacuoles and fusion of vacuoles with MVBs (Hao et al. 2016; 
Takemoto et al. 2018; Rodriguez-Furlan et al. 2019). Whether sim
ilar mitochondria-vacuole contact may exist in plant cells and 
play a role in vacuole morphology awaits further exploration.

AA-induced short root phenotype can be explained by the alka
linization of the extracellular matrix. Cell wall acidification trig
gers cell wall loosening to allow for cell expansion, for cell 
wall-loosening enzymes are activated by low pH (Cosgrove 
2015). Apart from the fact that depletion or less proton pumping 
at the PM results in alkalinization of the apoplast, similar to the 
effect of rapid alkalinization factor (RALF) peptides via receptor- 
like kinase FERONIA-mediated phosphorylation of AHA2 (Haruta 
et al. 2014; Cheung 2024). Genes functioning in cell expansion 
are down-regulated, and exogenous ATP can induce their expres
sion in the presence of AA (Fig. 2; Supplementary Fig. S2). Also, 
auxin response at the root tip is down-regulated, likely due to re
duced basipetal transport of auxin toward the RAM. On the other 
hand, PIN2, the key auxin efflux carrier in EZ establishment, is ac
tively endocytosed for vacuolar degradation (Figs. 2 and 3; 
Supplementary Fig. S2). It is noteworthy that many studies have, 
through genetic screens, chemical genetic screens, reverse genet
ics, and transcriptome analyses, established the relationship be
tween mitochondrial dysfunction and auxin signaling (Ivanova 
et al. 2014; Kerchev et al. 2014; Berkowitz et al. 2016; Ohbayashi 
et al. 2019; Tivendale et al. 2021; Tivendale and Millar 2022). 
Here we mainly used PIN2 as a marker protein that undergoes en
docytosis and functions in cell expansion. Another key protein in 
cell expansion, BOR1, is also actively endocytosed for vacuolar 
degradation (Supplementary Figs. S2 and S3). The fact that endo
cytosis is enhanced during stress may be related to altered cell 
wall mechanics resulting from changes in the pectin methyl- 
esterification state, which stimulates RALF-FER signaling. In 
general, activation of FER and reduced proton pumping into the 
apoplast may lead to alkalinization of the apoplast (Cheung 
2024). Furthermore, it has been revealed that the mitochondrial 
uncoupler ES9 and the endocytosis inhibitor Tyrphostin A23 
actually block clathrin-mediated endocytosis by promoting acid
ification of the cytoplasm (Dejonghe et al. 2016), thus the acceler
ated endocytosis of PIN2 and BOR1 are active instead of passive. 
We also showed that ES9 can block AA-induced PIN2 endocytosis 
(Fig. 3). All these observations suggested that root growth in 
Arabidopsis is shut down upon energy deficiency.

During this process, reduced ER-to-Golgi trafficking leads to an 
imbalance in Golgi stacking, eventually reduces Golgi numbers 
and sizes. The involvement of ERGIC in this process is also evident, 
since MEMB12, the ERGIC marker, completely relocated to the ER 
after AA treatment (Fig. 6; Supplementary Fig. S6). Using BFA as a 
tool, and by showing that BFA bodies became tiny with very few 
TGN/EE vesicles, we further demonstrated how AA affects Golgi 
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numbers and sizes (Fig. 7; Supplementary Fig. S7). Such depletion of 
protein trafficking is striking and reflects the importance of energy 
production in maintaining membrane trafficking. Alternatively, dis
ruption of the cytoskeleton, especially energy-consuming actin pol
ymerization, may also explain the reduction in Golgi numbers and 
sizes.

In summary, our study described how the endomembrane sys
tem responds to mitochondrial mETC inhibitors and uncouplers 
that lower pH gradients over membranes, revealing a hierarchy 
of events affected by cellular ATP depletion. This study opens 
many questions on how signals are produced by the dysfunctional 
mitochondria and how they are sensed and transduced by the 
individual organelles in the endomembrane system. Meanwhile, 
it paves the way for future studies on the interactions between 
energy-producing organelles and energy-consuming organelles, 
and may help us in understanding cellular behavior from a new 
angle.

