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Energy is essential for all cellular functions in a living organism. How cells coordinate
their physiological processes with energy status and availability is thus an important
question. The turnover of actin cytoskeleton between its monomeric and filamentous
forms is a major energy drain in eukaryotic cells. However, how actin dynamics are
regulated by ATP levels remain largely unknown in plant cells. Here, we observed
that seedlings with impaired functions of target of rapamycin complex 1 (TORC1),
either by mutation of the key component, RAPTOR1B, or inhibition of TOR activity
by specific inhibitors, displayed reduced sensitivity to actin cytoskeleton disruptors
compared to their controls. Consistently, actin filament dynamics, but not organization,
were suppressed in TORC1-impaired cells. Subcellular localization analysis and quanti-
fication of ATP concentration demonstrated that RAPTOR1B localized at cytoplasm
and mitochondria and that ATP levels were significantly reduced in TORC1-impaired
plants. Further pharmacologic experiments showed that the inhibition of mitochondrial
functions led to phenotypes mimicking those observed in raptor1b mutants at the level
of both plant growth and actin dynamics. Exogenous feeding of adenine could partially
restore ATP levels and actin dynamics in TORC1-deficient plants. Thus, these data
support an important role for TORC1 in coordinating ATP homeostasis and actin
dynamics in plant cells.
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Energy is essential for all fundamental physiological processes in a living organism.
Energy deficiency elicits diverse responses that allow cells to overcome the challenge of
energy starvation and therefore dictate whether a cell will survive or die (1). One of the
more energy-costly processes in cells is the dynamic turnover of the actin cytoskeleton,
which plays vital roles in cell mobility, cell division, cell polarity establishment and
maintenance, and cell morphogenesis (2–4). The function of the actin cytoskeleton
relies on its dynamic rearrangement, including assembly of actin monomers into
filaments of various architectures and disassembly of these structures back into
monomers (5). During cycles of actin assembly and disassembly, actin monomers
polymerize into filaments in an adenosine triphosphate (ATP)-bound state, and the
polymerization of actin is followed by the irreversible hydrolysis of ATP to adenosine
diphosphate (ADP) and phosphate (6). After ATP hydrolysis, phosphate dissociates
from polymerized actin, leaving ADP-actin in the filaments. Depolymerization of actin
filaments then releases ADP-actin monomer back into the cytoplasm, where ADP is
rapidly exchanged for ATP, restarting the cycle. The cost of ATP by actin turnover is
particularly high in plant cells, as actin filaments in the cortical arrays of plant cells
grow at rates 10 to 100 times faster than the actin filaments in fission yeast or in the
dendritic actin array at the leading edge of motile metazoan cells (7). The high growth
rate of actin filaments is balanced by the disassembly of filaments through severing
activity, resulting in fast-growing but short-lived actin filaments in plant cells (8). The
incredible dynamics of actin filaments allow plant cells to rapidly respond to constantly
changing environments, but at the expense of high amounts of ATP (9). Despite the
undisputed importance of ATP for actin cytoskeleton remodeling, little is known about
how ATP levels affect actin dynamics in plant cells.
Target of rapamycin (TOR), an evolutionary conserved serine/threonine protein

kinase in eukaryotes, is a master regulatory hub that integrates cellular information
about nutrient and energy availability to coordinate cell growth and metabolism
(10–13). In yeast and mammalian cells, TOR acts as the catalytic subunit in at least
two structurally and functionally distinct multiprotein complexes, referred to as TOR
complex 1 (TORC1) and TORC2, respectively (14). With the lethal with SEC13
protein 8 (LST8) being a common component in both TORC1 and TORC2, the two
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complexes are defined by the presence of their signature subunits:
regulatory-associated protein of TOR (RAPTOR) for TORC1
and rapamycin-insensitive companion of TOR (RICTOR) for
TORC2 (15, 16). The core subunits of TORC1, TOR,
RAPTOR, and LST8 have been identified in plants, implying the
existence of a plant TORC1 (17–19). By contrast, TORC2-
specific components are not conserved in plants (20–22). A single
copy of TOR and two homologs of RAPTOR (RAPTOR1A and
RAPTOR1B) are present in the genome of Arabidopsis thaliana
(18, 23). While mutants of the lowly expressed RAPTOR1A are
indistinguishable from wild-type (WT) plants under standard
growing conditions, the mutation of RAPTOR1B leads to a wide
range of phenotypes similar to the ones observed after the
inhibition of TOR expression or activity (18, 24, 25). Thus,
RAPTOR1B seems to act as the major RAPTOR isoform in
Arabidopsis TORC1.
Along with other functions, TORC2 regulates actin cytoskele-

ton organization, likely via Rho signaling and AGC family protein
kinases, in yeast and mammalian cells (15, 16, 26, 27). Despite
the absence of plant TORC2, a functional link between TOR
and actin cytoskeleton was proposed in plant cells. Through a
genetic screen for mutants with defects in vacuole morphogenesis,
a recent report identified eva1, a mutant of isopropylmalate synthase 1
(IPMS1) that encodes a critical enzyme for Leu biosynthesis
(28). This mutant contained increased levels of branched-
chain amino acids (BCAAs). The characterization of eva1 and
other ipms1 mutant alleles revealed that BCAA overaccumula-
tion led to the up-regulation of TOR activity and actin fila-
ment bundling in Arabidopsis cotyledon epidermal cells (28).
Actin bundling was compromised when exogenous BCAA was
fed to plants with reduced expression of TOR. However, this
was not the case in WT plants and in raptor1b mutants, indi-
cating that a functional TOR, but perhaps not RAPTOR, is
required for the reorganization of actin filaments induced by
the overaccumulation of BCAAs (28). Nevertheless, how
TOR regulates actin cytoskeleton dynamics under normal
growth conditions and whether RAPTOR participates in this
regulatory mechanism remain elusive. In this report, we
show that TOR and RAPTOR1B affect cellular ATP levels,
which is necessary to maintain actin dynamics, but not its
organization.

