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Lateral roots (LRs) increase the contact area of the root with the rhizosphere and thereby improve water and nutrient uptake
from the soil. LRs are generated either via a developmentally controlled mechanism or through induction by external stimuli,
such as water and nutrient availability. Auxin regulates LR organogenesis via transcriptional activation by an auxin complex
receptor. Endocytic trafficking to the vacuole positively regulates LR organogenesis independently of the auxin complex receptor
in Arabidopsis (Arabidopsis thaliana). Here, we demonstrate that phosphatidylinositol 4-phosphate (PI4P) biosynthesis regulated
by the phosphatidylinositol 4-kinases PI4KIIIb1 and PI4KIIIb2 is essential for the LR organogenesis driven by endocytic
trafficking to the vacuole. Stimulation with Sortin2, a biomodulator that promotes protein targeting to the vacuole, altered
PI4P abundance at both the plasma membrane and endosomal compartments, a process dependent on PI4K activity. These
findings suggest that endocytic trafficking to the vacuole regulated by the enzymatic activities of PI4KIIIb1 and PI4KIIIb2
participates in a mechanism independent of the auxin complex receptor that regulates LR organogenesis in Arabidopsis.
Surprisingly, loss-of-function of PI4KIIIb1 and PI4KIIIb2 induced both LR primordium formation and endocytic trafficking
toward the vacuole. This LR primordium induction was alleviated by exogenous PI4P, suggesting that PI4KIIIb1 and
PI4KIIIb2 activity constitutively negatively regulates LR primordium formation. Overall, this research demonstrates a dual
role of PI4KIIIb1 and PI4KIIIb2 in LR primordium formation in Arabidopsis.

Lateral roots (LRs) are postembryonic organs that
increase the surface area of the root and expand the
territory for the uptake of water and nutrients from the
soil. LR organogenesis is achieved by a developmental
program that generates a new organwithin the primary
root (Malamy and Benfey, 1997). Near the tip of the
primary root, specific cells of the pericycle cell layer are
specified as LR founder cells. LR founder cells divide
asymmetrically, generating a LR primordium (LRP).
The LRP increases in size and cell number until it
crosses the outer primary root layer, at which point it
constitutes an emerged LR (eLR; Casimiro et al., 2001;
Petricka et al., 2012). Plant roots constantly and regu-
larly generate new LRs as part of a developmentally
controlled mechanism (Van Norman et al., 2013). LR
organogenesis can also be stimulated by environmental

factors, thereby modifying root system architecture
according to growth conditions (Lima et al., 2010;
Gruber et al., 2013).

The phytohormone auxin is a key regulator of LR
organogenesis (Boerjan et al., 1995; Casimiro et al.,
2001; Dubrovsky et al., 2008; Marhavý et al., 2013). In
Arabidopsis (Arabidopsis thaliana), auxin is perceived by
the F-box auxin receptors transport inhibitor resistant1/
Auxin signaling F box proteins (TIR1/AFB), comprising part
of the E3 ubiquitin-ligase SKP, Cullin, F-box (SCF)TIR1/AFB
complex (Dharmasiri et al., 2005; Kepinski and Leyser,
2005). This activates an auxin-dependent transcrip-
tional response that leads to the formation of LRPs
(Fukaki et al., 2005; Okushima et al., 2007; Dubrovsky
et al., 2008; De Rybel et al., 2010; Xuan et al., 2015). The
regulation of both auxin perception and auxin-dependent
transcriptional activation plays important roles in
this developmental process in response to various
stimuli (Pérez-Torres et al., 2008; Miura et al., 2011;
Li et al., 2015).