Materials and methods
Plant materials and growth conditions
MEMB12-RFP was a gift from Dr. Yiqun Bao. BOR1-GFP, GFP-SYP32, and 
ST-GFP were a gift from Dr. Caiji Gao. AT1.03 was a gift from Dr. Boon 
Leong Lim. PIN2-GFP was a gift from Dr. Ben Scheres and Dr. Shuzhen 
Men, VHA-a1-GFP and VHA-a1-RFP, and TagRFP-VAMP727 were a gift 
from Quan-Sheng Qiu. Citrine-VSR4 was a gift from Dr. Nadine Paris. 
Mito-GFP (3xHA-eGFP-OMP25) was a gift from Dr. Hong Yu. DR5rev: 
GFP, AUX1-YFP, PIN1-GFP, YFP-ARA7, and YFP-VAMP711 were ob
tained from ABRC. ftsh4, ndufs4 and lon1-1 mutants were gifts from 
Drs. Shengchun Zhang, Chengwei Yang, Xu Wang, and Lei Li. All dou
ble transgenic lines were generated by crossing and confirmed by flu
orescent microscopy.

Generally, Arabidopsis thaliana (ecotype Columbia-0, Col-0) seeds 
were surface-sterilized with 75% ethanol for 5 min, rinsed with 
ddH2O for five times, then stratified at 4 °C for 2 d before plated 
on 1/2 Murashige and Skoog (1/2 MS) medium (Duchefa, 
Netherland) containing 0.8% (w/v) agar, 1% (w/v) sucrose, pH 5.7. 
The plants were then kept at a 16 h light (22 °C)/8 h dark (18 °C) 
photoperiod with a photosynthetic photon flux density at 
120 µE m−2 s−1 in a growth room. Soil-grown plants were kept 
under the same conditions.

Plasmid construction
For stable transformation, genomic DNA or full length cDNAs 
were fused in-frame with GFP and mCherry tags under the control 
of endogenous or UBQ10 promoter, in modified pCAMBIA vectors 
to generate GFP-SYP43, GFP-RHA1 and BP80-mCherry. DN (T22N) 
or CA (Q67L) form of RABG3f was generated by recombination 
of two PCR fragments, one containing PCR products carrying the 
corresponding point mutation, the other containing the rest 
of the cDNA, using a homologous recombination kit (Vazyme, 
C112-02). Constructs were verified by DNA sequencing. Primers 
used are listed in Supplementary Table S1.

Plant transformation
To generate Arabidopsis transgenic lines, constructs were intro
duced into Agrobacterium tumefaciens (GV3101) for floral dipping 
(Clough and Bent 1998). Primary transformants were selected by 
antibiotic resistance and further verified by PCR and fluorescent 
microscopy. Individual T2 and T3 lines were used.

Reverse transcription quantitative PCR
RNA extraction, reverse transcription, and reverse transcription 
quantitative PCR (RT-qPCR) were done as described (Wang et al. 
2023). The relative expression of target genes were analyzed by 
2−ΔΔCt methods and expression of control was normalized to 
1. ACTIN2 (AT3G18780) was used as the internal control. Primers 
used are listed in Supplementary Table S1.