Results

Seedlings with Impaired TORC1 Functions Display Reduced
Sensitivity to Actin Inhibitors. To decipher molecular mecha-
nisms that underlie actin maintenance, we undertook a forward
genetic screen to identify mutants that were less sensitive to the
specific and membrane-permeable inhibitor for actin polymeriza-
tion, Latrunculin B (LatB). We used the homozygous SALK
T-DNA collections of Arabidopsis (29) for the screen and grew
seedlings from those lines on media supplemented with LatB for
6 days in the dark. We found that seedlings of one of the lines,
SALK_022096, affecting RAPTOR1B [rb22; rb for raptor1b,
followed by the first two nonzero digits of the SALK line number,
as in Salem et al. (30)], had longer etiolated hypocotyls compared
to WT seedlings. To confirm these results, we regrew the progeny
of rb22 and three additional independent T-DNA mutants of
RAPTOR1B [rb10, SALK_101990; rb78, SALK_078159; rb64,
SALK_006431; Zhang et al. (25)] on LatB-containing media and
on media containing cytochalasin D (CD), another specific actin
cytoskeleton disruptor, respectively. The etiolated rb mutant
hypocotyls were significantly shorter than WT under control con-
ditions, indicating cell elongation defects in the mutants (Fig. 1A

and C). However, all rb mutant seedlings were less sensitive than
WT to LatB and CD, displaying less swollen hypocotyls (Fig. 1B).
Quantitative analysis confirmed that the application of actin
inhibitors markedly inhibited hypocotyl growth in WT seedlings
and that the hypocotyl lengths of rb mutants were less affected by
these inhibitors (Fig. 1C and D). Consistently, light-grown
rb mutants displayed reduced sensitivity to LatB treatment, result-
ing in less inhibited primary root length in the presence of LatB
(SI Appendix, Fig. S1A and B). By contrast, oryzalin, an inhibitor
disrupting microtubule polymerization, suppressed hypocotyl
elongation in rbmutants to an extent similar to that in the WT (SI
Appendix, Fig. S2A and B).

RAPTOR1B is a component of TORC1, which plays central
roles in the stimulation of cell growth and metabolism in response
to nutrients (12, 20, 31). We therefore tested whether the core
protein of TORC1, the TOR kinase itself, participated in control-
ling the sensitivity of seedlings to LatB. Similar to the rb mutants,
impairment of TOR function, either by genetically knocking
down the expression level of TOR (32, 33) or by inhibiting TOR
activity using the previously described inhibitors AZD8055
and Torin2 (34–36), resulted in significantly reduced sensitivity
to LatB (Fig. 1E–G). These data suggest that TOR and
RAPTOR1B, most likely as a complex, negatively regulate the
sensitivity of seedlings to actin disruptors.

Impairment of TORC1 Functions Causes Decreased Actin
Cytoskeleton Dynamics. To examine the organization of actin
cytoskeleton, we crossed a fluorescent marker of actin filaments,
mNeonGreen-fABD2, into the two rb mutants, rb10 and rb64,
respectively. In parallel, we also assessed the effects of TOR inhibi-
tors on actin filament organization. We focused the analysis in the
epidermal cells from the dark-grown hypocotyls, as this cell type
has been used as a model cell type for imaging actin arrays with
high spatial and temporal resolution (7, 8). The organization of
actin filaments in rb mutants and AZD8055-treated Col-0 plants
resembled that of WT seedlings under normal growth conditions
(Fig. 2A). The amount of actin filaments (as quantified by fluores-
cent density) and the bundling of actin filaments [as quantified by
skewness (37)] did not show significant differences in rb mutants
and AZD8055-treated plants compared to their controls (Fig. 2B
and C). By contrast, the effect of LatB on actin filaments was
diminished in the rb mutants and AZD8055-treated plants com-
pared to their controls, which resulted in significantly increased
amounts of actin filaments remaining in these plants after LatB
treatment (Fig. 2D and E). These observations indicated that actin
filaments may be stabilized in rb mutants and AZD8055-
treated plants.

To investigate actin filament dynamics, we collected time-lapse
images of mNeonGreen-fABD2 by spinning disk confocal micros-
copy. The global actin filament dynamics were first investigated
through a correlation coefficient analysis (38). This analysis
quantified the extent of overall actin filament rearrangements over
time by calculating the correlation of fluorescent intensity at all
pixel positions between all pairwise temporal intervals. The change
in actin organization over time was reflected by the rate of decay
of correlation coefficient values as the temporal interval increased.
The correlation coefficient curves decayed significantly slower in
rb mutants and TOR inhibitor-treated cells compared to the
control (Fig. 2F–H and SI Appendix, Fig. S3A and B). Similarly,
short-term AZD8055 treatment caused significantly reduced rates
of decay of correlation coefficient values compared to the control
(SI Appendix, Fig. S3C and D). These data indicated that actin
filament dynamics were attenuated when TORC1 activity was
inhibited in plant cells.
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We next analyzed individual actin filament dynamics by quan-
tifying actin filament behaviors (8). Actin filament dynamics are
dominated by rapid elongation and the disappearance of filaments
due to the high frequency of filament severing in the Arabidopsis
cortical arrays (8). The filament elongation rate and severing
frequency were significantly reduced in both rb mutants and
AZD8055-treated plants compared to their controls (Fig. 2I),
corroborating that the impairment of TORC1 functions led to
reduced actin filament dynamics. In agreement with these observa-
tions, a significant increase in filament lifetime was observed in
raptor1b mutants and AZD8055-treated plants compared to their
controls (Fig. 2I).
To further compare the polymerization rate of actin filaments,