An alternative molecular pathway to the SCFTIR1/AFB-
dependent mechanism is also present in Arabidopsis,
but the underlying molecular mechanism has not
been elucidated. LR organogenesis can occur inde-
pendently of the auxin receptor TIR1 when the pri-
mary root is mechanically stimulated or exposed to
Glc (Mishra et al., 2009; Richter et al., 2009; Zolla
et al., 2010). In addition, treatment with the synthetic
chemical compound Sortin2, which affects membrane
and protein targeting to the vacuole, induces LR or-
ganogenesis driven by a mechanism independent of
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SCFTIR1/AFB without affecting the transcriptional re-
sponse related to auxin perception (Pérez-Henríquez
et al., 2012).
We previously demonstrated that the effect of Sortin2

is due to the induction of endocytic trafficking to the
vacuole (Pérez-Henríquez et al., 2012; Vásquez-Soto
et al., 2015). In this type of trafficking pathway, com-
ponents at the plasma membrane are internalized to
intracellular compartments as the trans-Golgi network/
early endosome (TGN/EE) and late endosomes, which
ultimately fuse with the vacuole. Inhibition of endocytic
trafficking to the vacuole by treatment with the drug
wortmannin reduces the stimulating effects of Sortin2
on LR organogenesis (Pérez-Henríquez et al., 2012).
Notably, wortmannin does not affect LR organogenesis
driven by the developmentally controlled mechanism
(Emans et al., 2002; Beck et al., 2012; Pérez-Henríquez
et al., 2012), reinforcing the role of endocytic traf-
ficking in a distinctive molecular pathway leading to
LR formation.
Wortmannin inhibits the enzymatic activities of

phosphatidylinositol 3-kinase (PI3K) and phosphati-
dylinositol 4-kinase (PI4K; Matsuoka et al., 1995;
Delage et al., 2012; Okazaki et al., 2015). PI3K and PI4K
catalyze the formation of phosphatidylinositol 3-
phosphate (PI3P) and PI4P from phosphatidylinositol,
respectively. Therefore, the induction of LR formation
by Sortin2 could depend on the activities of these types
of phosphatidylinositol kinases. Both PI3P and PI4P are
enriched in different compartments of the Arabidopsis
endomembrane system (Simon et al., 2014) and are in-
volved in several secretory and endocytic trafficking
pathways (Kim et al., 2001; Preuss et al., 2006; Lee et al.,
2008; Kang et al., 2011; Kolb et al., 2015).
Arabidopsis contains 12 putative PI4K-encoding

genes in three gene families, PI4Ka, PI4Kb, and PI4Kg
(Mueller-Roeber and Pical, 2002). The biological func-
tions of only three of these genes (PI4KIIIa1, PI4KIIIb1,
and PI4KIIIb2) have been elucidated (Delage et al.,
2012; Heilmann and Heilmann, 2015; Okazaki et al.,
2015). PI4KIIIa1 is thought to be the main contributor
to the PI4P levels required for chloroplast biogenesis in
leaves (Okazaki et al., 2015), whereas PI4KIIIb1 and
PI4KIIIb2 play redundant roles in root tissue (Preuss
et al., 2006). Moreover, PI4K might function in endo-
cytosis in primary roots (Fujimoto et al., 2015). Con-
sistently, PI4P is primarily enriched at the plasma
membrane and the TGN/EE in Arabidopsis root cells
(Munnik and Nielsen, 2011; Simon et al., 2014). The loss
of function of PI4KIIIb1 and PI4KIIIb2 impairs TGN/
EE morphology and trafficking between the TGN/EE
and the plasma membrane (Preuss et al., 2006; Kang
et al., 2011). At the physiological level, both PI4KIIIb1
and PI4KIIIb2 regulate primary root growth and root
hair polarity. However, there is currently no evidence
linking PI4K activity or PI4P to LR organogenesis.
In this study, we demonstrate that PI4K activity is

crucial for LRP formation promoted by the induction of
endocytic trafficking. We demonstrate that PI4KIIIb1
and PI4KIIIb2 are essential for Sortin2-induced LRP

formation due to their role in PI4P synthesis. On the
other hand, PI4KIIIb1 and PI4KIIIb2 constitutively re-
press LR organogenesis by functioning as negative
regulators of endocytic trafficking. Overall, this study
indicates that endocytic trafficking to the vacuole me-
diates root branching via a mechanism that depends on
the activities of both PI4KIIIb1 and PI4KIIIb2 in
Arabidopsis.

