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The phytohormone abscisic acid (ABA) plays crucial roles in various physiological processes, including responses to abiotic
stresses, in plants. Recently, multiple ABA transporters were identified. The loss-of-function and gain-of-function mutants of
these transporters show altered ABA sensitivity and stomata regulation, highlighting the importance of ABA transporters in
ABA-mediated processes. However, how the activity of these transporters is regulated remains elusive. Here, we show that
spatial regulation of ATP BINDING CASETTE G25 (ABCG25), an ABA exporter, is an important mechanism controlling its
activity. ABCG25, as a soluble green fluorescent protein (sGFP) fusion, was subject to posttranslational regulation via
clathrin-dependent and adaptor protein complex-2-dependent endocytosis followed by trafficking to the vacuole. The levels
of sGFP:ABCG25 at the plasma membrane (PM) were regulated by abiotic stresses and exogenously applied ABA; PM-
localized sGFP:ABCG25 decreased under abiotic stress conditions via activation of endocytosis in an ABA-independent
manner, but increased upon application of exogenous ABA via activation of recycling from early endosomes in an ABA-
dependent manner. Based on these findings, we propose that the spatial regulation of ABCG25 is an important component of
the mechanism by which plants fine-tune cellular ABA levels according to cellular and environmental conditions.

INTRODUCTION

As sessile organisms, plants have to adjust their cellular pro-
cesses constantly and dynamically according to ever-changing
environmental conditions. The phytohormone abscisic acid (ABA)
plays crucial roles in responses to abiotic and biotic stresses
(Wilkinson and Davies, 2002; Zeevaart and Creelman, 1998; Zhu,
2002). ABA suppresses premature seed germination and regu-
lates key plant growth and development processes, such as
proper root architecture formation and lateral root development
(De Smet et al., 2003; Duan et al., 2013). To elicit cellular re-
sponses, the ABA levels are rapidly elevated and then returned to
lower levels after the responses (Seiler et al., 2011).

The ABA levels in plants are determined by two opposing
processes, ABA biosynthesis and catabolism. Two biosynthetic
pathways, de novo biosynthesis and hydrolysis of glucose from
glucose-conjugated ABA (ABA-GE), increase the cellular ABA
levels (Cheng et al., 2002; Dietz et al., 2000; Endo et al., 2008; Lee
et al., 2006; Xu et al., 2012). The enzymes involved in de novo ABA

biosynthesis have been identified and characterized at the mo-
lecular level (Nambara and Marion-Poll, 2005). Except for the last
two steps of the de novo ABA biosynthesis pathway, which occur
in the cytosol, de novo ABA biosynthesis takes place in chloro-
plasts (Iuchi et al., 2000; Qin and Zeevaart, 1999; Tan et al., 2001,
2003). In addition, twoABA-GE-hydrolyzing enzymes, AtBG1 and
AtBG2, have been identified in Arabidopsis thaliana (Lee et al.,
2006; Xu et al., 2012). AtBG1 and AtBG2 localize to the endo-
plasmic reticulum (ER) and vacuole, respectively. Thus, ABA is
produced at multiple subcellular locations. The biosynthetic
pathways that produce ABA are activated under abiotic stress
conditions. ABA catabolism is also mediated via multiple path-
ways. For instance, active ABA is converted to inactive ABA-GE
via glucose conjugation. ABA UDP-glucosyltransferases (ABA-
UGTs)mediate the conjugation reaction in the cytosol (Donget al.,
2014). The other pathway is hydroxylation of ABA to 89- or 79-
hydroxyl ABA in the cytosol by members of the CYTOCHROME
P450 FAMILY 707 SUBFAMILY A family. Hydroxylated ABA is
spontaneously converted to phaseic acid and then to dihy-
drophaseic acid via soluble phaseic acid-reducing enzymes
(Gillard and Walton, 1976). Upon rehydration after dehydration
stress, the expression levels of ABA-UGTs and CYP707A genes
are elevated to reduce the cellular ABA levels, whereas the ex-
pression levels of genes involved in ABA biosynthetic pathways
are downregulated.
Another level of regulation in ABA homeostasis is transport of

ABA across the plasma membrane (PM). Two ABA transporters
have been identified in Arabidopsis (Kang et al., 2010; Kuromori
et al., 2010), namely, ABCG25 and ABCG40, which function as an
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ABA exporter and importer, respectively, and belong to the large
family of ATP binding cassette (ABC) transporters and the sub-
family ABCG inArabidopsis. ABA-transporting activitywas tested
using heterologous systems such as yeast or regenerated
membrane vesicles. Both transporters have a high affinity for
(+)-ABA. Both loss-of-function and gain-of-function mutants of
ABCG25 and ABCG40 display abnormal ABA sensitivity in seed
germination and stomatal regulation. These results showed that
these ABA transporters play important roles in ABA-mediated
processes. However, how these proteins are regulated at the
cellular levels under various developmental and environmental
conditions remains elusive.

The activity of transporters localized to the PM is subject to
regulation at multiple levels depending on the cellular and envi-
ronmental conditions. One such level is transcriptional regulation
and another is posttranslational regulation. Endocytosis is a key
mechanism by which the abundance and/or turnover of PM
proteins are regulated at the cellular level (Luschnig and Vert,
2014). Indeed, endocytosis plays a pivotal role in the polar dis-
tribution of proteins such as PIN-FORMEDs (PINs), auxin efflux
carriers, and BOR1 (Boron transporter 1) (Dhonukshe et al., 2007;
Takano et al., 2005). However, it remains unknown whether ABA
transporters are subject to such regulation according to the
growth and environmental conditions.

In this study, we examined how the ABA exporter ABCG25 is
regulated at the posttranslational level under various environ-
mental conditions.We provide evidence that, under abiotic stress
conditions, ABCG25 levels at the PM decreased via enhanced
clathrin-mediated endocytosis and vacuolar trafficking through
the endosomal compartments. By contrast, application of ex-
ogenous ABA increased PM-localized ABCG25 levels via en-
hanced recycling to thePM from endosomes.Moreover, we show
that endocytosis and enhanced recycling of a soluble green
fluorescent protein fusionof ABCG25 (sGFP:ABCG25) occur in an
ABA-independent and ABA-dependent manner, respectively.

RESULTS

sGFP:ABCG25 Localizes to the PM, Prevacuolar
Compartment, and Lytic Vacuole

ABCG25 functions as an exporter of ABA and its overexpression
leads to lowering of cellular ABA levels during germination
(Kuromori et al., 2010). Thus, regulation of its activity would
constitute an important mechanism by which plant cells control
cellular ABA levels. To elucidate how the activity of ABCG25 is
regulated at the cellular level, we generated transgenic Arabi-
dopsis plants expressing soluble green fluorescent protein
(sGFP)-fused ABCG25 (sGFP:ABCG25 plants). The native pro-
moter of ABCG25 did not show any signals. Thus, we used the
CaMV 35S promoter to express sGFP:ABCG25. sGFP:ABCG25
was readily detected at;95 kD, the expected size of the chimeric
protein, by immunoblot analysis using an anti-GFP antibody
(Figure 1A). In addition, sGFP:ABCG25 plants exhibited the
ABA-insensitive phenotype in the presence of 1 mM ABA during
germination (Figure 1B), as observed upon overexpression of
nontagged ABCG25 (Kuromori et al., 2010), confirming that the
N-terminal sGFP moiety does not affect the activity of ABCG25.