we performed washout experiments. A high concentration of LatB
was applied to completely depolymerize actin filaments, and then
the inhibitor was washed out by moving plants to media without
LatB. The restoration of actin filaments was significantly slower in
rb mutants and AZD8055-treated plants compared to their
controls (Fig. 2J and K), indicating an inhibited polymerization
rate of actin filaments.
To assess actin filament dynamics in the presence of LatB, the

correlation coefficient analysis was performed after short-term
treatment with the inhibitor. A moderate concentration of LatB
was applied to avoid excessive depolymerization of actin filaments.
The correlation coefficient curves decayed significantly slower after
the application of LatB compared to the control, suggesting that
LatB treatment reduced actin filament dynamics (SI Appendix,
Fig. S4A). However, the effects of LatB were ameliorated in

rb mutants (SI Appendix, Fig. S4B), further implying a reduced
sensitivity to LatB in these plants.

Altogether, these data suggested that actin filaments adopted
a decreased dynamic remodeling pattern in TORC1-impaired
cells, thus establishing a new balance of actin remodeling to
maintain an actin organization similar to WT.

GFP (Green Fluorescent Protein)-RAPTOR1B Localizes at
Mitochondria in Plant Cells. The subcellular localization of
TOR and related components has not been carefully examined,
and little is therefore known regarding where the TORC1 works
in plant cells. To examine the subcellular localization of
RAPTOR1B and hence deduce its possible function, we generated
two fluorescently tagged RAPTOR1B constructs under the con-
trol of its native promoter, pRAPTOR1B::EGFP-RAPTOR1B and
pRAPTOR1B::mNeonGreen-RAPTOR1B, and transformed them
into rb10 and rb22 mutant plants, respectively. The constructs
were functional as they restored growth and sensitivity to LatB of
the rb mutants (SI Appendix, Fig. S5A, B, D, and E). In addition,
TOR activity and its response to glucose supply were rescued in
the complementation line, as indicated by the elevated phosphory-
lation levels of the conserved substrate S6K1 of TOR at Thr449

in the protoplast transient expression assay (32) (SI Appendix,
Fig. S5C).

We observed GFP signals in cytosol and cytosolic compart-
ments (Fig. 3A–J). To determine to which compartments GFP-
RAPTOR1B is localized, we introgressed red fluorescent protein
(RFP)-, mCherry-, or cyan fluorescent protein (CFP)-tagged
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Fig. 1. Inhibition of TORC1 functions affected plant sensitivity to actin cytoskeleton inhibitors. (A) Six-day-old Col-0, rb10, rb22, rb78, and rb64 seedlings
grown in the dark on half MS media (Upper Panel), on half MS media supplemented with 25 nM LatB (Center Panel) or 5 μM CD (Lower Panel). Scale bar,
5 mm. (B) Close-up of hypocotyl cells in (A) using stereomicroscopy. Scale bar, 500 μm. (C and D) Bar graphs of hypocotyl length grown on media supple-
mented with LatB (C) or CD (D). Blue bars show the ratios of hypocotyl length reduction caused by actin inhibitors. (E) Hypocotyl length of Col-0 and two
estradiol-inducible TOR-RNAi lines [tor-es1 and tor-es2; see Xiong and Sheen (33)] grown on media supplemented with estradiol and LatB. Blue bars show the
ratios of hypocotyl length reduction caused by actin inhibitors. (F and G) Hypocotyl length of Col-0 plants grown on media supplemented with LatB in the
absence or presence of TOR inhibitor AZD8055 (F) or Torin2 (G). Blue bars show the ratios of hypocotyl length reduction caused by actin inhibitors. Values in
(C) to (G) are means ± SEs from 3 biological replicates with more than 10 seedlings per replicate. The double asterisk indicates that the ratio of hypocotyl
length reduction caused by actin inhibitors is significantly different compared to the control by Student’s t test; P < 0.01.
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Fig. 2. Impairment of TORC1 functions reduced actin filament dynamics. (A) Representative images showing mNeonGreen-fABD2-labeled actin cytoskeleton
organization in hypocotyl epidermal cells of 3-d-old etiolated WT, rb10, rb64, DMSO-treated WT, and AZD8055-treated WT seedlings. Scale bars, 10 μm. (B and C)
Quantification of density (B) and skewness (C) of actin filaments imaged as in (A). (D) Representative images showing mNeonGreen-fABD2-labeled actin cytoskeleton
organization before and after 2-h LatB treatment in WT, rb10, rb64, DMSO-treated WT, and AZD8055-treated WT seedlings. Scale bars, 10 μm. (E) Quantification of
actin filament occupancy in the cells after LatB treatment for different times. (F) Representative merged images showing mNeonGreen-fABD2-labeled actin filaments
at 3 time points at 15-s intervals as separate colors (red, green, and blue) in WT, rb10, rb64, DMSO-treated WT, and AZD8055-treated WT seedlings. The white color
indicates that actin filaments are present at the same region throughout the time series. Scale bar, 5μm. (G and H) Correlation coefficient was calculated at all
possible temporal intervals for time-lapse images of actin filaments in rb mutants (G) and AZD8055-treated WT seedlings (H). Values are means ± SEs (n ≥ 15 cells
from 5 seedlings per genotype). (I) Quantification of single actin filament dynamics in WT, rb10, rb64, DMSO-treated WT, and AZD8055-treated WT seedlings. Values
are means ± SDs, with (n) = number of filaments in parentheses. (J) Representative images showing mNeonGreen-fABD2-labeled actin cytoskeleton organization
before and after washing out LatB in WT, rb10, rb64, DMSO-treated WT, and AZD8055-treated WT seedlings. A high concentration of LatB (10 μM) was applied to
completely depolymerize actin filaments before transferring the seedlings to water without or with AZD8055 for 5 h. Scale bars, 10 μm. (K) Quantification of actin
filament occupancy in cells imaged as in (J). The double asterisk indicates significant difference from the control by Student’s t test (B, C, E, I, and K) or one-way ANOVA
(G and H); **P < 0.01; n.s., not significant. The values from AZD8055-treated samples were compared to DMSO-treated samples for the statistical analysis.
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Golgi, trans-Golgi network (TGN), and late endosome markers
into the GFP-RAPTOR1B line, respectively. In addition, we
stained the GFP-RAPTOR1B line with a mitochondria dye,
MitoTracker, to investigate the possible colocalization of GFP-
RAPTOR1B with mitochondria. The dual-labeled seedlings
showed that GFP-RAPTOR1B did not colocalize well with the
trans-Golgi marker sialyltransferase (ST)-RFP; the cis-Golgi
marker SYP32-mCherry; the TGN markers vacuolar ATPase
subunit a1 (VHAa1)-RFP and SYP61-CFP; or the late endosome
markers RabF2a-mCherry, RabF2b-mCherry, RabC1-mCherry,
and RabA1g-mCherry (Fig. 3A–H). Instead, GFP-RAPTOR1B
and mNeonGreen-RAPTOR1B showed substantial colocalization
with MitoTracker-labeled mitochondria (Fig. 3I and SI Appendix,
Fig. S5F). High-resolution imaging further revealed that the GFP-
RAPTOR1B mainly localized at the periphery of mitochondria
(Fig. 3J–L). In line with these observations, immuno-transmission
electron microscopy (TEM) experiments showed that the labeling
of GFP-RAPTOR1B, quantified as gold particles per unit area,
was significantly increased in the mitochondria and cytoplasm of
the complementation lines compared to the Col-0 plants
(Fig. 3M–P). In contrast, similar nonspecific signal was detected
in the cell wall of both genotypes (Fig. 3P). Altogether, these data
indicate that a portion of GFP-RAPTOR1B is localized to
mitochondria in plant cells.

