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The plant growth hormone auxin controls cell identity, cell division,
and expansion. In the primary root of Arabidopsis there is a robust
auxin gradient with a peak concentration at the tip of the meristem
and a significant decrease throughout the elongation zone. The mo-
lecular mechanisms of how such a steep auxin gradient is established
and maintained, and how this auxin gradient within the root dynam-
ically adjusts in response to environmental stimuli are still largely
unknown. Here, using a large-scale Arabidopsis mutant screening,
we described the identification of PIN2 (PIN-FORMED 2), an auxin
efflux facilitator, as a key downstream regulator in glucose-TOR
(target of rapamycin) energy signaling. We demonstrate that
glucose-activated TOR phosphorylates and stabilizes PIN2 and
therefore influences the gradient distribution of PIN2 in the
Arabidopsis primary root. Interestingly, dysregulation of TOR
or PIN2 disrupts the glucose-promoted low auxin region located
in the elongation zone that is essential for cell elongation. Taken
together, our results shed light on how carbon and metabolic sta-
tus can be tightly integrated with the hormone-driven processes
to orchestrate complex plant growth programs.
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The evolutionarily conserved target of rapamycin (TOR) ki-
nase acts as a master regulator that coordinates cell prolif-

eration and growth by integrating nutrient, energy, hormone, and
stress signals in all eukaryotes (1, 2). In plants, TOR senses both
the glucose energy signal and the light-auxin hormone signal to
promote the rapid plant growth (3–5), although the key down-
stream effectors are still largely unknown. Our prior studies
found that Arabidopsis seedlings geminated in photosynthesis-
restrained (with limited CO2) and sugar-free liquid medium
entered a mitotic quiescent state with arrested primary root
growth due to the depletion of endogenous sugars (4). Exoge-
nously supplied glucose reactivated TOR activity and promoted
rapid primary root growth, and this promotion could be abol-
ished by specific TOR inhibitors (e.g., Torin2) (3, 6) (Fig. 1 A
and B). Taking advantage of this quantitatively tractable root
growth phenotype, we carried out a large-scale mutant screen
using collections of confirmed T-DNA insertion lines from the
Arabidopsis Biological Resource Center to identify the potential
downstream regulators that mediate glucose-TOR promotion of
root growth. We isolated one mutant line, SALK_122916c, as it
was largely resistant to the inhibition effect of Torin2 on glucose-
promoted primary root growth (Fig. 1 A and B). The T-DNA was
inserted in the first exon of At5g67090, which was previously
designated as PIN-FORMED 2 (PIN2). To exclude possible
pleiotropic effects of T-DNA insertion, we examined another well-
recognized PIN2 mutant, eir1-1 (7), and found that eir1-1, as com-
pared to WT seedlings, was also less sensitive to Torin2-inhibited
root growth (Fig. 1 A and B).
We next investigated how eir1-1 was involved in the glucose-

TOR regulation of primary root growth. Previous work has shown

that TOR transduces a glucose energy signal to activate cell pro-
liferation in the root meristem. Unexpectedly, using the thymidine
analog 5-ethynyl-29-deoxyuridine (EdU) for in situ detection of
cell division activity, we found that TOR inhibition could still
significantly abolish the glucose-promoted cell division in eir1-1,
similar to the response in WT plants (Fig. 1 C and D).
The Arabidopsis primary root can be divided into the meri-

stem, elongation, and differentiation zones. The root length is
mainly determined by the cell-proliferation activities within the
meristem zone and the final cell length within the differentiation
zone. We analyzed the cell length within the differentiation zone
in eir1-1 and WT root, with or without glucose and Torin2
treatments. Compared to WT plants, eir1-1 is less sensitive to
Torin2- or glucose starvation-inhibited cell elongation within the
differentiation zone (Fig. 1 E and F). Together, these data sug-
gested that glucose-TOR signaling controls both cell prolifera-
tion and cell elongation in the primary root growth, whereas the
resistance to TOR-inhibition phenotype in the eir1-1 mutant was
specifically caused by the cell elongation, but not cell-division
activity.
PIN2 functions as an auxin efflux facilitator mediating proxi-