RESULTS

PI4K Activity Is Required for the Induction of Endocytic
Trafficking and LRP Formation Stimulated by Sortin2

To explore the role of PI4K in LR organogenesis in-
duced by endocytic trafficking to the vacuole, we
evaluated the responses of seedlings to the PI4K in-
hibitor phenylarsine oxide (PAO; Simon et al., 2016).
Seedlings (7 d old) were treated with different doses of
PAO for 3 d. Treatment with 20 mM PAO abolished the
induction of LRP formation by Sortin2 (Fig. 1A). Similar
concentrations of PAO have been used to abolish PI4K
activity in foliar and radicular plant tissue (Okazaki
et al., 2015; Simon et al., 2016). The induction of LRP
formation induced by Sortin2 was also abolished by
treatment with lower doses of PAO. Indeed, even the
lowest concentration of PAO tested (0.1 mM) inhibited

Figure 1. PI4K activity is required for the LRP formation induced by
stimulated endocytic trafficking. Col-0 Arabidopsis seedlings (7 d old)
were treated with MSL containing 58 mM Sortin2 (black bars), 1% (v/v)
dimethyl sulfoxide (DMSO; control, white bars), or 1 mM NAA (gray
bars) and coincubated with 0.1, 1, 10, or 20 mM PAO. After 3 d, LRP (A)
and eLR (B) density were scored. The experiments were performed at
least in triplicate (n 5 17–56 for control, 17–41 for Sortin2, and 11–36
for NAA). One-way ANOVAwith Sidak’s multiple comparisons test was
performed: ***P, 0.001; **P, 0.01; *P, 0.05; ns (not significant; P.
0.05) comparedwith control conditions (without both PAO and Sortin2)
indicated above each bar or between conditions. Error bars denote SEM.
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nearly 80% of Sortin2-induced LRP formation to a level
comparable with that driven by the developmentally
controlled mechanism (Fig. 1A).

By contrast, a 0.1 mM PAO treatment did not inhibit
LRP formation induced by the exogenous application of
auxin 1-naphthaleneacetic acid (NAA; Fig. 1A). These
results indicate that low doses of PAO specifically affect
the LRP induction mechanism triggered by chemical
stimulation with Sortin2. Remarkably, 0.1 to 10 mM

PAO failed to inhibit LRP establishment by the devel-
opmentally controlled mechanism, indicating that
PAO-inhibited PI4K activity is dispensable for LRP
formation driven by this mechanism (Fig. 1A). Notably,
20 mM PAO inhibited NAA-induced LRP formation,
suggesting that PI4K functions in auxin-induced LRP
formation.

Furthermore, a 20 mM PAO treatment inhibited LR
emergence driven by the developmental program
and by exogenous treatment with Sortin2 and NAA
(Fig. 1B). These findings point to the presence of

a common PAO-targeted biological process distinct
from the process targeted by 0.1 mM PAO. Overall,
these results strongly support the notion that PI4K
activity plays a specific role in LRP formation driven
by Sortin2-induced endocytic trafficking. Furthermore,
these findings suggest that Sortin2 is an agonist of a
molecular mechanism that is distinct from that driven
by exogenous NAA treatment and the developmentally
controlled mechanism to promote LRP formation.

Sortin2-induced LR formation is associated with an
increased rate of endocytosis to the vacuole elicited by
this compound (Pérez-Henríquez et al., 2012). There-
fore, we evaluated the effect of inhibiting PI4K activity
on endocytic trafficking by tracking the internalization
of the endocytic tracer FM4-64 from the plasma mem-
brane to the vacuole (Bolte et al., 2004; Tejos et al., 2018)
over time in wild-type Arabidopsis root epidermal
cells. Under control conditions, FM4-64 reached the
endosomal compartments within 30 min and was
detected in the vacuole membrane within 90 min