Inhibition of TORC1 Functions Leads to Reduced ATP Levels in
Plant Cells. The localization of GFP-RAPTOR1B at mitochon-
dria prompted us to analyze whether TORC1 regulated ATP pro-
duction, which is important for actin filament turnover, in plant
cells. The quantification of ATP concentration revealed that the
ATP content was significantly reduced in rb mutants and in seed-
lings treated with TOR inhibitor AZD8055, as compared to
their controls (Fig. 4A and B). Consistently, the FRET efficiency
of the ATP biosensor, ATeam1.03-nD/nA (39), was significantly
decreased by exogenous application of AZD8055 and the positive
control for ATP synthesis inhibition, oligomycin, an inhibitor
specific for the mitochondrial ATP synthase at low concentrations
[up to 25 μM (40)], indicating a decline in ATP content after
treatment with these inhibitors (Fig. 4C and D). Mitochondrial
membrane potential drives the generation of ATP by mitochon-
dria (41). In agreement with the low ATP content, the membrane
potential, assessed by the fluorescent dyes rhodamine123
(Rho123) and tetramethylrhodamine methyl ester (TMRM), was
significantly decreased in rb mutants and AZD8055-treated
seedlings as compared to their controls (Fig. 4E–L). These data
indicate an essential role of TORC1 in controlling physiological
ATP production in plant cells.
The reduced ATP levels in TORC1-impaired plants prompted

us to speculate that myosin-based organelle movement, which is
ATP dependent, may also be inhibited in these plants. To assess
this hypothesis, the mobility of ST-RFP-labeled Golgi, which
relies on functional myosin XI (42), was quantified after the treat-
ment with AZD8055. Application of AZD8055 significantly
reduced the velocity of Golgi stacks compared to the control
(SI Appendix, Fig. S6A). We then tested whether the reduced
LatB sensitivity caused by AZD8055 treatment was dependent on
myosin XI. For this purpose, a triple mutant of myosin xi-k/1/2
(42) was grown on media supplemented with LatB in the absence
or presence of AZD8055. Quantification of the ratios of hypocotyl
length reduction showed that the triple mutant was less sensitive to
LatB in the absence of AZD8055, resulting in decreased hypocotyl
length reduction in the mutant compared to the Col-0 plants
(SI Appendix, Fig. S6B). These observations were in accordance
with the stabilized actin cytoskeleton in the mutant (43).

Application of AZD8055 further decreased LatB sensitivity in the
triple mutant as it did in WT plants (SI Appendix, Fig. S6B), indi-
cating that the three myosin XIs were not required for the effects
of AZD8055 on the actin cytoskeleton.

Actin Filaments Display Reduced Dynamics in ATP-Deficient
Conditions. The formation of actin filaments from monomers
represents a process consuming high levels of ATP (4). Given the
reduced levels of ATP in the TORC1-impaired seedlings, we asked
whether altered ATP levels affected the actin cytoskeleton in plant
cells. For this purpose, we used three mitochondrial inhibitors,
including oligomycin, the mitochondrial electron transport inhibi-
tor antimycin A (AA), and the mitochondria uncoupler carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) and applied them to
etiolated seedlings. Application of LatB markedly reduced the
length of etiolated hypocotyls in a dose-dependent manner (Fig. 5A
and B) and effectively depolymerized actin filaments, labeled by
mNeonGreen-fABD2, in hypocotyl epidermal cells (Fig. 5C
and D). However, when combined with mitochondrial inhibitors,
the effects of LatB were substantially diminished, resulting in the
decreased reduction in hypocotyl length and increased amounts of
actin filaments remaining in the cells after LatB treatment
(Fig. 5A–D). These data suggested that seedlings became less sensi-
tive to LatB in the presence of the mitochondrial inhibitors.