Initially, we examined the localization of sGFP:ABCG25. It pro-
duced a prominent PM pattern as reported previously (Kuromori
et al., 2010). Inaddition, sGFP:ABCG25producedaclearpunctate
staining pattern (Figure 1C).
To define the identity of the organelle to which sGFP:ABCG25

localizes to give the punctate staining pattern, root tissues of the
transgenicplantswere stainedwithFM4-64, a lipophilic dye that is
used as a tracer of endocytosis and localizes to various endo-
somal compartments aswell as the PM (Meckel et al., 2004; Ueda
et al., 2001). We examined the colocalization of FM4-64 with
sGFP:ABCG25. FM4-64 initially stains the PM and then multiple
endosomal compartments, the trans-Golgi network (TGN)/early
endosome (EE), and the prevacuolar compartment (PVC), on its
way fromthePMto the lytic vacuoleafter endocytosis from thePM
in a time-dependent manner. sGFP:ABCG25 partially colocalized
with FM4-64 at the punctate labeling at 5 min after staining with
FM4-64 (Figure 1C). To confirm the endosomal localization of
sGFP:ABCG25, sGFP:ABCG25 seedlings stained with FM4-64
were treated with brefeldin A (BFA) and the localization of sGFP:
ABCG25 was examined. Both sGFP:ABCG25 and FM4-64 lo-
calized to theBFAbody (Figure 1D). To test if thepunctate staining
pattern of sGFP:ABCG25 is derived from newly synthesized
proteins, we examined their colocalization after treatment with
cycloheximide (CHX), a protein biosynthesis inhibitor. sGFP:
ABCG25 still produced the punctate staining pattern and partially
colocalized with FM4-64 at the punctate labeling at 5 min after
FM4-64 staining (Figure 1E), indicating that the punctate staining
pattern is not caused by newly synthesized sGFP:ABCG25 on its
way to the PM.
The localization of sGFP:ABCG25 at multiple endosomes

prompted us to examinewhether sGFP:ABCG25 is transported to
the lytic vacuole. To test this idea,we treated root tissuesof sGFP:
ABCG25 plants with Concanamycin A (Con A) and examined
whether sGFP:ABCG25 is detected in the vacuole. Con A inhibits
the vacuolar H+-ATPase, thereby inhibiting protein degradation in
the vacuole. Upon Con A treatment, the signal of sGFP:ABCG25
in the vacuolewassignificantly increased (Figure 1F). Toavoid any
side effects of the chemical treatment, sGFP:ABCG25 seedlings
were incubated in the dark. Vacuole-localized proteins are more
stable in the dark (Kleine-Vehn et al., 2008). The sGFP:ABCG25
signal intensity in the lytic vacuolewas increased upon incubation
for 6 h in the dark (Figure 1G), confirming that sGFP:ABCG25 is
targeted to the lytic vacuole.
To define the identity of the sGFP:ABCG25-positive endosomal

compartment, we crossed sGFP:ABCG25 plants with transgenic
plants expressing VHA-a1:RFP, a TGN/EE marker, or ARA7:RFP,
a PVC marker. Their localizations were examined in homozygous
plants. sGFP:ABCG25 did not overlap with VHA-a1:RFP (Figures
2A and 2B). By contrast, sGFP:ABCG25 closely overlapped with
ARA7:RFP, indicating that sGFP:ABCG25 localizes to the PVC
(Figures 2Cand2D). The expression of sGFP:ABCG25was driven
by the strong constitutive CaMV 35S promoter. The high level of
ABCG25expressionmaychangecellular ABA levels,which in turn
may alter the localization of organellar markers, VHA-a1:RFP and
ARA7:RFP. To eliminate this possibility, we treated root tissues of
sGFP:ABCG25 plants with Wortmannin, an inhibitor of phos-
phatidylinositol-3-kinase. Wortmannin inhibits vesicle generation
within the PVC in plants, thereby causing enlargement of PVCs
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Figure 1. sGFP:ABCG25 Localizes to Various Subcellular Compartments in Transgenic Plants.

(A)Expression of sGFP:ABCG25 in transgenic plants. Protein extractswere prepared from two independent transgenic lines (nos. 6 and 7) and analyzed by
protein gel blotting using an anti-GFP antibody. Asterisk indicates nonspecific bands detected by the antibody.
(B)Functionality of sGFP:ABCG25.Wild-type andsGFP:ABCG25plants of two independent lineswere grownon0.53MSplates containingDMSOor 1mM
ABA. Images were taken 6 d after planting.
(C) to (E) Localizations of sGFP:ABCG25 and FM4-64. Five-day-old seedlings expressing sGFP:ABCG25were treated with FM4-64. The localizations of
sGFP:ABCG25andFM4-64 in root tipcellswereexamined5minafter FM4-64stainingusingCLSM (C). Additionally, seedlingswere treatedwith50mMBFA
for 30 min (D) or with 50 mMCHX for 1 h (E). Arrowheads indicate the merge between sGFP:ABCG25 and FM4-64. B, BFA body; V, vacuole. Green, sGFP:
ABCG25; red, FM4-64; merge, overlay between sGFP:ABCG25 and FM4-64. Bars = 10 mm.

2530 The Plant Cell



(Kleine-Vehn et al., 2008). sGFP:ABCG25-positive puncta were
enlarged upon Wortmannin treatment (Figure 2E), confirming its
localization to the PVC. The localization of sGFP:ABCG25 was
further confirmed in mag1-1 mutant plants, which have a knock-
down mutation of VPS29 (Supplemental Figure 1). VPS29 is
a component of the retromer complex, which mediates protein
trafficking from the PVC to the TGN, and localizes to the PVC
(Shimada et al., 2006), and defects of VPS29 also affect the
morphology of the PVC to give rise to enlarged PVCs. In addition,
the defect in the retromer complex suppresses retrograde protein
trafficking from the PVC to the TGN and also anterograde traf-
ficking from the TGN to the PVC, thereby affecting turnover of PM
proteins (Jaillais et al., 2007). In mag1-1 plants, sGFP:ABCG25
produced a punctate staining pattern that was similar to that
observed upon Wortmannin treatment and accumulated at high
levels in the lytic vacuole. Together, these results suggest that
sGFP:ABCG25-positive punctate labeling represents the PVC.

ABCG25 Is Internalized from the PM via Clathrin-Mediated
Endocytosis and Transported to the Lytic Vacuole

The localization of sGFP:ABCG25 at the PM, PVC, and lytic
vacuole raised the possibility that sGFP:ABCG25 is endocytosed
from the PM and transported to the vacuole through the PVC. To
test this idea, we initially examined the internalization of sGFP:
ABCG25 from the PM to endosomes. Clathrin plays a key role in
the internalization of PM-localized proteins to endosomes in
plants (Chen et al., 2011). The hub domain (HUB) in theC-terminal
fragment of clathrin heavy chain inhibits the interaction between
clathrin heavy and light chains when expressed at high levels and
thereby prevents clathrin triskelion assembly, which in turn results
in inhibition of clathrin-mediated endocytosis (Kitakura et al.,
2011).We crossed sGFP:ABCG25 plants with HUB:RFP plants or
plants harboring the empty vector, and homozygous plants of
both crosses were selected at the F2 generation. HUB:RFP was
under the control of the 4-hydroxytamoxifen-inducible promoter
(Kitakura et al., 2011). To induce expression of HUB:RFP, plants
were treated with 4-hydroxytamoxifen for 48 h. HUB:RFP was
readily detected in the cytosol and alsoat thePM,whereas control
plants harboring the empty vector did not show any red signals
(Figure 3A), confirming that the red signals represent HUB:RFP.
Transgenic plants harboring sGFP:ABCG25 together with HUB:
RFP or the empty vector were treated with 4-hydroxytamoxifen,
and internalization of sGFP:ABCG25 was examined. Upon ex-
pression of HUB:RFP, sGFP:ABCG25 produced a strong PM
pattern together with fewer puncta, compared with control plants
harboring the empty vector (Figure 3A). To confirm that fewer
punctawerecausedby inhibitionofendocytosis,weexamined the
accumulation of sGFP:ABCG25 at the BFA body after BFA
treatment. GFP signals at BFA bodies were significantly lower in
plants expressing HUB:RFP than in control plants (Figure 3A;
Supplemental Figure2). Toobtain supportingevidence for this,we

examined the effect of Tyrphostin A23 (Tyr A23) on the in-
ternalization of sGFP:ABCG25. Tyr A23 strongly inhibits clathrin-
mediated endocytosis in plants (Dhonukshe et al., 2007). Tyr A23
treatment significantly reduced GFP signals at the punctate la-
belingandatBFAbodiesuponBFA treatment (Figures3Band3C).
In these experiments, CHX was included in the treatment to
eliminate the accumulation of newly synthesized sGFP:ABCG25
at endosomes. Together, these results suggest that sGFP:
ABCG25 is internalized from the PM to endosomes via clathrin-
mediated endocytosis.
Clathrin-dependent endocytosis of sGFP:ABCG25 prompted