mal shootward auxin transport in the Arabidopsis root (8). By
analyzing the auxin response reporter line DR5v2::ntdTomato
(9), we found that in the presence of a glucose supply, there was
an auxin-response gradient within the primary root (Fig. 2 A and
B). The highest DR5v2::ntdTomato signal observed is in the
meristem zone (high auxin region, M zone), followed by an
abruptly lower signal within the elongation zone and the begin-
ning of the differentiation zone (low auxin region), and then a
significantly increased signal in the middle of the differentiation
zone (moderate auxin region). Interestingly, glucose depletion or
TOR inhibition resulted in only a very narrow low auxin region
adjacent to the meristem zone in WT roots, while the remaining
elongation zone and neighboring differentiation zone still showed
a relatively high auxin signal (Fig. 2 A and B). In contrast, this
narrow auxin-response region under glucose starvation or TOR
inhibition was completely blocked in eir1-1 (Fig. 2 A and B), in-
dicating an essential role of PIN2 in this dynamic glucose-TOR
regulated auxin gradient establishment.
We then investigated the underlying mechanism by which

PIN2 is involved in glucose-TOR regulation of the auxin gradient
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by analyzing the pPIN2::PIN2-GFP transgenic reporter line (10).
In the presence of a glucose supply, PIN2-GFP localized apically
in the epidermis, with a physical PIN2-GFP gradient distribution

pattern of the highest expression within the root meristem zone
followed by modest expression in the elongation zone, and a
gradual decrease and disappearance of PIN2-GFP in the
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Fig. 1. PIN2 is a key downstream regulator in glucose-TOR signaling. (A) Images of representative seedlings in WT (Col-0), eir1-1, and SALK_122916c lines with or
without glucose (Glc) and Torin2 (T) treatment. (Scale bar, 5 mm.) (B) Relative ratio of root length of A. Means ± SE, unpaired two-tailed t test, ***P < 0.001. (C)
EdU staining of root meristem inWT (Col-0) and eir1-1with or without 2 h glucose (Glc) and Torin2 (T) treatment. (Scale bar, 50 μm.) (D) Quantification of relative
EdU intensity in C. (E) Cell length in differentiation zone of Col-0 and eir1-1with or without glucose (Glc) and Torin2 (T) treatment. Images shown are part of the
10th to 16th epidermal cells after onset of cell elongation. (Scale bar, 50 μm.) D, differentiation; E, elongation; M, meristem. Red and yellow asterisks indicate the
bottom and upper boundary of a cell, respectively. (F) Relative ratio of root cell length in E. Means ± SE, unpaired two-tailed t test, ***P < 0.001.