We next determined whether inhibition of mitochondrial
functions can affect actin filament organization and dynamics.
The application of mitochondrial inhibitors did not cause obvi-
ous alteration of actin filament organization compared to the
dimethyl sulfoxide (DMSO)–treated plants (SI Appendix, Fig.
S7A–C). However, correlation coefficient analysis revealed that
global actin filament dynamics was significantly inhibited in
the presence of oligomycin compared to the control (Fig. 5E
and F). Quantification of individual actin filament dynamics
further demonstrated that actin filament elongation rate and
severing frequency were significantly reduced, resulting in the
increased lifetime of actin filaments in oligomycin-treated
plants compared to the control (Fig. 5G). The washout experi-
ment also revealed a significantly slower assembly of actin
filaments in mitochondrial inhibitor–treated plants compared
to the control (Fig. 5H and I). Altogether, these data demon-
strated that the inhibition of mitochondrial functions led to
phenotypes mimicking those observed in TORC1-impaired
seedlings at both plant growth and actin dynamics levels.

TOR activity is inhibited by the application of mitochondrial
inhibitors, including AA and CCCP (32, 44), and in mutants of
ise3 and reptin, which are likely defective in mitochondrial oxida-
tive phosphorylation and ATP sensing, respectively (45). It was
therefore possible that the effect of mitochondrial inhibitors on
actin filament dynamics is due to the inactivation of TOR. To
test this possibility, oligomycin was applied to rb mutants,
AZD8055-treated plants, and the inducible TOR-RNAi mutants
(32, 33). The application of oligomycin caused an additional
decrease in ATP levels in all of the TORC1-defective plants (Fig.
5J and SI Appendix, Fig. S8A). The hypocotyl length reduction
caused by LatB (Fig. 5K and L and SI Appendix, Fig. S8B and C)
and actin filament dynamics (Fig. 5M and N) was also signifi-
cantly reduced by oligomycin treatment in these plants compared
to the control. These data hinted that inhibiting mitochondrial
ATP synthesis affected actin dynamics by reducing ATP levels
independently of the effect on TORC1.

Exogenous Feeding of Adenine Partially Recovers Actin
Dynamics in raptor1b Mutants. To further explore the role of
ATP in the reduced actin dynamics of TORC1-impaired
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Fig. 3. GFP-RAPTOR1B can localize to the cytosol and mitochondria surface. (A–H) Representative images of 3-d-old etiolated hypocotyl cells expressing
EGFP-RAPTOR1B (GFP-RB) and the Golgi markers ST-RFP (A) or SYP32-mCherry (B), GFP-RB, and the TGN markers, SYP61-CFP (C) or VHAa1-RFP (D), GFP-RB,
and the late endosome/prevacuolar compartment markers, RabF2a-mCherry (E) or RabF2b-mCherry (F), GFP-RB, and the post-Golgi/endosomal marker
RabC1-mCherry (G), GFP-RB, and the endosomal/recycling endosome marker RabA1g-mCherry (H). Scale bars in (A) to (H), 5 μm. (I) Representative images
of GFP-RB and the mitochondrial dye MitoTracker. Scale bar, 5 μm. (J) High-resolution images of GFP-RB and MitoTracker. Scale bar, 5 μm. (K) Three-
dimensional (3D) heatmap renderings of the fluorescence intensity of the GFP-RB and MitoTracker (white rectangle in J). (L) Relative fluorescent signal
intensity across transect in (J). (M) Representative immuno-TEM image showing no immunolabeling with anti-GFP in the mitochondria of Col-0 hypocotyls.
Scale bar, 200 nm. (N) Representative image of anti-GFP immunolabeling (white circle) in the mitochondria of GFP-RB hypocotyls. Scale bar, 200 nm.
(O) Close-up of the mitochondria enclosed by white rectangles in (N). (P) Quantification of the number of gold particles per unit area (μm2) in mitochondria,
cytoplasm, and cell wall of GFP-RB and Col-0 hypocotyls. A total of 159 and 123 regions of interest were analyzed for GFP-RB and Col-0, respectively.
Comparisons between GFP-RB and Col-0 for each compartment are performed with one-way ANOVA post hoc Dunn’s test; ***P < 0.001; n.s., not significant.
Inset: Percentage of all gold particles counted between mitochondria, cytoplasm, and cell wall regions of interest between GFP-RB and Col-0.
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plants, these plants were supplied with a low concentration of
exogenous adenine. Previous studies have demonstrated that ade-
nine can stimulate ATP synthesis in plant cells, among other
effects on core metabolism (38, 46, 47). Exogenous feeding of
adenine did significantly elevate ATP levels (Fig. 6A and SI
Appendix, Fig. S8D) and also restored LatB sensitivity (Fig. 6B–E
and SI Appendix, Fig. S8E and F) of the rb mutants, AZD8055-
treated plants, and the inducible TOR-RNAi mutants. More
important, the overall actin filament dynamics, as evaluated by
the correlation coefficient analysis, were significantly increased in
rb mutans and AZD8055-treated plant cells by the application of
adenine (Fig. 6F–I). The single actin filament dynamics, including
the filament elongation rate, the filament severing frequency,
and the filament lifetime, were also partially restored in
rb mutants after the exogenous feeding of adenine (Fig. 6J). These
results together support that adenine can restore actin filament
dynamics, most likely by increasing ATP levels, in TORC1-
compromised cells.

Discussion

The actin cytoskeleton forms a complex and dynamic network
in eukaryotic cells, where they serve as tracks for vesicle trans-
portation and organelle movement and positioning (48). How
these actin networks are organized and how they remodel in
the cytoplasm have been an area of intense scrutiny. An array
of actin binding proteins has been uncovered to spatiotempo-
rally regulate actin organization and dynamics (49). Here, we
report that energy status provides a basis for actin dynamics in
plant cells.