Figure 2. Inhibition of PI4K activity impairs the
acceleration of endocytic trafficking to the vacu-
ole required for LRP formation. A and B, Effect of
PAO on endocytic trafficking induced by Sortin2.
Col-0 seedlings (7 d old) were preincubated in
MSL with 0.1 mM PAO for 60 min (B). Mock
conditions (without PAO) were included for
comparison (A). The seedlings were subsequently
incubated in 5mM FM4-64 at 4°C. After 5 min, 1%
(v/v) DMSO (control) or 58 mM Sortin2 (Sortin2;
final concentration) was added and the seedlings
were transferred to 22°C (Time 0). PAO levels
were maintained at 0.1 mM PAO throughout the
assay. FM4-64 internalization was evaluated for
120 min. Representative confocal single images
corresponding to 5, 30, 60, 90, and 120 min of
tracer internalization are shown. Scale bars 5
10 mm. Arrowheads indicate FM4-64–stained
tonoplast. C, Trafficking to the vacuole evaluated
under all conditions described in A and B. Epi-
dermal root cells from independent primary roots
displaying FM4-64–stained tonoplast were quan-
tified. Mock treatment: n5 74 to 143 cells for the
control (7–9 roots); n5 107 to 168 cells in Sortin2
(13–17 roots). Treated with PAO, n 5 168 to 267
cells for the control (9–13 roots), n 5 144 to 381
cells in Sortin2 (12–25 roots). Results are expressed
as the percentage of the evaluated cells 6 SEM.
Two-way ANOVA with Sidak’s multiple compar-
isons test was performed. ***P , 0.001; *P ,
0.05; not significant (ns): P . 0.05.
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(Fig. 2A). As described by Pérez-Henríquez et al. (2012),
upon Sortin2 treatment, endocytic trafficking occurred
much more rapidly: FM4-64 reached the endosomes by
5 min and the tonoplast by 60 min (Fig. 2A). Indeed,
after 60 min, FM4-64 reached the tonoplast in 55.6% 6
5.4% (SE) of cells in seedlings exposed to Sortin2,
whereas under control conditions, only 15.8%6 4.7% of
cells displayed FM4-64–stained tonoplasts (Fig. 2C).
Treatment with 0.1 mM PAO significantly decreased

the population of cells with FM4-64–stained tonoplasts
(to only 39.6% 6 6.8%) at 60 min in Sortin2-treated
seedlings (Fig. 2, B and C). By contrast, under control
conditions, neither endocytic trafficking nor the popu-
lation of cells with FM4-64–stained tonoplasts was
affected by 0.1 mM PAO treatment (Fig. 2). This con-
centration of PAO likely impairs PI4K activity, par-
tially inhibiting the effects of Sortin2 on endocytic
trafficking to the vacuole.
To confirm the identity of the vacuole structures ob-

served after 60min of FM4-64 internalization in Sortin2-
treated seedlings (Fig. 2A), we used FM1-43 to label the
tonoplast (Bolte et al., 2004). The tonoplast was labeled
with FM1-43 before starting the FM4-64 internalization

assay, which was performed under the conditions de-
scribed above (Fig. 2). By 60 min, FM4-64 had reached
the tonoplast in Sortin2-treated seedlings, whereas in
the control, very little FM4-64 was detected in this
compartment (Fig. 3A, intensity map).
Consistently, plasma membrane–localized FM4-64

was less abundant in Sortin2-treated seedlings than in
the control, suggesting that Sortin2 affects endocytic
trafficking to the vacuole (Fig. 3A, yellow arrowheads).
Under this condition, both tracers colocalized to the
tonoplast, as revealed in the FM1-43/FM4-64 merged
image (Fig. 3A). However, PAO inhibited the Sortin2-
induced delivery of FM4-64 to the tonoplast (Fig. 3A,
Sortin21PAO). By a later time point (120 min), FM4-64
had reached the tonoplast under both Sortin2 and
control conditions, but FM4-64 levels appeared to be
higher in Sortin2-treated seedlings (Fig. 3B). These re-
sults strongly support the notion that Sortin2 induces
endocytosis of the plasma membrane to the vacuole.
However, 20 mM PAO completely blocked the inter-

nalization of the endocytic tracer from the plasma
membrane in both control and Sortin2-treated seed-
lings (Supplemental Fig. S1), suggesting that PI4K plays