Drug treatment
To measure additional root growth on antimycin A, 5-d-old verti
cally grown Col-0 seedlings were transferred to new ½ MS plates 
containing different concentrations of antimycin A, or to ½ MS 
plates containing dimethyl sulfoxide (DMSO) and grown for 7 or 
9 d. Similarly, ATP (0.5 or 1 μM) was added to the plates to docu
ment additional root growth on AA plus ATP. For auxin-related 
observations, 5-d-old vertically grown seedlings carrying DR5rev: 
GFP or PIN2-GFP were transferred to ½ MS medium containing 
10 μM of antimycin A and grown for another 5 d. For the observa
tion of protein localization influenced by antimycin A, 5-d-old 
seedlings carrying various fluorescent protein-tagged marker 
genes were immersed in liquid ½ MS medium containing AA or 
DMSO control for different periods of time, before confocal imag
ing. For observation of mitochondria membrane depolarization, 
5-d-old seedlings were stained with 100 nM of MitoTracker or 
TMRE for 30 min after treated with DMSO or antimycin A for 2 h. 
For viability staining, seedlings were stained with fluorescein diac
etate (FDA, 5 μg/mL) and PI (10 μg/mL) for 5 min before confocal 
imaging. For PM staining and pulse chase of endocytosis, 5-d-old 
seedlings were incubated in liquid ½ MS media with 2 μM 
of FM4-64 on ice in the dark for 7 min before FM4-64 washout. 
For observation of BFA compartments, 5-d-old seedlings were pre- 
treated with 100 μM of CHX for 1 h, followed with DMSO or 20 μM 
of antimycin A treatment. Brefeldin A (BFA) (50 μM) was added to 
the solution for another 1 h before confocal imaging. For observa
tion of vacuoles in root tip cells, 5-d-old seedlings treated with 
liquid ½ MS media containing DMSO or antimycin A were stained 
with 1 μM of CMAC for 15-30 min. For treatment of each mito
chondria ETC inhibitor or decoupler, 5-d-old seedlings carrying 
AT1.03, PIN2-GFP, BOR1-GFP, mNeonGreen-2xFYVE, BP80-mCherry, 
mRFP-VAMP727, YFP-VAMP711, MEMB12-RFP, and GFP-SYP43 were 
immersed in liquid ½ MS media with a same concentration 
(20 μM) of drug for 2 h.

Confocal microscopy
For observation of root EZ, 5-d-old Col-0 seedlings were trans
ferred to solid 1/2 MS media containing DMSO or 10 μM of antimy
cin A for 5 d. The EZ of primary roots was photographed under a 
stereoscope (M205 FA, Leica, Germany). For observation of root 
meristematic zone, the primary roots stained by FM4-64 were 
photographed on a confocal microscope (Ni-E A1 HD25 confocal 
microscope, Nikon, Japan). All other confocal images were also 
captured with this confocal microscope. GFP, YFP, and Citrine 
were exited at 488 nm and emission collected at 500 to 550 nm. 
mCherry and RFP were exited at 561 nm and collected at 570 to 
620 nm. The FM4–64 fluorescence was exited at 561 nm and col
lected at 620 to 650 nm. The CMAC and DAPI fluorescence were 
exited at 405 nm and collected at 435 to 485 nm. To compare the 
intensity of fluorescent proteins with or without treatments, the 
observation parameters on the microscope were set as the same 
for control and experimental group. The MitoTracker or TMRE flu
orescence were exited at 550 nm and collected around 570 nm. 
The ATP sensor AT1.03 was excited at 445 nm and its emission 
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was collected from 470 to 507 nm (CFP image) and from 526 to 
545 nm (Venus image).

Statistical analysis
The primary root length of Arabidopsis seedlings, fluorescence 
intensity of protein expression and co-localization of two pro
teins were counted and measured by Image J. The differences be
tween samples was calculated by Student’s t-test (unpaired and 
two-tailed) using SPSS, and P-value less than 0.05 was defined as 
with significant difference (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, 
P < 0.0001). All experiments were replicated at least three times, 
and representative data from the independent experiments were 
shown. Bar charts and box plots were plotted with GraphPad 
Prism 8, and figures were assembled with Adobe Illustrator CS6.