In the epidermal cells of Arabidopsis etiolated hypocotyls,
cortical actin arrays display incredibly rapid elongation rates,
which are among the fastest recorded in eukaryotic cells (7, 8,
50). By contrast, actin filament depolymerization is very rare and
occurs at rates that are much slower than the filament elongation
rates (7, 8). Instead, the rapid filament elongation is balanced by
filament disassembly through stochastic severing (7, 8). Our data
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Fig. 4. Impairment of TORC1 functions reduced ATP levels. (A) Quantification of ATP concentration in 6-d-old dark grown WT, raptor1b mutants (rb10, rb22)
and the complementation line in rb10 background (pRB::EGFP-RB (rb10)). (B) Quantification of ATP concentration in 6-d-old etiolated WT seedlings grown on
media without or with AZD8055. (C) Ratiometric imaging of ATP biosensor ATeam1.03-nD/nA in hypocotyl cells of 3-d-old etiolated seedlings grown on media
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with the MMP probe Rho123 in 3-d-old etiolated WT and raptor1b mutants. Scale bars, 5 μm. (F) Quantification of Rho123 fluorescent intensity in cells
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Student’s t test; **P < 0.01.
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Fig. 5. Inhibition of mitochondrial function reduced plant sensitivity to actin cytoskeleton inhibitor and actin filament dynamics. (A) Six-day-old Col-0 seed-
lings grown in the dark on half MS media supplemented with increasing concentration of LatB in the absence or presence of mitochondrial blockers AA,
CCCP, or oligomycin. Scale bar, 5 mm. (B) Bar graphs showing the ratios of hypocotyl length reduction caused by LatB treatment imaged as in (A). Values are
means ± SEs from 3 biological replicates with more than 10 seedlings per replicate. (C) Representative images showing mNeonGreen-fABD2-labeled actin
cytoskeleton before and after 2-h LatB treatment in the absence or presence of mitochondrial blocker. Scale bars, 10 μm. (D) Quantification of actin filament
occupancy in the cells imaged as in (C). (E) Representative merged images showing mNeonGreen-fABD2-labeled actin filaments at 3 time points at 15-s
intervals as separate colors (red, green, and blue) in DMSO- or oligomycin-treated WT seedlings. The white color indicates that actin filaments are present at
the same region throughout the time series. Scale bar, 5 μm. (F) Correlation coefficient was calculated at all possible temporal intervals for time-lapse images
of actin filaments in DMSO- or oligomycin-treated WT seedlings. Values are means ± SEs (n ≥ 15 cells from 5 seedlings per genotype). (G) Quantification of
single actin filament dynamics in the absence or presence of oligomycin. Values are means ± SDs, with (n) = number of filaments in parentheses. (H) Repre-
sentative images showing mNeonGreen-fABD2-labeled actin cytoskeleton before and after washing out LatB in the absence or presence of mitochondrial
blocker. A high concentration of LatB (10 μM) was applied to completely depolymerize actin filaments before transferring the seedlings to water without or
with mitochondrial blocker. Scale bars, 10 μm. (I) Quantification of actin filament occupancy in the cells imaged as in (H). (J) Quantification of ATP levels in
WT, rb10, and AZD8055-treated WT plants grown on media with DMSO or oligomycin. (K) Six-day-old WT, rb10, and AZD8055-treated WT plants grown in the
dark on half MS media supplemented with DMSO or LatB in the presence or absence of oligomycin. Scale bar, 10 mm. (L) Bar graphs showing the ratios of
hypocotyl length reduction caused by LatB treatment as shown in (K). Values are means ± SEs from 3 biological replicates with more than 10 seedlings per
replicate. (M and N) Correlation coefficient analysis of global actin filament dynamics in rb10 mutants (M) and AZD8055-treated WT seedlings (N) grown on
media supplemented with DMSO or oligomycin. Values are means ± SEs (n ≥ 15 cells from 5 seedlings per genotype). In (B) and (L), the samples treated
with LatB were normalized to samples treated with DMSO, while the samples treated with a combination of mitochondrial inhibitors and LatB were normal-
ized to samples treated with mitochondrial inhibitors alone. Single and double asterisks indicate significant difference from control value by Student’s t test
(B, D, G, I, J, and L) or one-way ANOVA (F, M, N); *P < 0.05; **P < 0.01; n.s., not significant.
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revealed that in cells with decreased ATP levels, either caused by
the inhibition of mitochondrial functions or by the repression of
TORC1 functions, actin filaments became less dynamic and less
sensitive to the disassembly caused by LatB treatment. Consis-
tently, the quantification of single actin filament dynamics
revealed that both the elongation rate and the severing frequency
of actin filaments were dramatically reduced, which resulted in
long-lived actin filaments in the ATP-deficient cells. Intriguingly,
the alteration of actin dynamics did not significantly affect actin
organization, suggesting that a new balance between actin filament
assembly and disassembly was established. Because ATP is critical
for actin polymerization, it is not unexpected that reduced ATP
levels slow actin polymerization. It is likely that reduced ATP
levels lead to a shift in abundance of ADP-G-actin versus ATP-G-
actin. The polymerization rate of ADP-G-actin is significantly
slower than ATP-G-actin (51, 52), which could account for the
decreased actin polymerization rate observed in the ATP-deficient
cells. In contrast, it is unlikely that ATP levels directly influence
actin filament severing. One possible scenario would be that
alteration of the cytosolic ATP content modulated the activity of
actin-binding proteins. One such candidate would be ADF/cofilin
proteins, which mediate actin cytoskeletal alterations in porcine
kidney cultured cells under ATP-depleted conditions (53).
Whether ADF proteins and other actin-binding proteins function
in modulating actin dynamics in plant cells during ATP depletion
still requires further investigation.
The biological significance of reducing actin dynamics under