Figure 3. Inhibition of PI4K activity by PAO impairs Sortin2-stimulated trafficking of FM4-64 to the vacuole. Col-0 seedlings (7 d
old) were incubated in 5 mM FM1-43 for tonoplast labeling (green images). Seedlings were treated with 0.1 mM PAO or 1% (v/v)
DMSO (control) for 60 min. The seedlings were subsequently transferred to MSL supplemented with 0.1 mM PAO, 58 mM Sortin2,
0.1 mM PAO plus 58 mM Sortin2 (Sortin21PAO), or control conditions, followed by the evaluation of FM4-64 internalization
(magenta images). Confocal single imageswere taken at 60 (A) and 120 (B) min of FM4-64 internalization. Representative images
from three independent experiments are shown. The fluorescence of FM4-64 is represented as an intensity map according to
the scale included in each image. Images of tonoplasts colabeled with FM1-43 and FM4-64 are also shown. Codistribution of the
tracers was analyzed in 12 roots by analyzing 10 cells per root for each experimental condition. Yellow arrowheads indicate the
plasma membrane. Scale bars 5 10 mm.
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a general role in endocytic trafficking. Furthermore,
20 mM PAO-sensitive PI4K appears to contribute to the
emergence of LRs independently of the mechanism
underlying LR organogenesis (i.e. the developmentally
controlled program or that triggered by Sortin2 orNAA
application; Fig. 1B).

Overall, these results point to the existence of at least
two types of PI4K activities that differ in their sensi-
tivity to PAO. PI4K activity sensitive to submicromolar
concentrations of PAO contributes to Sortin2-induced
endocytic trafficking to the vacuole and LRP formation.

LRP Formation Driven by Endocytic Trafficking Requires
PI4P Biosynthesis

Because PI4K activity is relevant for the LRP forma-
tion promoted by the chemical induction of endocytic
trafficking, we reasoned that the levels or subcellular
localization of PI4P would be altered after Sortin2
treatment. To monitor in vivo changes in PI4P, we
evaluated the subcellular distribution of the PI4P bio-
sensor yellow fluorescent protein (YFP)-PHFAPP1 in an
Arabidopsis transgenic line (Thole and Nielsen, 2008).
This biosensor comprises YFP fused to a specific PI4P
binding domain (PHFAPP1) and accumulates in epider-
mal root cells (Vermeer et al., 2009; Simon et al., 2014).
YFP fluorescence in the cytoplasm is indicative of a free
biosensor, whereas YFP signals at the membrane can be
used as an indirect measure of PI4P abundance in a
particular compartment.

PI4P is primarily enriched at the plasma membrane
and is also localized to intracellular compartments,
such as TGN/EE (Simon et al., 2014). As expected,
under normal growth conditions, PI4P was primarily
detected at the cell periphery and was also visible as
dotted intracellular structures (Fig. 4A; Supplemental
Fig. S2A). PI4P levels were monitored in the subcellular
compartments over the course of 120 min (Fig. 4, C and
D; Supplemental Fig. S2A). PI4P levels at the plasma
membrane increased after 60 min, most likely in re-
sponse to the DMSO present in the culture medium,
whereas the levels of the biosensor decreased in the
intracellular compartments at 120 min (Fig. 4, C and D).

Upon Sortin2 treatment, PI4P retained its two sub-
cellular localizations, but its dynamics changed com-
pared with the control (Fig. 4, C and D; Supplemental
Fig. S2A). Exposure to Sortin2 induced a transient in-
crease in PI4P levels at the plasma membrane after
30 min compared with the control (Fig. 4C). Subse-
quently, PI4P levels at the plasma membrane gradually
decreased at 60 and 90 min, recovering to levels similar
to those observed at the beginning of the experiment
after 120 min of incubation (Fig. 4C; Supplemental Fig.
S2A). Sortin2 induced a transient increase in the endo-
some pool of PI4P compared with the control (Fig. 4, A
and D; Supplemental Fig. S2A).