us to examine whether endocytosis of sGFP:ABCG25 is de-
pendent on the heterotetrameric adaptor protein complex 2 (AP-
2). AP-2 functions as an adaptor of clathrin-mediated endocytosis
(Di Rubbo et al., 2013; Kim et al., 2013; Yamaoka et al., 2013).
sGFP:ABCG25 plantswere crossedwith ap2mmutant plants that
have a mutation in the medium subunit of AP-2. The signal in-
tensity at the BFA body is a convenient way to assess the rate of
endocytosis (Geldner et al., 2003). We examined BFA body for-
mation in root cells in a time-dependent manner. In wild-type
plants, sGFP:ABCG25 started to accumulate at the BFA body at
10min after BFA treatment and continued to increase throughout
the observation period (30 min). By contrast, sGFP:ABCG25 was
hardly detected at the BFA body in ap2m mutant plants even at
40 min after BFA treatment (Figure 3D), indicating that AP-2 is
involved in endocytosis of sGFP:ABCG25. Moreover, this result
supports the idea that sGFP:ABCG25 is internalized via clathrin-
mediated endocytosis.

Exogenously Applied ABA Increases sGFP:ABCG25 Levels
at the PM by Enhancing Recycling from Endosomes

In plants, the cellular ABA levels are regulated depending on the
plant growth stage and environmental conditions. We examined
whether high levels of ABA affect the subcellular localization of
ABCG25. sGFP:ABCG25 seedlings vertically grownon solid 0.53
Murashige and Skoog (MS) plates were transferred to MS liquid
mediumsupplementedwith ABAorDMSO, and the localization of
sGFP:ABCG25was examined. DMSOwas used as the solvent for
ABA. After incubation for 4 h, sGFP:ABCG25 signals at the PM
were greatly decreased in DMSO-containing medium but main-
tained at high levels in ABA-containing medium (Figure 4A), in-
dicating that sGFP:ABCG25 levels at the PM were affected by
exogenously applied ABA. One possible explanation for the dif-
ference in GFP signals between DMSO- and ABA-containing
media is that sGFP:ABCG25 is degraded in DMSO-containing
medium, but exogenously applied ABA can block the turnover of
sGFP:ABCG25, thereby leading to its accumulation at the PM at
high levels. High levels of ABA may inhibit endocytosis of sGFP:
ABCG25. This may be opposite to enhanced endocytosis under
highosmotic stress conditions (Martinière et al., 2012). To test this
idea, we examined sGFP:ABCG25 levels after BFA treatment. In

Figure 1. (continued).

(F) and (G) Localization of sGFP:ABCG25 in lytic vacuoles. Five-day-old seedlings were treated with Con A (2 mM) for 4 h or incubated in darkness for 6 h.
Bars = 10 mm.
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this condition, internalized proteins accumulate at the BFA body
and cannot be transported to the vacuole for degradation. In both
samples, sGFP:ABCG25 accumulated at the BFA body at similar
levels (Figure 4B). Indeed, the ratios of GFP signals between the
cytosol andPMwere nearly the same in both samples (Figure 4C),
indicating that endocytosis of sGFP:ABCG25 occurs at the same
rate in DMSO- and ABA-containing media.

To further examine howplant cellsmaintain high levels of sGFP:
ABCG25 at the PM in ABA-containing medium, we examined the
rate of recycling from endosomes to the PM. At endosomes,
endocytosed proteins can be either targeted to the vacuole for
degradation or recycled back to the PM. To measure the rate of

recycling from endosomes to the PM, we measured the rate of
GFP signal disappearance from the BFA body after washing out
BFA from the cell in a time-dependent manner (Figure 4D). sGFP:
ABCG25 seedlings treated with BFA for 1 h were transferred to
ABA- or DMSO-containing liquid media, and GFP signals were
observed at 1 or 2 h after transfer. At 1 h after transfer toDMSO- or
ABA-containing media, GFP signals were diminished at the BFA
body inbothcases. The rateof disappearanceofGFPsignals from
the BFA body was more rapid in ABA-containing medium than in
DMSO-containingmedium; concomitantly, GFPsignals at thePM
were stronger in ABA-containing medium than in DMSO-
containingmedium. Finally, at 2 h after transfer to ABA-containing

Figure 2. sGFP:ABCG25-Positive Endosomes Are Transported to the Lytic Vacuole via the PVC in Normal Growth Conditions.

(A) to (D)Colocalization of sGFP:ABCG25with ARA7:RFP, but not with VHA-a1:RFP, in root tip cells. Transgenic plants harboring sGFP:ABCG25 together
withVHA-a1:RFP (A)orARA7:RFP (C)were examined for colocalization of sGFP:ABCG25withVHA-a1orARA7usingaCLSM.Green, sGFP:ABCG25; red,
ARA7:RFP or VHA-a1:RFP. Bars = 10 mm.
(B) and (D) The extent of the colocalization of green and red fluorescent signals was analyzed by ImageJ to obtain Pearson-Spearman correlation co-
efficients. The resulting scatterplots are shown along with rp and rs values. The level of colocalization ranged from +1 (complete colocalization) to21 (no
correlation). Analysis of the colocalization between sGFP:ABCG25 and VHA-a1, or between sGFP:ABCG25 and ARA7, was undertaken using 51 and
44 cells, respectively.
(E) Enlargement of sGFP:ABCG25-positive endosomes byWortmannin treatment. sGFP:ABCG25 plants were treated with Wortmannin (33 mM) for 1.5 h.
Bars = 10 mm.
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media, GFP signals at the BFA body had almost completely
disappearedandconcomitantlyGFPsignalswere increasedat the
PM but not in the lytic vacuole, indicating that high levels of ABA
enhance recycling of sGFP:ABCG25 from endosomal compart-
ments to the PM. By contrast, in DMSO-containing medium, GFP
signals were significantly increased in lytic vacuoles with the

concomitant disappearance of GFP signals from the BFA body,
indicating that a large proportion of sGFP:ABCG25 traffics to the
lytic vacuole inaddition to trafficking to thePMinDMSO-containing
medium. To assess the enhancement of recycling, the ratio of
cytosolicGFPsignals, includingthatatBFAbodies, toGFPsignalsat
thePMwasdeterminedat1hafter transfer. The ratiowas10%lower

Figure 3. Clathrin and AP-2 Are Involved in Internalization of sGFP:ABCG25 from the PM to Endosomes.

(A) Effect of HUB:RFP on the internalization of sGFP:ABCG25. Transgenic plants harboring sGFP:ABCG25 together withHUB:RFP or the empty vector as
a control were grown on 0.53MS plates for 5 d and transferred to 2 mM 4-hydroxytamoxifen-containing liquid medium for 48 h. The localization of sGFP:
ABCG25 was examined in the presence of DMSO and 50 mM BFA. Bars = 10 mm.
(B) Inhibition of sGFP:ABCG25 internalization by Tyr A23. Five-day-old sGFP:ABCG25seedlings that hadbeen treatedwith 50 mMCHX for 1 hwere treated
with 30 mM Tyr A23 (A23) for 30 min, and the localization of sGFP:ABCG25 was examined in epidermal and cortex cells of root tips. Bars = 10 mm.
(C)Accumulation of sGFP:ABCG25 at the BFAbody. sGFP:ABCG25 seedlings (5 d old) were treatedwith 50 mMBFA alone or together with 30 mMTyr A23,
and the localization of sGFP:ABCG25 was examined. Bars = 10 mm.
(D) InternalizationofsGFP:ABCG25totheBFAbodyinap2mplants.Wild-typeandap2mmutantplantsexpressingsGFP:ABCG25weretreatedwithBFA(50mM).
The accumulation of sGFP:ABCG25 at the BFA body was compared between wild-type and ap2m plants at various time points. B, BFA body. Bars = 10 mm.
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in ABA-containing medium than in DMSO-containing medium
(Figure4E). In addition,weexamined thekineticsof theeffect ofABA
on recycling of sGFP:ABCG25. Disappearance of sGFP:ABCG25
from the BFA bodies in the presence of ABA was faster than in the

presence of DMSO (control) (Supplemental Figure 3). To further
confirm that ABA levels are important for the recycling of ABCG25,
we introduced sGFP:ABCG25 into aba2-1 mutant plants. ABA2 is
a key enzyme involved in de novo ABA biosynthesis (González-

Figure 4. Application of Exogenous ABA Enhances Recycling of sGFP:ABCG25 from Endosomes to the PM.