ATP-deficient conditions is obvious. Hydrolysis of actin-ATP
has been considered to be a major energy drain (4). It was esti-
mated in a nucleotide-exchange study that up to 50% of total
ATP use of resting platelets is required merely to maintain the
actin network (54). Slowing actin filament turnover could spare
up to 50% of the ATP consumed by all neuronal processes (4).
Reduced actin dynamics, such as those observed in ATP-
deficient plant cells in this study, therefore, could limit ATP
consumption. Saving this energy, while still retaining actin
organization, may be important for plant cells to maintain the
processes that are essential for long-term survival during ATP-
deficient conditions. It could also be beneficial for plant cells to
restore growth by using the existing cytoskeleton with minimal
ATP cost while ATP levels are being recovered.
Similar reduced actin dynamics have also been observed in

energy-deprived yeast and mammalian cells (55). Under nutrient-
rich and growth-promoting conditions, actin filaments and cables
are actively assembled and disassembled in yeast, with entire actin
architecture reconstructions occurring in approximately one to
two minutes (56). By contrast, upon acute glucose starvation,
which causes a drop in ATP levels in yeast, actin cables are highly
stabilized and become resistant to disassembly in the presence of
high concentration of latrunculin A (LatA) (55). Similarly, actin
filaments and bundles in ATP-depleted HeLa cells are stable and
show a reduced sensitivity to LatA treatment (55). Thus, our
work, together with previous findings, suggest that the inhibition
of actin dynamics may present a conserved response to energy
stress in eukaryotic cells. As TOR is an evolutionarily conserved
signal hub for energy status in cells (20, 31), it is possible that the
reduced actin dynamics caused by energy deficiency in yeast and
mammalian cells is also regulated by TOR.
A recent work reported that both actin filament bundling

and TOR activities were enhanced in ipms1 mutants with ele-
vated levels of BCAAs, as well as in WT plants fed with exoge-
nous BCAAs (28). The effects of BCAA overaccumulation on
actin reorganization are compromised in TOR-silencing cells,
but not in raptor1b mutants, suggesting that TOR, but not

RAPTOR, is required for BCAA-induced actin filament bun-
dling (28). Our work revealed that both TOR and RAPTOR
are involved in the regulation of actin filament dynamics, but
not organization, in etiolated seedlings. Together, these studies
support the important roles of TOR in modulating multiple
aspects of the actin cytoskeleton in plants and suggest that
TOR may regulate the actin cytoskeleton via distinct mecha-
nisms, depending on external conditions. Indeed, although our
data support that TOR controls ATP levels to regulate actin
cytoskeleton, other mechanisms could not be excluded. The
inhibition of TOR activity by applying its specific inhibitor,
Torin2, decreases the phosphorylation of two actin-binding
proteins, VILLIN2 and VILLIN3, in Arabidopsis seedlings
(57). TOR can directly bind to ROP2, which is a well-known
upstream regulator of the actin cytoskeleton in plants (35, 58).
These studies hint that TOR may also modulate actin cytoskel-
eton through VILLINs and ROP-based signaling pathway.

Diverse subcellular localizations have been reported for TOR
in plant cells, including the localization in cytoplasm and
nucleus when transiently expressed in onion epidermal cells
(59), diffuse distribution at the periphery of cytoplasm when
transiently expressed in Nicotiana benthamiana epidermal cells
(58), and localization at endosome when activated by ROP2 in
N. benthamiana (58). Through a transient expression system,
TOR cofactor LST8 is shown to localize at endosomes labeled
by RabC1 in Arabidopsis cotyledons (19). However, these stud-
ies are based on transient transformation and overexpression
studies of TOR, or related components, and little is therefore
known about the subcellular localization of TOR and thus
where the TORC1 works in plant cells. In this report, we care-
fully evaluate the subcellular localization of functional GFP-
RAPTOR1B and mNeonGreen-RAPTOR1B, and observe at
least two distinct pools of RAPTOR1B, cytosolic RAPTOR1B
and mitochondrial RAPTOR1B. These observations, together
with the data that ATP levels and mitochondrial membrane
potential are reduced in raptor1b mutants and AZD8055-
treated plants, establish a physical and functional link between
TORC1 and mitochondria in plant cells. However, further
studies are needed to uncover the mechanism underlying the
control of mitochondrial functions by plant TORC1. It has
been well documented that mammalian TOR (mTOR) com-
plex 1 (mTORC1) indirectly stimulates mitochondrial func-
tions by modulating the transcription of mitochondrial
nuclear-encoded genes as well as control of the translation of
nuclear-encoded mitochondrial mRNAs such as mitochondrial
ribosomal proteins and components of complexes I and V
(60–63). In plants, the inhibition of TOR activity widely sup-
presses, at both transcription and translation levels, the expres-
sion of mitochondrial ribosomal proteins (57). These studies
support the possibility that controlling the expression of mito-
chondrial proteins may represent a common way for the regula-
tion of mitochondrial functions by both mammalian and plant
TORC1. Alternatively, various observations indicate that
mTORC2 is linked to mitochondria in mammalian cells. A
large portion of mTOR localizes in close proximity to the outer
mitochondrial membrane (64). mTOR forms a complex with
the mitochondrial outer-membrane protein Bcl-xl and VDAC1
and can phosphorylate Bcl-xl in vitro (65). mTORC2 is local-
ized to the mitochondria-associated endoplasmic reticulum
membrane (MAM), where the complex regulates mitochondrial
physiology by phosphorylating MAM resident proteins (66). It
is therefore also possible that the mitochondrial-localized plant
TORC1 directly interacts and phosphorylates proteins on or
near mitochondria to achieve its impact on mitochondria.
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In plants, the TOR signaling pathway is activated by sugar
(glucose and sucrose), nucleotides, diverse hormones, and some
amino acids (28, 32, 36, 67–69). In Arabidopsis seedlings at the