We also detected a gradual increase in intracellular-
labeled structures at 30 to 90 min of Sortin2 treatment,
followed by a drop at 120 min to control levels (Fig. 4, A

and D; Supplemental Fig. S2A). This transient increase
in intracellular PI4P levels was not due to a net increase
in YFP fluorescence in response to Sortin2 treatment
(Supplemental Fig. S2C). Therefore, Sortin2 treatment
induced two types of changes in PI4P levels: (1) PI4P
levels increased, followed by a decrease, at the plasma
membrane; and (2) PI4P levels increased at the endo-
somal compartment. These effects lasted less than
120 min, after which point PI4P levels in both com-
partments became similar to those of the control.

The localization of PI4P was not affected by 0.1 mM

PAO treatment (Fig. 4B; Supplemental Fig. S2B), sug-
gesting that PI4K activity is not completely abolished
by this submicromolar concentration of PAO. How-
ever, the increase in PI4P levels at the plasma mem-
brane under control conditions was impaired by 0.1 mM

PAO treatment (Fig. 4E), suggesting that some of the
activity of PI4K is sensitive to this concentration of
PAO. Moreover, the effect of Sortin2 on PI4P levels in
both compartments was abolished by 0.1 mM PAO
treatment (Fig. 4, B, E, and F; Supplemental Fig. S2B),
highlighting the key role played by PI4K in regulating
PI4P levels in response to Sortin2, specifically PI4K
activity that is sensitive to this submicromolar concen-
tration of PAO.

Treatment with 20 mM PAO blocked localization of
the PI4P biosensor to the intracellular compartments,
resulting in its cytoplasmic distribution (Supplemental
Fig. S2E). This result indicates that a drastic drop in
PI4P levels occurred, which is consistent with previ-
ous reports (Vermeer et al., 2009; Simon et al., 2016).
Under this condition, endocytic trafficking was blocked
(Supplemental Fig. S1) and eLR formation was im-
paired (Fig. 1B). These results suggest that PI4P func-
tions in LR formation either via a developmentally
controlled mechanism or via a mechanism triggered by
Sortin2 or NAA treatment. Sortin2 failed to overcome
the abolition of PI4K activity, indicating that PI4P is
required for LRP formation (Fig. 1) and for Sortin2-
induced endocytic trafficking (Fig. 2). We conclude
that Sortin2 increases PI4P levels due to PI4K activity,
which is crucial for Sortin2-induced LRP formation.
Therefore, variation in PI4P abundance due to PI4K
activity is a key molecular component in endocytic
trafficking-dependent LRP formation.

PI4KIIIb1 and PI4KIIIb2 Are Key Modulators of LRP
Formation Driven by Endocytic Trafficking to the Vacuole