(A) and (B) Effect of exogenous ABA on the levels of sGFP:ABCG25.
(A) sGFP:ABCG25 plants (5 d old) were incubated in DMSO- or ABA (10mM)-containing 0.53MSmedia for 4 h, and the sGFP:ABCG25 signal intensity was
examined.
(B) Five-day-old sGFP:ABCG25 seedlings that had been incubated in DMSO- or 10 mMABA-containing 0.53MSmedia were treated with 50 mMBFA for
30 min. The PM and cytosolic areas are indicated by dotted lines. B, BFA body. Bar = 10 mm.
(C)Quantification of the relative GFP signal intensity between the cytosol andPM.GFP signalsmarked as thePMandcytosol in (B)weremeasured separately
andused tocalculate the ratioof the signal intensitybetweencytosolic andPM-localizedsGFP:ABCG25proteins.Errorbars indicateSD; thecell number (n) =20.
(D) and (F) Effect of exogenously applied ABA on recycling of sGFP:ABCG25 from the BFA body to the PM.
(D)Plants that had been treatedwith 50 mMBFA for 1 hwere transferred to 0.53MS liquidmedia containingDMSOor 10 mMABA. The localization of sGFP:
ABCG25 was examined at 1 or 2 h. Bar = 10 mm.
(E) The relative GFP signal intensity between the cytosol and PM in (D)was quantified as in (C). Asterisks mark significant differences (Student’s t test, P <
0.05). Error bars indicate SD; the number of cells (n) = 17.
(F) and (G) The effect of exogenously applied ABA on the recycling of sGFP:ABCG25 in aba2 plants.
(F) Five-day-old seedlings that had been treated with 50 mMBFA for 1 h were transferred to 0.53MS liquid medium containing DMSO or 10 mMABA. The
disappearance of sGFP:ABCG25 from theBFAbodywasmeasured at the indicated time points. An enlarged image of single root cells is shown on the right
side. B, BFA body; V, vacuole. Bars = 10 mm.
(G)The relativeGFPsignal intensity between the cytosol andPM in (F)wasquantifiedat the 2-h timepoint as in (C). Asterisks indicate significant differences
(Student’s t test, P < 0.05). Error bars indicate SD; the number of cells (n) = 24.

2534 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.16.00359/DC1


Guzmán et al., 2002). Thus, aba2-1 mutant plants with a point
mutation in ABA2 show severely reduced production of ABA. The
disappearance of ABCG25 from the BFA body in the aba2 back-
groundwassimilar to that in thewild-typebackgroundat the1-htime
point. However, ABCG25was strongly detected at lytic vacuoles at
2 h after washout in the DMSO control, whereas exogenous ABA
treatment inhibited vacuolar targeting of ABCG25 and increased
GFP signal at the PM (Figures 4F and 4G). Together, these results
suggest that high levels of ABA facilitate recyclingof sGFP:ABCG25
from endosomes to the PM.

Recycling of ABCG25 Is Impaired in the ABA-
Insensitive Mutant

To gain insight into the mechanism by which high levels of ABA
enhance recycling of sGFP:ABCG25, we examined if recycling of
sGFP:ABCG25 involves ABA-mediated signaling. ABA signaling
is initiated by binding of ABA to ABA receptors, pyrabactin re-
sistance (PYR)/PYR1-like (PYL)/Regulatory Component of
Abscisic acid Receptor (RCAR), which are START domain-
containing proteins (Ma et al., 2009; Park et al., 2009). The ABA
receptors are encoded by 14 genes, PYR1 and PYL1 to 13 in
Arabidopsis (Ma et al., 2009; Park et al., 2009). pyr1 pyl1 pyl2 pyl4
quadruple mutant plants (QC3 plants) show a strong ABA-
insensitive phenotype in diverse ABA responses, in particular,
a severe defect in the expression of ABA-responsive genes (Park
et al., 2009). We compared the subcellular localization of sGFP:
ABCG25 between wild-type and QC3 plants and found that more
speckles were produced in QC3 plants than in wild-type plants
(Figure 5A). To elucidate the underlying cause of difference in
ABCG25 localization between wild-type and QC3 plants, we
first tested whether these plants have any difference in endoge-
nous ABA levels. We measured ABA levels in 2-week-old wild-
type and QC3 plants. Wild-type and QC3 plants showed similar
levels of ABA to each other (5.1 ng/g6 0.8 in wild-type plants and
6.5 ng/g 6 1.1 in QC3 plants; n = 6 with SD), indicating that the
difference in ABCG25 localization between wild-type and QC3
plants isnotdue to thedifference inABA levels.Next,weexamined
the involvement of cytosolic ABA signaling in the subcellular lo-
calization of sGFP:ABCG25. Again, we performed the BFA
washout experiment using sGFP:ABCG25 in root tissues of QC3
plants. At 1 h after BFA treatment (0 time point for BFA washout),
the levels of sGFP:ABCG25 accumulated at the BFA body in QC3
plants were comparable to those in wild-type plants (Figure 5B),
indicating that the endocytosis rate of sGFP:ABCG25 was not
affected in QC3 plants. However, in the presence of ABA, the
disappearance of sGFP:ABCG25 from the BFA body was sig-
nificantly slower in QC3 plants than in wild-type plants after BFA
washout. InQC3plants,GFPsignalswerestill stronglydetectedat
BFAbodies under both theDMSOandABA treatments even at 2 h
after BFA washout. At this time point, GFP signals had almost
completely disappeared in both DMSO and ABA-treated wild-
type plants (Figure 4D). These results indicate that cytosolic ABA
signaling plays a key role in the recycling of sGFP:ABCG25 from
endosomes to the PM. As a control, we examined the behavior of
a GFP fusion of another PM protein, PIN2:GFP, under the same
conditions. Endocytosis and recycling of PIN proteins are well
characterized at the molecular and cellular levels (Dhonukshe

et al., 2007; Kitakura et al., 2011; Di Rubbo et al., 2013; Geldner
et al., 2001; Kleine-Vehn et al., 2011). The rate of PIN2:GFP re-
cycling from BFA bodies to the PM after BFA washout was not
affected by exogenously applied ABA (Supplemental Figure 4),
indicating that the effect of ABA on recycling of proteins from
endosomes to the PM is specific to sGFP:ABCG25.
Next, we examined the recycling pathway of sGFP:ABCG25 in

the presence of ABA in the incubation medium. Endocytosed
proteins are generally recycled from the TGN/EE to the PM
(Luschnig and Vert, 2014). We examined the localization of sGFP:
ABCG25 in mag1-1 plants in ABA- or DMSO-containing media
(Supplemental Figure 5). mag1-1 plants have a defect in retro-
grade trafficking from thePVC to the TGN (Nodzynski et al., 2013).
sGFP:ABCG25 localized to multiple endosomal organelles in
addition to thePM in thepresenceofDMSO.UponABA treatment,
the endosomal signal intensity was reduced and the PM signals
were concomitantly increased (Supplemental Figure 5), indicating
thatABA-induced recyclingof sGFP:ABCG25 fromendosomes to
the PM occurs normally inmag1-1 plants. These results suggest
that the recycling of sGFP:ABCG25 occurs at the TGN/EE.

Abiotic Stress Enhances Internalization of ABCG25 from the
PM to Endosomes

TheeffectofexogenouslyappliedABAon the localizationofsGFP:
ABCG25 prompted us to examine the possibility that various
abiotic stresses also influence the localization of sGFP:ABCG25.

Figure 5. ABA-Induced Recycling of sGFP:ABCG25 from Endosomes to
the PM Is Defective in ABA-Insensitive Mutant Plants.