photoautotrophic transition checkpoint, glucose can quickly activate
TOR protein kinase, which is indispensable for young seedlings to
exit from the mitotic quiescent state at both the transcript and
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Fig. 6. Exogenous feeding of adenine partially restored sensitivity to LatB and actin filament dynamics in TORC1-impaired plants. (A) Quantification of ATP
levels in WT, rb mutants, and AZD8055-treated WT plants grown on media supplemented with DMSO or adenine. (B) Six-day-old seedlings grown in the dark
on half MS media supplemented with DMSO or LatB in the absence or presence of adenine. Scale bar, 5 mm. (C) Bar graphs show the ratios of hypocotyl
length reduction induced by LatB as shown in (B). The samples treated with LatB were normalized to samples treated with DMSO, while the samples treated
with a combination of adenine and LatB (LatB + adenine) were normalized to samples treated with adenine alone. Values are means ± SEs from 3 biological
replicates with more than 10 seedlings per replicate. (D) Six-day-old seedlings grown in the dark on half MS media supplemented with DMSO, AZD8055,
and/or LatB in the absence or presence of adenine. Scale bar, 5 mm. (E) Bar graphs show the ratios of hypocotyl length reduction induced by LatB as shown
in (D). Values are means ± SEs from 3 biological replicates with more than 10 seedlings per replicate. (F–I) Correlation coefficient analysis of global actin
filament dynamics in WT (F), rb10 (G), rb64 (H), and AZD8055-treated WT (I) seedlings grown on media supplemented with DMSO or adenine. Values are
means ± SEs (n ≥ 15 cells from 5 seedlings per genotype). (J) Quantification of single actin filament dynamics in WT and rb mutants grown on media
supplemented with adenine. Values are means ± SDs, with (n) = number of filaments in parentheses. Values from the adenine group were compared with
the control group of the same genotype for the statistical analysis. Single and double asterisks indicate significant difference from control value by Student’s
t test (A, C, E, and J) or one-way ANOVA (F–I); *P < 0.05; **P < 0.01.
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cellular levels and for subsequent cell division and growth (32). The
activation of TOR by glucose depends on functional glycolysis and
mitochondrial electron transport chain, as the application of glycol-
ysis inhibitor (2-DG) and mitochondrial blockers (AA, 2,4-dinitro-
phenol, CCCP) prevent TOR activation by glucose (32, 44). This
notion is further validated by genetic evidence that TOR activity is
reduced in the mutant defective in mitochondrial oxidative phos-
phorylation (ise3) and the mutant likely defective in ATP sensing
(reptin) (45). In this study we reveal that the TORC can positively
regulate the function of mitochondria and control ATP levels in
plant cells. Thus, our data, together with previous reports, suggest a
positive feedback loop in TOR-mediated regulation of energy
metabolism. A recent work reported that several amino acids,
including Ile and Gln, could activate the TOR signaling pathway,
which subsequently inhibits the mitochondrial respiratory pathways
consuming amino acids as fuel in mature leaves (67). It is possible
that the effect of TOR complex on mitochondrial function is differ-
ent between tissue, developmental stages, and external conditions.

Materials and Methods

Plant Materials and Growth Conditions. Arabidopsis seedlings were grown
on vertical plates containing half-strength Murashige and Skoog (half MS) media
supplemented with 1% sucrose and 0.5% Gelzan (Sigma-Aldrich, G1910) at
22 °C. For chemical treatment, the dose for individual inhibitors was selected to
achieve one-third to two-thirds reduction of hypocotyl length. Information about
cloning of constructs, generation of transgenic plants, and the primers used in
this study can be found in the SI Appendix, Supplementary Materials and
Methods and Table S1.

ATP Concentration and Mitochondrial Membrane Potential Detection.

ATP concentration was quantified using the ATP Colorimetric/Fluorometric Assay
Kit (Sigma-Aldrich, FLAA). The mitochondrial membrane potential (MMP) of
mitochondria was measured with Rho123 (Sigma-Aldrich, R8004) or TMRM
(Sigma-Aldrich, T5428).

Fluorescence Resonance Energy Transfer (FRET) Imaging and Analysis:
ATeam 1.03-nD/nA. ATeam1.03-nD/nA fluorescence was excited at 458 nm
and the emission signals were detected at 470 to 507 nm (Em463–507, CFP
image) and 526 to 561 nm (Em524–544, YFP image), respectively. Fluorescence
intensities were measured using ImageJ software, and the YFP:CFP ratio was
calculated as the FRET efficiency (39).

Colocalization Analysis. For labeling mitochondria, seedlings were stained
with MitoTracker (Invitrogen, M7512). The subcellular localization of GFP-, RFP-,
mCherry-, or CFP-tagged proteins were obtained from 3-d-old etiolated hypoco-
tyls with a spinning-disk confocal microscope (UltraView VoX, PerkinElmer).

Visualization and Quantification of Actin Filament Organization and
Dynamics. Fluorescent images of mNeoGreen-fABD2 were obtained from
epidermal cells in 3-d-old etiolated hypocotyls. The percentage of occupancy
(density) and extent of bundling (skewness) of actin filaments were quantified
using the density and skewness plugins, respectively, in ImageJ (37, 70). The
stochastic dynamic parameters and the correlation coefficient were analyzed as
previously described (8, 38).

Immuno-TEM. Hypocotyl tissues near the apical hook of 3-d-old etiolated seed-
ling were dissected for immuno-TEM. A negative control with no primary anti-
body was included for immunolocalization and imaging. For quantification,
159 and 123 regions of interest were analyzed from GFP-RB and Col-0, respec-
tively, from 3 biological replicates per genotype.

Statistical Analysis. The statistical analysis was performed using Student’s t
test or one-way ANOVA.

Data, Materials, and Software Availability. All of the study data are
included in the article and/or the SI Appendix.
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