The enzymatic activities of PI4KIIIb1 and PI4KIIIb2
have been confirmed (Mueller-Roeber and Pical, 2002;
Delage et al., 2012); the loss-of-function of both of these
proteins in the pi4kiiiß1 pi4kiiiß2 double mutant results
in defects in root hair polarity and primary root length
(Preuss et al., 2006). Due to the involvement of PI4K in
LRP formation caused by accelerated endocytic traf-
ficking, we analyzed the effect of Sortin2 on pi4kiiiß1
pi4kiiiß2. Sortin2 failed to stimulate LRP formation in
pi4kiiiß1 pi4kiiiß2 (Fig. 5A, black bars). However, this
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Figure 4. Chemical stimulation of endocytic trafficking induces changes in PI4P levels, which are dependent on PI4K activity.
Evaluation of PI4P levels in 7-d-old YFP-PHFAPP1 transgenic seedlings was completed. Seedlings were preincubated in MSL with
0.1 mM PAO for 60 min (B). Mock treatment (without PAO) was used for comparison (A). The seedlings were subsequently in-
cubated in 58mM Sortin2 or under control conditions and recruitment of the sensor was evaluated. PAO levels weremaintained at
0.1 mM throughout the Sortin2 treatment. A and B, Representative confocal single images showing PI4P biosensor signals in
epidermal root cells after 30 and 90 min of treatment. An individual cell in an image with higher magnification and brightness is
shown for each condition. Arrowheads indicate intracellular compartments. Scale bars 5 10 mm. C to F, Evaluation of the re-
cruitment of the PI4P biosensor to the plasma membrane and endosomes under mock treatments (C and D) and treatment with
0.1 mM PAO (E and F). Fluorescence intensity at the plasma membrane (C and E) and intracellular compartments (D and F) was
quantified and normalized to the fluorescence of the whole cell. White and black bars represent control and Sortin2 treatment,
respectively. Epidermal root cells from different seedlings were evaluated in experimental triplicates (C and D, n5 58–93 control
from 7–10 roots, 58–132 Sortin2 from 4–10 roots; E and F, n 5 58–75 control from 7–12 roots, 62–79 Sortin2 from 9–15 roots).
Two-way ANOVA with Sidak’s multiple comparisons test was performed (C, E, and F). In D, a Kruskal-Wallis test with Dunn’s
multiple comparisons test was performed because the data did not fit a Gaussian distribution. ***P , 0.001; **P , 0.01; *P ,
0.05; not significant (ns): P . 0.05. Error bars denote SEM.
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mutant retained the capacity to develop more LRPs in
response to an exogenous stimulus, such as the auxin
NAA (Fig. 5A, gray bar). These results indicate that loss
of function of PI4KIIIb1 and PI4KIIIb2 specifically dis-
rupts the mechanism induced by Sortin2. Therefore,
both PI4KIIIb1 and PI4KIIIb2 are essential for LRP
formation driven by the induction of endocytic
trafficking.

The pi4kiiiß1 pi4kiiiß2mutant has lower levels of PI4P
than wild-type seedlings, consistent with its reduced
PI4K activity (Delage et al., 2012). Therefore, the in-
ability of pi4kiiiß1 pi4kiiiß2 to develop Sortin2-induced
LRP is most likely due to its reduced PI4P levels. To
investigate this possibility, we compensated for the
reduced levels of PI4P in pi4kiiiß1 pi4kiiiß2 via exoge-
nous treatment with PI4P. This treatment is effective in
Arabidopsis (Zheng et al., 2014). Indeed, the addition of
PI4P, along with a carrier protein, rescued the defective
primary root phenotype of the double mutant, sug-
gesting that exogenous application of PI4P was effec-
tive for increasing PI4P levels, at least in root tissue
(Supplemental Fig. S3C). Indeed, exogenous supple-
mentationwith PI4P restored the association of the PI4P
biosensor with the plasma membrane, which was im-
paired by the 20 mM PAO treatment in root cells
(Supplemental Fig. S2F). Furthermore, pi4kiiiß1 pi4kiiiß2
developed more LRPs in response to Sortin2 when ex-
ogenous PI4P was supplied (Fig. 5B). By contrast, exog-
enous PI3P had no effect on the sensitivity of the double
mutant to Sortin2-induced LRP formation (Fig. 5C).

These results confirm that this inability of pi4kiiiß1
pi4kiiiß2 to develop LRPs in response to Sortin2 is due to
its defect in PI4P levels. Therefore, the formation of the
enzymatic product of PI4K (PI4P) is required for LRP
formation induced by Sortin2. This conclusion is con-
sistent with the finding that PI4P levels increase after
Sortin2 stimulation and that PI4P is required to induce
LRP formation (Figs. 1 and 4). Furthermore, the PI4P
levels required for this developmental process are
specifically dependent on the enzymatic activities of
PI4KIIIb1 and PI4KIIIb2 in Arabidopsis.

Due to the essential roles of PI4KIIIb1 and PI4KIIIb2
in Sortin2-induced LRP formation, we next evaluated
their roles in endocytic trafficking to the vacuole.