(A) The levels of PM-localized sGFP:ABCG25 in QC3 mutant plants. Wild-
type and QC3 seedlings harboring sGFP:ABCG25 were grown on 0.53 MS
plates for5d, andGFPsignalswereexamined in root tipcells.Bars=10mm.
(B) The effect of exogenously applied ABA on the recycling of sGFP:
ABCG25 in QC3 plants. Five-day-old seedlings that had been treated with
50 mM BFA for 1 h were transferred to 0.53 MS liquid medium containing
DMSO or 10 mM ABA. The disappearance of sGFP:ABCG25 from the BFA
bodywasmeasured at the indicated time points. B, BFA body. Bars = 10 mm.
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sGFP:ABCG25 plants were incubated with NaCl or polyethylene
glycol (PEG), and the localization of sGFP:ABCG25 was exam-
ined. These plants were also stained with FM4-64 for a short
period of time prior to examining the localization of sGFP:
ABCG25. After 3 h of treatment with NaCl or PEG, GFP signals
were greatly increased at the lytic vacuole, comparedwith control
conditions (Figures 6A to 6C). In these conditions, FM4-64 largely
localized to endosomes, indicating that vacuolar trafficking of
sGFP:ABCG25 was accelerated compared with that of FM4-64.
We examined whether endocytosis of sGFP:ABCG25 was en-
hanced under high NaCl conditions. sGFP:ABCG25 seedlings
were treated with or without NaCl for 1 h in the presence of BFA,
and the signal intensity of sGFP:ABCG25 at the BFA body was
compared between NaCl-treated and control plants. GFP signals
at the BFA bodywere significantly stronger in NaCl-treated plants
than in control plants (Figure 6D), indicating that NaCl stress fa-
cilitates endocytosis of sGFP:ABCG25. To assess the degree of
enhanced endocytosis, we quantified GFP signals in the cytosol
and PM before and after NaCl treatment in the presence of BFA.
The ratio of cytosolic to PM GFP signals was 20% higher upon
NaCl treatment (Figure 6E). To confirm the effect of NaCl stress on
the internalization of sGFP:ABCG25, we examined the kinetics of
sGFP:ABCG25 endocytosis. At early time points (10 and 20 min)
after NaCl treatment, endosomes showing GFP signals were
rarely observed in either control or NaCl-treated samples, in-
dicating no significant difference in the endocytosis of sGFP:
ABCG25 between the two (Supplemental Figure 6). However,
40 min after NaCl treatment, the number of endosomes showing
GFP signals and the intensity of the signals in the endosome
gradually increased when compared with the control samples.
These results suggest that various abiotic stresses activate en-
docytosis of ABCG25 from the PM to prevent ABA efflux and
increasecytosolicABA levels.Moreover, thestrongGFPsignals in
the vacuole suggest that internalized sGFP:ABCG25 is trans-
ported to the vacuole for degradation. Because ABCG25 is pre-
dominantly expressed in the phloem companion cells in root
tissues (Kuromori etal., 2014),we investigatedwhether this typeof
regulation also occurs in other types of cells, including the phloem
companion cells in the root tissues. We used a multiphoton mi-
croscope (MPM) because it has better penetration and resolution.
We obtained images of the cells at the cross section of the root
tissues using the MPM. However, the companion cells were not
easily noticeable in the images. Instead, we found thatmost of the
cells including those at the vascular tissue and endodermal region
of the roots showed increases in the number and size of punctate
stains upon the NaCl treatment (Figure 7), indicating that salt
stress triggers endocytosis of ABCG25 in the cells of the root
tissues regardless of the cell type.

Next, we asked whether clathrin is involved in NaCl-induced
endocytosis of sGFP:ABCG25. Transgenic plants harboring
sGFP:ABCG25 together with HUB:RFP or the empty vector were
first treated with 4-hydroxytamoxifen for 48 h and then with NaCl
for 1 h, and the localization of sGFP:ABCG25 and expression of
HUB:RFP were examined under a microscope. Endocytosis of
sGFP:ABCG25 under NaCl stress conditions was strongly in-
hibited by overexpression ofHUB:RFP (Figure 6F), indicating that
clathrin is involved in NaCl stress-induced endocytosis of sGFP:
ABCG25.

Internalization of ABCG25 under Abiotic Stress Is Not
Related to ABA Levels or ABA Signaling

To elucidate the mechanism by which NaCl stresses facilitate
endocytosis of sGFP:ABCG25, we examined whether ABA is
involved in the enhanced endocytosis of sGFP:ABCG25 under
abiotic stress conditions. ABA levels are rapidly elevated under
abiotic stress conditions to induce various ABA-mediated sig-
naling pathways (Cramer et al., 2011; Xiong et al., 2002). aba2-1
plants expressing sGFP:ABCG25 were treated with a high con-
centration of NaCl, and the localization of sGFP:ABCG25 was
examined by confocal microscopy. aba2-1 plants have a defect in
the de novobiosynthetic pathway and thus have low levels of ABA
and exhibit defects in abiotic stress responses. Upon treatment
with a high concentration of NaCl, sGFP:ABCG25 in aba2-1
plants, similar to wild-type plants, showed strong punctate
staining and vacuolar GFP patterns (Figure 8A), indicating that the
defect in de novo biosynthesis of ABA does not affect the en-
hanced endocytosis of sGFP:ABCG25 induced by NaCl stress.
This indicates that higher levels of ABA are not required for en-
docytosis of ABCG25.
Next, we examined whether endocytosis of sGFP:ABCG25 is

regulated by ABA signaling. Under NaCl stress conditions, we
again examined endocytosis of sGFP:ABCG25 in QC3 plants.
QC3 plants have a defect in ABA signaling and thus exhibit ABA
insensitivity. Even in the absence of NaCl stress, QC3 plants
produced a strong punctate staining pattern that was stronger
than that in wild-type plants (Figure 8B), raising the possibility that
endocytosis of sGFP:ABCG25 occurs normally in QC3 plants.
Under high NaCl stress conditions, QC3 plants showed strong
vacuolar GFP signals that were comparable to those in wild-type
plants, confirming that endocytosis of sGFP:ABCG25 was not
affected in QC3 plants. These results suggest that ABA-mediated
signaling is not involved in endocytosis of sGFP:ABCG25.

DISCUSSION

sGFP:ABCG25 Is Internalized from the PM via Endocytosis
and Transported to the Lytic Vacuole for Degradation

In this study, we provide compelling evidence that ABCG25 is
subject toposttranslational regulationviaendocytosis followedby
trafficking to the vacuole via the PVC. Recently, in plants, clathrin-
mediated endocytosis has been implicated in the regulation of
many PM-localized proteins, such as pattern recognition re-
ceptors involved in defense responses and ion transporters
(Robatzeketal., 2006;Wangetal., 2013).Similar to theseproteins,
endocytosis of sGFP:ABCG25 was also mediated by clathrin, as
evidenced by the fact that it was inhibited by overexpression of
HUB:RFP and in ap2m plants. The clathrin light chain binds to the
C-terminal domain (named HUB) of the clathrin heavy chain.
Overexpression of HUB leads to inhibition of clathrin-coated
vesicle formation and thereby inhibits endocytosis. Thus, RFP-
fused HUB expressed in HUB:RFP transgenic plants by treating
with 4-hydroxytamoxifen acts as a dominant negativemutant of the
clathrin heavy chain (Kitakura et al., 2011). ap2m plants that have
amutation inAP2M, which encodes themedium subunitm-adaptin
of heterotetrameric AP-2, display a defect in endocytosis (Di Rubbo
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Figure 6. Abiotic Stresses Activate the Internalization of sGFP:ABCG25.