Sucrose density gradient centrifugation
About 100 mg of 7-d-old transgenic seedlings were mixed with 
200 μL of KHE buffer (1 mM DTT, 0.4 M sucrose, 10 mM KAc, 
50 mM HEPES and 1 mM EDTA, the pH was adjusted to 7.5 by 
KOH and 0.1 mM PMSF was added before use). The mixture was 
centrifuged for 10 min at 12,000 rpm to collect the supernatant. 
54%, 40%, 33%, 24%, and 15% sucrose (W/V) and the supernatant 
were added to a 2 mL high-speed centrifuge tube in sequence, and 
the volumes of the six components are 212.77 μL, 574.5 μL, 468 μL, 
425.5 μL, 160 μL, and 160 μL, respectively. Centrifuge with 150, 
000 g for 4 h at 4 °C. The centrifuged sucrose solution was pipetted 
out from top to bottom in 14 layers (140 μL of sample from each 
layer), and the samples were boiled with 5 × SDS loading buffer 
at 100 °C for 5 min before western blotting.

Western blotting
For detecting of protein levels of PIN2 and BOR1, root tips of 5-d-old 
PIN2-GFP seedlings and whole roots of 5-d-old BOR1-GFP seedlings 
were cut for membrane protein extraction (Retzer et al. 2019). 
Western blotting was done as described before (Wang et al. 2023). 
The antibodies used include anti-GFP (1:5000 dilution, Utibody, 
China), anti-H3 (1:5000 dilution, Utibody, China), anti-VDAC1 
(1:5000 dilution, Agrisera), anti-COXII (1:5000 dilution, Agrisera), 
anti-AOX1 (1:5000 dilution, Orizymes, China), anti-ICDH1 (1:5000 
dilution, Orizymes, China) and the appropriate IgG-HRP conjugated 
secondary antibodies (1:5000, ZSGB-Bio, China). The signal was de
veloped using Highly Sensitive ECL Chemiluminescence Substrate 
(Vazyme, China) and chemiluminescence was detected using a 
chemiluminescent Western Blot scanner (ChemiScope 6100T, 
Clinx, China). All experiments were repeated at least three times, 
and one representative blot was shown.

Transmission electron microscopy
Five-d-old Col-0 seedlings were treated with liquid ½ MS contain
ing DMSO or AA (10 or 20 μM) for 2 h. Root tips (∼3 mm) were fixed 
in 2.5% (v/v) glutaraldehyde overnight, then post-fixed in 1% 
OsO4 (w/v) for 2 h. After fixation, samples were rinsed 4 times 
in 0.1 M phosphate buffer (Na2HPO4, NaH2PO4). After dehydration 
with alcohol and acetone series, samples were embedded in 
EPON 812 (Ted pella, USA). Ultrathin sections (thickness 70 nm) 
were cut with a Leica EM UC7 (Leica, Germany), mounted on cop
per grids and contrasted with TI Blue stainer (Nisshin EM, Japan) 
and 3% lead citrate solution. The sections were visualized with a 
Tecnai G2 spirit Biotwin TEM (FEI, USA) at 120 kV accelerating 
voltage.

Accession numbers
Accession numbers: PIN1 (AT1G73590), PIN2 (AT5G57090), BOR1 
(AT2G47160), AUX1 (AT2G38120), EXPA1 (AT1G69530), EXPA4 
(AT2G39700), EXPA6 (AT2G28950), EXPA8 (AT2G40610), EXPA9 
(AT5G02260), CEL1 (AT1G70710), KOR1 (AT5G49720), SYP43 
(AT3G05710), VHA-a1 (AT2G28520), ARA7 (AT4G19640), RHA1 
(AT5G45130), VAMP727 (AT3G54300), VSR4 (AT2G14720), BP80 
(AT3G52850), RABG3f (AT3G18820), VAMP711 (AT4G32150), 
MEMB12 (AT5G50440), SYP32 (AT3G24350).
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Supplementary Video S1. Distribution of the tonoplast marker 

YFP-VAMP711 after DMSO treatment.
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Supplementary Video S2. Distribution of VAMP711 after anti
mycin A treatment.

Supplementary Video S3. Distribution of the ERGIC marker 
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