Fig. 2. Glucose-TOR modulates auxin and PIN2 distribution regions in root. (A) Expression patterns of DR5v2::ntdTomato in Col-0 and eir1-1with or without glucose
(Glc) and Torin2 (T) treatment. Yellow arrowheads indicate the upper edge of the meristem; white arrowheads indicate the boundary of low auxin region. Maximal
projections of z-stacks are presented. (Scale bars, 50 μm.) Each whole root image was assembled by two overlapped confocal images. (B) Quantification of auxin-
response regions inA. High auxin region (meristem zone, below the yellow arrowheads), low auxin region (between the yellow andwhite arrowheads), andmoderate
auxin region (above the white arrowheads). Means ± SE; n ≥ 8; the letters beside the bars indicate significant different length of low auxin region under different
treatments; unpaired two-tailed t test, P < 0.05. The numbers inside the bars indicate the fluorescence intensity of each region. (C) Expression patterns of pPIN2::PIN2-
GFP in Col-0 and tor-es with or without glucose (Glc) and Torin2 (T) treatment. The yellow arrowheads indicate the upper edge of the meristem and the white
arrowheads indicate the boundary where the expression of PIN2 disappears. Maximal projections of z-stacks are presented. (Scale bar, 50 μm.) Each whole root image
was assembled by three to four overlapped confocal images. (D) Quantification of PIN2 expression regions in C. Meristem zone (below the yellow arrowheads), PIN2-
declining region (between the yellow andwhite arrowheads), and no PIN2 region (above thewhite arrowheads). Means± SE; n ≥ 8; the letters beside the bars indicate
significant different lengths of PIN2-declining region under different treatments, unpaired two-tailed t test, P < 0.05. The numbers inside the bars indicate the
fluorescence intensity of each region. (E) The PIN2 expression level under glucose starvation or TOR inhibition conditions. Total RNA was isolated from primary root,
and analyzed by qRT-PCR. Means ± SE; n = 3; n.s., no significant difference. (F) TOR inhibition triggers a faster PIN2 degradation. The 4-d-old pPIN2::PIN2-GFP seedlings
grown in the presence of a glucose supply were treated with or without Torin2 (T) and CHX for 3 h. Images shown are cells from the elongation zone. (Scale bar, 50
μm.) (G) Quantification of relative fluorescence intensity in F. Means ± SE; n ≥ 8, unpaired two-tailed t test, ***P < 0.001. (H) TOR interacts with PIN2-HL, revealed by
semi-in vitro pull-down assay. HL, hydrophilic loop (amino acids 188 to 477). (I) TOR phosphorylates PIN2-HL, revealed by the in vitro kinase assay.
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differentiation zone (Fig. 2 C and D), consistent with prior re-
ports (11). We found that glucose depletion or TOR inhibition
(by Torin2 treatment or in estradiol-inducible RNAi tor trans-
genic plants [tor-es]) down-regulated the PIN2-GFP level in
Arabidopsis primary root, and strongly diminished the PIN2-GFP
level in the elongation and differentiation zones, while the PIN2
polarized location was still maintained (Fig. 2 C and D). Interest-
ingly, Torin2 treatment did not affect the mRNA level of PIN2
(Fig. 2E), but triggered a faster PIN2 degradation in Arabidopsis
primary root in the presence of the protein synthesis inhibitor cy-
cloheximide (CHX) (Fig. 2 F and G), indicating posttranslational
regulation of PIN2. Moreover, endogenous TOR kinase immuno-
precipitated from Arabidopsis seedlings using a TOR-specific anti-
body directly interacted and phosphorylated the central hydrophilic
loop domain of PIN2 (PIN2-HL) (Fig. 2 H and I). Together these
results indicate that PIN2 is a substrate of TOR, and that TOR can
phosphorylate and stabilize PIN2.
Auxin forms a steep gradient to maintain stem cell identity in

the quiescent center, activate cell proliferation in root meristem,
and promote cell expansion in the elongation zone, respectively
(12). It is well known that very low auxin concentrations stimu-
late root elongation, while minute increases in auxin levels can
quickly inhibit root elongation (13). Our results suggested that
glucose-TOR signaling is essential for maintaining such a low
auxin response region within the elongation zone in order to
promote cell expansion by regulating the expression of the auxin
efflux facilitator PIN2. Auxin can be transported from the meri-
stem through the elongation zone to the differentiation zone via
PIN2-mediating shootward polar auxin transport to form a high/
low-moderate auxin concentration pattern in the primary root. We
propose that when glucose-TOR signaling is inhibited, the region
with polarized PIN2 in the elongation zone is largely decreased

and, therefore, auxin transport from the elongation zone to the dif-
ferentiation zone is blocked, leading to a high auxin accumulation in
the elongation zone and expansion inhibition in the Arabidopsis root.
Taken together, the data in our study provide an example of

how dynamic metabolic energy inputs could influence the pre-
established hormone signaling to orchestrate complex growth
programs in plants. In the future, identification and functional
analyses of the TOR phosphorylation sites in PIN2 will help to
uncover additional roles of the glucose-TOR-PIN2 axis in plant
growth and development.

Methods
Plant Materials and Growth Conditions. All plant materials were grown in a
plant growth chamber at 23 °C light/21 °C dark, 65%humidity, and 75 μmol/m2 s
light intensity under 16-h light/8-h dark photoperiod. Arabidopsis seeds
were germinated in six-well plates containing 1 mL of glucose-free liquid
medium (1/2 MS, pH = 5.7) for 4 d to enter the mitotically quiescent state.
Quiescent seedlings were treated with 15 mM glucose for 1 d with or
without Torin2 (0.25 μM, pretreated for 1 h) or estradiol (1 μM, pretreated
for 2 d) to reactivate root growth. For monitoring the PIN2 degradation rate,
4-d-old seedlings grown in the presence of a glucose (15 mM) supply were
treated with Torin2 (0.25 μM) and CHX (50 μM) for 3 h.

EdU staining assay, semi-in vitro pull-down assay, and in vitro kinase assay
was performed as described previously (4).

Data Availability. All study data are included in the article.
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