(A) to (C) Effects of NaCl and PEG stresses on the localization of sGFP:ABCG25. Plants grown on 0.53MS plates for 5 d were further incubated for 3 h in
normal 0.53MS medium (A) or 0.53MSmedium containing 100 mM NaCl (B) or 20% (w/v) PEG 8000 (C). All plants were stained with FM4-64, and the
localizations of sGFP:ABCG25 and FM4-64 were examined. V, vacuole. Bars = 10 mm.
(D) and (E) Effect of a high NaCl concentration on the endocytosis of sGFP:ABCG25.
(D) Plants were simultaneously treated with BFA with or without 100 mM NaCl for 1 h, and the localization of sGFP:ABCG25 was examined.
(E)Quantification of the endocytosis rate. To quantify the increase in the endocytosis rate caused by exposure to a high concentration of NaCl, the signal
intensities of cytosolic and PM-localized sGFP:ABCG25 in (D)were measured separately and their relative ratio was calculated. Error bars indicate SD; the
number of cells (n) = 31. The asterisk marks a significant difference (Student’s t test, P < 0.05). B, BFA body; V, vacuole. Bars = 10 mm.

Posttranslational Regulation of ABCG25 2537



et al., 2013;Kimet al., 2013;Yamaokaet al., 2013). Thus,ABCG25 is
amember of a growing family of proteinswhose activity is regulated
via endocytosis in plants. In line with this finding, the involvement of
clathrin inABA-mediatedprocesseswas reportedpreviously; plants
withmutations in clathrin heavy chaindisplay anABA-hyposensitive
phenotype in postgerminative growth (Kansup et al., 2013). How-
ever, it should be noted that mutations in the genes encoding

subunits of AP-2 and clathrin coat proteins cause pleiotropic phe-
notypes due to defects in endocytosis of many cargo proteins
(Kitakuraetal.,2011;DiRubboetal.,2013;Kimetal.,2013;Yamaoka
et al., 2013). Thus, clathrin-mediated endocytosis of ABCG25 fol-
lowed by trafficking to the vacuole through the PVC is amechanism
to regulate the levels of ABCG25 at the PM.

The Spatial Localization of ABCG25 Is Regulated under
Various Abiotic Conditions and by the Cellular ABA Levels

ABCG25 pumps out ABA from the cytosol to the apoplast, which
implies that proper levels of PM-localized ABCG25 are critical for
regulating the cellular ABA levels. Under abiotic stress conditions,
plant cells need to increase the cellular ABA levels to induce ABA-
mediated signaling in order to respond to abiotic stresses (Cramer
et al., 2011; Xiong et al., 2002). Under abiotic stress conditions,
biosynthetic genes are expressed at higher levels to increase the
cellular ABA levels (Cheng et al., 2002; Iuchi et al., 2001; Seo et al.,
2000; Xiong et al., 2001, 2002). In this condition, low levels of
ABCG25 at the PM would contribute to the rapid increase of the
cellular ABA levels. Consistent with this idea, under abiotic stress
conditions, the levelof sGFP:ABCG25at thePMwasdecreasedand
concomitantly the levels of sGFP:ABCG25 at endosomes and lytic
vacuoles were increased. The lower sGFP:ABCG25 level at the PM
was achieved by activation of endocytosis followed by trafficking to
the vacuole. Thus, our study provides evidence that removal of
PM-localizedABCG25viaactivationofendocytosisand transport to
the vacuole is another mechanism by which plant cells increase
cellular ABA levels under abiotic stress conditions, in addition to the
activation of ABA biosynthetic genes. In this process, the activation
ofABCG25endocytosisunder abiotic stressconditionsoccurs inan
ABA-independent manner; NaCl stress activates sGFP:ABCG25
endocytosis in both aba2-1 and QC3 plants, as it does in wild-type
plants.Currently, it is not knownhowendocytosis of sGFP:ABCG25
is activated under abiotic stress conditions. Recent studies showed
that many PM-localized proteins such as PIN2 and plasma mem-
brane intrinsicprotein2a (PIP2a) aswell asFM4-64areendocytosed
at high rates under abiotic stress conditions (Li et al., 2011; Zwiewka
et al., 2015). The exact mechanisms underlying endocytosis acti-
vationappear todifferdependingontheproteins; in thecaseofPIN2,
endocytosis is enhanced under high NaCl conditions but not under
high mannitol conditions (Galvan-Ampudia et al., 2013), whereas
sGFP:ABCG25 showed enhanced endocytosis under both high
NaCl and PEG conditions.
In plants, high ABA levels attained under abiotic stress con-

ditions need to return to lower levels when conditions return to
normal (Wang et al., 2002). Plants contain multiple catabolic
pathways to reduce ABA levels (Saito et al., 2004; Dong et al.,
2014). In addition, pumping ABA out of the cytosol to apoplasts
could contribute to reducing the cellular ABA levels. For this, the
levels of ABA exporters need to be increased at the PM.

Figure 6. (continued).

(F) Effect of HUB:RFP on the endocytosis of sGFP:ABCG25 under high NaCl conditions. Five-day-old seedlings harboring sGFP:ABCG25 together with
HUB:RFP or the empty vector that had been incubated with 4-hydroxytamoxifen for 2 d were transferred to 0.53MS liquid media supplemented with or
without 100 mM NaCl. The localization of sGFP:ABCG25 and expression of HUB:RFP were examined. Bars = 10 mm.

Figure 7. Salt Stress-Induced Endocytosis of sGFP:ABCG25 Occurs in
Various Root Cells, Independent of Cell Type.

Multiphoton microscopy was used to examine the effect of salt stress on
the endocytosis of ABCG25 in various types of root cell. Five-day-old
seedlings harboring sGFP:ABCG25were treatedwith water (A) or 100mM
NaCl (B) for 90min. Images were acquired by focusing on the center of the
root. Imagesofasingle focalplaneareshown.Rightpanelsshowmagnified
images of the boxed areas in the left panels. Epi, epidermis; Cor, cortex;
Endo, endodermis; Peri, pericycle; V, vacuole. Bars = 10 mm.
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Consistent with this idea, sGFP:ABCG25 levels were higher at the
PM upon application of exogenous ABA to plants. The higher
levels of sGFP:ABCG25 at the PM can be achieved in two ways:
inhibition of endocytosis from the PM to endosomes or enhanced
recycling fromendosomes to thePM.WhenABA levelswere high,
sGFP:ABCG25 showedenhanced recycling from theBFAbody to
thePMafter BFAwashout,whereas the endocytosis rate of sGFP:
ABCG25 was not changed. These results suggest that higher
levels of sGFP:ABCG25 at the PM are achieved by activation of
sGFP:ABCG25 recycling, but not inhibition of endocytosis. The
recycling of internalized sGFP:ABCG25 to the PMoccurred at the
TGN/EE, similar to other plant proteins such as PINs involved in
auxin efflux (Tanaka et al., 2014).

One key question is howhigh levels of ABAactivate recycling of
ABCG25. In general, when ABA levels are high, ABA binds to ABA
receptors to initiate ABA-mediated signaling. Multiple PYR/PYL/
RCARs have been identified as cytosolic ABA receptors (Ma et al.,
2009; Park et al., 2009). Here, we provide evidence that the cy-
tosolic ABA signaling pathway is crucial for activation of ABCG25
recycling. This conclusion is based on the results showing that
ABA-insensitive QC3 plants did not show enhanced sGFP:
ABCG25 recycling at high ABA concentrations.

The Contribution of ABCG25 Endocytosis to the
Accumulation of ABA in Roots under the Abiotic Stress

Hormones are small signaling mediator molecules whose bio-
synthesis and working sites are separated from each other. One of
the long-standing questions in ABA biology is the long-distance
transport of ABA (Zhang and Davies, 1990; Davies et al., 2005).

Transcriptional analysis suggested that ABA is mainly produced in
vascular parenchyma cells; ABA biosynthesis genes are actively
expressed in these cells in response to abiotic stresses (Endo et al.,
2008; Koiwai et al., 2004). Upon exposure to abiotic stresses, high
levels of ABA are detected in xylem sap and guard cells, suggesting
that ABA biosynthesized in root vascular tissues is transported to
guardcells throughthetranspirationstream(KuromoriandShinozaki,
2010). However, a recent study showed that guard cells themselves
produce ABA within 15 min of exposure to low humidity conditions
(Bauer et al., 2013). To directly measure ABA levels in vivo, fluo-
rescence resonance energy transfer-based ABA sensors were re-
centlydevelopedusingcytosolicABAreceptors (Waadtet al., 2014).
These studies revealed no clear evidence for the long-distance
transport of ABA. Geng et al. (2013) also reported that ABA accu-
mulates inbothrootsandleavesaftera3hexposuretoabioticstress.
However, these reports revealed that accumulation of ABA in root
tissues is essential for adaptation to abiotic stress. Indeed, ABA-
responsive transcripts are highly increased in the endodermis of
roots, promoting lateral root quiescence in response to salt stress
(Duan et al., 2013). In this study, we provide evidence that endo-
cytosisofABCG25 isaccelerated in response tosalt treatment in the
cell of the root division zone. Thus removal of ABCG25 from the PM
can contribute to accumulation of ABA in root cells under salt stress
(Figures 6 and 7; Supplemental Figure 6). However, we cannot
completely rule out the possibility that ABCG25 plays a role in
loading of ABA to the phloem. If ABCG25 functions in loading ABA
from the biosynthetic sites to the xylem, it would show polar lo-
calization at the PM toward the xylem, as do auxin efflux carriers
(PINs). However, sGFP:ABCG25 in transgenic plants showed
a uniform distribution to the PM. Of course, this may be due to

Figure 8. A High Concentration of NaCl Enhances Endocytosis of sGFP:ABCG25 in aba2 and QC3 Plants.

(A) Effect of NaCl stress on sGFP:ABCG25 endocytosis in aba2 plants. Both wild-type and aba2 mutant plants (5 d old) harboring sGFP:ABCG25 were
treatedwith or without 100mMNaCl for 3 h, and the localization of sGFP:ABCG25was examined in root tip cells.Water, noNaCl; V, vacuole. Bars = 10 mm.
(B)Effect ofNaCl stress on sGFP:ABCG25endocytosis inQC3plans. Bothwild-type andQC3plants (5dold) harboring sGFP:ABCG25were treatedwith or
without 100 mM NaCl for 3 h, and the localization of sGFP:ABCG25 was examined in root tip cells. Water, no NaCl; V, vacuole. Bars = 10 mm.
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overexpression of ABCG25 using the CaMV 35S promoter. Addi-
tional ABA exporters may exist in root cells to regulate ABA
homeostasis, since ABCG25 is largely expressed in phloem
companion cells (Kuromori et al., 2014).

In this study, we showed that salt treatment facilitates endo-
cytosis of ABCG25, whereas ABA treatment induces its locali-
zation to the plasmamembrane. Thus, the fact that salt treatment,
which often induces ABA accumulation (Jia et al., 2002), induces
internalization of ABCG25 from the plasma membrane seems to
contradict the result showing that exogenous ABA itself has
promotes the PM localization of ABCG25. Moreover, the fact that
exogenous ABA induces the expression of ABCG25 (Kuromori
et al., 2010, 2014) seems again to contradict the result showing
that exogenous ABA induces ABCG25 localization to the PM. It is
possible that ABA concentration in the cells determines the lo-
calization of ABCG25. ABA levels need to be finely tuned ac-
cording to the environmental and cellular conditions. ABA levels
are increased under abiotic stress conditions such as salt stress.
This is achieved by the salt stress-induced expression of ABA
biosynthetic genes such asNCED3 (Barrero et al., 2006). Thus, at
the early time points after exposure to salt stress, ABCG25 are
rapidly endocytosed to endosomes, thereby contributing to in-
creasing ABA levels within the cell. The high ABA levels activate
the adaptation mechanism to salt stress. After the adaptation
responses, highABA levels should be lowered. Indeed, high levels
of ABA induce expression of genes encoding ABA catabolic
enzymes such asCYP707A1 andABAUDP-glucosyltransferases
(Dong et al., 2014; Saito et al., 2004). Similarly, the high levels of
ABAmay induce expression ofABCG25, which in turn increases
ABCG25 levels at the plasma membrane, thereby contributing
to lowering the ABA levels. In conclusion, our study suggests
that endocytosis is an important mechanism that regulates the
activity of ABA transporters, thereby controlling ABA levels in
the roots.

Spatial Regulation of ABCG25 as a Component of the
Regulatory Mechanism Controlling Cellular ABA Levels

Plants increase ABA levels as a mechanism to respond to abiotic
stresses and during embryogenesis. By contrast, ABA levels
decrease after responses to abiotic stresses and during germi-
nation. Even in a single day, ABA levels fluctuate in a diurnal
pattern to respond to changing environmental conditions (Seung
et al., 2012). Thus, the cellular ABA levels have to be fine-tuned
according to ever-changing environments and the plant growth
and developmental stages. The fluctuation of ABA has been
studied largely by focusing on two opposing processes, bio-
synthesis and catabolism of ABA (Seo and Koshiba, 2002). ABA
levels are increased via multiple pathways that include de novo
biosynthesis in the chloroplast and cytosol, and AtBG1- and
AtBG2-mediated hydrolysis of ABA-GE to ABA at the ER and
vacuole, respectively (Cheng et al., 2002; Dietz et al., 2000; Endo
et al., 2008; Lee et al., 2006; Xu et al., 2012). Also, multiple cat-
abolicpathwaysexist to reduceABA levels.These includeglucose
conjugation of ABA to generate ABA-GE by ABA-UGTs in the
cytosol (Dong et al., 2014) and hydroxylation of ABA by cyto-
chrome P450-type CYP707As at the ER surface (Kushiro et al.,
2004; Saito et al., 2004). Thus, precise control of the cellular ABA

levels is ahighly complicatedprocess involvingmultiple pathways
and multiple organelles. Furthermore, recent findings regarding
many transporters including both exporters and importers at the
PM add a new layer to the regulation of the cellular ABA levels
(Kang et al., 2010; Kanno et al., 2012; Kuromori et al., 2010). One
proposed function of ABA exporters and importers is to supply
ABA to guard cells in order to regulate stomatal closing (Kang
et al., 2010; Kanno et al., 2012; Kuromori et al., 2010). However,
here, we provide evidence for a role of ABA exporters in the
regulation of cellular ABA levels: they constitute components of
the regulatory mechanism by which plant cells control the cellular
ABA levels under various cellular and environmental conditions.
This is similar to auxin efflux PINs; endocytosis and recycling are
involved in the spatial regulation of auxin efflux carriers, PINs,
thereby controlling auxin levels to regulate various auxin-related
cellularprocesses (Kreceketal., 2009;GrunewaldandFriml, 2010;
Löfke et al., 2013).
In summary, our study provides evidence that the spatial regu-

lationofABCG25isacomponentof themechanismbywhichplants
control cellular ABA levels and also reveals that the mechanism by
whichABA levelsarefine-tunedaccording totheenvironmentaland
cellular conditions is more complicated than previously appreci-
ated. Moreover, this study raises the question of how plants co-
ordinate all the mechanisms to fine-tune their cellular ABA levels.
One possibility is that intricate networks exist to closely coordinate
thesemultipleprocesses involvedinABAhomeostasisaccordingto
the cellular and environmental conditions.

METHODS

Plant Growth

Arabidopsis thaliana (ecotype Columbia) was grown on 0.53MS plates at
23°C in a culture room under a 16-h/8-h light (fluorescent light)/dark cycle.
To obtain images of plants, plantswere vertically grown for 5 to 6don0.53
MS plates and then transferred to 0.53MS liquid media for treatment with
ABA or other chemicals.

Generation of Transgenic Plants

ABCG25 cDNA was isolated from a cDNA library by PCR using gene-
specific primers (Supplemental Table 1). PCR products were inserted into
the 326-sGFPvector (Lee et al., 2001) at theC terminus of the sGFPcoding
sequence. The sGFP:ABCG25 fusion construct was inserted into the plant
binary vector pCsV1300 (Invitrogen), which harbors the cassava vein
mosaic virus (CsVMV) promoter, via the BamHI and XhoI sites. The binary
construct, pCSV1300-sGFP:ABCG25, was introduced into wild-type
plants byAgrobacterium tumefaciens-mediated floral dipping (Clough and
Bent, 1998). Transgenic plants were selected on B5 plates supplemented
with hygromycin (25 mg/L).

To introduce sGFP:ABCG25 into transgenic plants harboringorganellar
markers, sGFP:ABCG25 plants were crossedwith plants harboring ARA7:
RFP (Lee et al., 2004), VHA-a1:RFP (Dettmer et al., 2006), or HUB:RFP
(Kitakura et al., 2011). Similarly, to introduce sGFP:ABCG25 into various
mutantplants, sGFP:ABCG25plantswerecrossedwithaba2 (Versluesand
Bray, 2006), ap2m (Kim et al., 2013), or mag1-1 (Yamazaki et al., 2008)
plants. F1 plants were selected on B5 plates supplemented with hy-
gromycin (25 mg/L), phosphinothricin (25 mg/L), or kanamycin (30 mg/L),
and homozygous plants were screened at the F2 generation. To obtain
ap2m homozygous plants harboring sGFP:ABCG25, plants that survived
on hygromycin plates were subjected to PCR-mediated genotyping using
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ap2m-specificprimers (Supplemental Table 1). Toobtainaba2andmag1-1
homozygous plants harboring sGFP:ABCG25, plants that survived on
hygromycin plateswere further screened according to phenotypes of aba2
and mag1-1, respectively. To generate QC3 plants harboring sGFP:
ABCG25, pCSV1300-sGFP:ABCG25 was transformed into QC3 plants
(Gonzalez-Guzmanetal., 2012) byAgrobacterium-mediated floral dipping.
Transgenic plants were screened on B5 plates supplemented with hy-
gromycin (25 mg/L).

Gene Expression and Phenotype Analysis

To confirm the expression of sGFP:ABCG25 in transgenic plants, protein
extracts were prepared with lysis buffer (100 mM Tris, pH 7.5, 150 mM
NaCl, 1mMEDTA, and 1%Triton X-100) supplementedwith an EDTA-free
protease inhibitors mixture (Roche Diagnostics). An anti-GFP antibody
(mouse, 1:1000; Clontech, cat no. 632381) was used to detect sGFP:
ABCG25. Immunoblotswere developed using the LAS4000 image capture
system (Fujifilm).

To examine the ABA-insensitive phenotype of sGFP:ABCG25 plants,
sterilized seedswere planted on 0.53MSplates containing 1%sucrose in
the presence of DMSO or 1 mMABA. Germination was analyzed based on
radicle emergence and green cotyledon development.

Chemical Treatments and in Vivo Imaging

Plants (5- to 6-d-old seedlings) were treated with 2 mMCon A (Invitrogen),
4mMFM4-64 (Invitrogen), 50mMCHX (Sigma-Aldrich), 30mMTyrA23 (MP-
Biomedical), or 33 mM Wortmannin (Enzo Life Science).

For CHX treatment, seedlings were treated with the indicated con-
centration using 50 mM stock prepared in water for 1 h in liquid 0.53 MS
media. For Con A treatment, seedlings were treated with the indicated
concentration using 1 mM stock prepared in DMSO for 3 h. For FM4-64
treatment, seedlings were treated at the indicated concentration for 5 min
to label endosomes or for 3 h to label the tonoplast. For simultaneous
treatment with BFA and FM4-64, BFA was added to the medium for 0.5 h
followedby addition of FM4-64. ForBFAwashout, seedlings that hadbeen
treated with BFA for 1 h were transferred to new liquid medium containing
DMSO or 10 mM ABA. For Tyr A23 treatment, seedlings were treated with
the indicated concentration using 30 mM stock prepared in DMSO for
30 min. For Wortmannin treatment, seedlings were treated with the in-
dicated concentration using 33 mM stock prepared in DMSO for 1.5 h. To
apply salinity andosmotic stresses, seedlings grown vertically on 0.53MS
plateswere transferred to liquid0.53MSmediacontaining100mMNaClor
20% (w/v) PEG 8000 (Ji et al., 2014) for 3 h after FM4-64 staining. To apply
dehydration stress, seedlings grown on 0.53MS plates were exposed to
air for 3.5 h by opening the plates. To induce expression ofHUB:RFP, 5-d-
old seedlings were incubated in 0.53 MS liquid media containing 2 mM
4-hydroxytamoxifen for 48 h.

All images of epidermal and cortex cells in the root division zone were
acquiredusingaZeissLSM510METAconfocal laserscanningmicroscope
(CLSM), except for thecells of the inner tissuesof roots. Thefilter set hadan
excitation wavelength/spectral detection bandwidth of 488 nm (argon-ion
laser)/515 to 530 nm for GFP, and 458 nm (argon-ion laser)/560 to 615 nm
for RFP and FM4-64. All images of control and chemical-treated samples
were taken at the exact same settings of the microscope. Images were
quantifiedusing ImageJsoftware (National InstitutesofHealth). Toquantify
relative signal intensity, the mean pixel intensity of the cytosolic side and
theadjacentPMwasmeasuredseparatelyby ImageJ, and the ratiosof their
values were calculated. To acquire images of cells at the vascular tissues,
anMPMwith a Ti-Sapphire laser (Chameleon Vision II; Coherent) at 140-fs
pulsewidth and 80-MHzpulse repetition ratewas used (TCSSP5 II; Leica).
MPM imageswereacquiredandprocessedbyLASAFLite (Leica). Thefilter
set had an excitation wavelength/spectral detection bandwidth of 930 nm/
500 to 550 nm for GFP.

ABA Quantification by Liquid Chromatography/Mass Spectrometry

Two-week-old seedlings (0.1 to 0.2g) ofCol-0 andQC3were collected and
ground in liquid nitrogen. The metabolites were extracted twice with
ethylacetate, and combined extractswere evaporated for 1 h. The residues
were dissolvedwith 70%methanol, vortexed for 10min, and centrifuged at
15,000 rpm for 10min at 4°C. The final supernatantswere transferred to LC
vials (National Scientific Target DP I-D high recovery clear glass vial, flat
base, 12mmdiameter3 32mmheight, 1.5 mL) and injected into the liquid
chromatography/mass spectrometry system.

UPLC analysis was performed using an ACQUITY UPLC system
(Waters) coupled to a QTOF instrument (XEVO G2XS; Waters). Chro-
matographic separationwasperformedon anACQUITYUPLCBEHC18
column (100 3 2.1 mm; i.d., 1.7 mm) connected to an ACQUITY UPLC
BEH C18 VanGuard precolumn (5 3 2.1 mm; i.d., 1.7 mm). The mobile
phases consisted of 0.1% formic acid and acetonitrile. The gradient
elutionmodewas programmed as follows: 20 to 25%B for 0.0 to 5.0min
and 25 to 35% B for 5.0 to 10.0 min. The column was then washed with
95%B for 3min and equilibrated with 20%B for 2 min. All samples were
kept at 10°C during the analysis. The flow rate and injection volumewere
0.4 mL/min and 2 mL, respectively. Mass spectrometry analysis was
conducted in negative ion mode with electrospray ionization. The mass
spectrometry conditions were optimized as follows: capillary voltage,
3 kV; cone voltage, 40 V; source temperature, 130°C; desolvation
temperature, 400°C; cone gas flow, 50 L/h; and desolvation gas flow,
900 L/h.

Accession Numbers

Gene sequences in this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: AtABCG25, At1g71960; AP2M, At5g46630; PIN2, At5g57090;
CLC2, At2g40060; ACT2, At3g18780; RD29A, At5g52310; RD29B,
At5g52300, NCED3, At3g14440; VPS29, At3g47810; ARA7, At4g19640;
and VHA-a1, At2g28520.

Supplemental Data

Supplemental Figure 1. Subcellular localization of sGFP:ABCG25 in
mag1-1 mutant plants.

Supplemental Figure 2. Accumulation of ABCG25 at BFA bodies is
inhibited by HUB.

Supplemental Figure 3. Time-course images of sGFP:ABCG25 after
BFA washout in the presence and absence of ABA.

Supplemental Figure 4. Exogenous application of ABA does not
affect recycling of PIN2:GFP.

Supplemental Figure 5. mag1-1 plants do not show any defect in
recycling of sGFP:ABCG25.

Supplemental Figure 6. Time-course images of sGFP:ABCG25
during endocytosis in the presence and absence of NaCl stress.

Supplemental Table 1. The nucleotide sequences of primers used in
this study.
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