Figure 5. PI4KIIIb1 and PI4KIIIb2 activity is essential for Sortin2-
induced LRP formation. A, Col-0 [7 d old; wild type (WT)] and
pi4kiiiß1 pi4kiiiß2 (pi4kiiißs) seedlings were treated with MSL con-
taining 58, 29, or 14.5mM Sortin2 (black bars), 1mMNAA (gray bar), and
control conditions (1% [v/v] DMSO, white bar). After 3 D, LRP density
was scored relative to control conditions for each genetic background
(n 5 29 wild type and 44 pi4kiiißs seedlings in control, 16 to 17 wild
type and 21–32 pi4kiiißs seedlings in Sortin2, 14 wild type and
20 pi4kiiißs seedlings in NAA). B, Exogenous PI4Pwas added to 5-d-old
pi4kiiißs seedlings to evaluate the rescue of the mutant phenotype. PI4P
was added at a ratio of 15 mM:15 mM PI4P:Carrier3 complex (PI4P).
Seedlings incubated in organic solvent (S) or Carrier3 (Car) alone were

used as controls to probe the specific effect of PI4P. LRP density was
evaluated in seedlings after 5 d of treatment with 58 mM Sortin2 (black
bars) or under control conditions (1% [v/v] DMSO; white bar) in two
independent experiments (n 5 19–25 seedlings in control, 14–16
seedlings in Sortin2). C, A similar experiment to (B) was performed to
test the effect of exogenous PI3P [added at a ratio of 15 mM:15 mM

PI3P:Carrier3 complex (PI3P)]. In addition, exogenous PI4P treatment
was run in parallel to compare the effects of both lipids. Three inde-
pendent experiments were performed (n 5 20 control seedlings and
8–12 Sortin2-treated seedlings, for each experimental condition). One-
way (A) and two-way (B and C) ANOVA with Sidak’s multiple com-
parisons test were performed. ***P, 0.001; **P, 0.01; *P, 0.05; not
significant (ns): P . 0.05 compared with the corresponding control
(symbol above each bar) or between conditions. Error bars denote SEM.
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Specifically, we analyzed FM4-64 internalization in
pi4kiiiß1 pi4kiiiß2 over time. The double mutant dis-
played larger FM4-64–stained endosomes than wild-
type seedlings (Fig. 6A, 60 min), which is consistent
with the altered trans-Golgi network structure resulting
from the loss of function of PI4KIIIb1 and PI4KIIIb2
(Kang et al., 2011). When compared with the wild type,
fewer FM4-64–stained endosomes were observed at 5
and 30 min in the double mutant (Fig. 6A). By contrast,
endocytic trafficking to the vacuole was accelerated in
pi4kiiiß1 pi4kiiiß2, as FM4-64 reached the vacuole in a
shorter time (within 60 min) in the double mutant than
in wild-type seedlings (within 90 min; Fig. 6A).
FM4-64 trafficking from the plasma membrane to

endosomes was inhibited in the double mutant, which
is consistent with the impaired FM4-64 internalization
recently described by Lin et al. (2019). However, the
tracer reached the vacuole more rapidly in the double

mutant than in the wild type. This finding suggests that
trafficking to the vacuole is highly stimulated in
pi4kiiiß1 pi4kiiiß2 to compensate for the initial inhibition
of plasma membrane-to-endosome trafficking. The loss
of function of PI4KIIIb1 and PI4KIIIb2 appears tomimic
the response of wild-type seedlings to Sortin2. There-
fore, PI4KIIIb1 and PI4KIIIb2 are required for the in-
ternalization of the plasma membrane that underlies
endosome formation. Furthermore, these enzymes
negatively regulate trafficking to the vacuole. Sortin2
failed to induce the internalization of FM4-64 from the
plasma membrane to endosomes in pi4kiiiß1 pi4kiiiß2
seedlings (Fig. 6, A and B). Moreover, Sortin2 failed to
further increase the rate of trafficking to the vacuole in
the double mutant (Fig. 6, A and C).
These observations are consistent with the finding

that Sortin2 did not induce LRP formation in pi4kiiiß1
pi4kiiiß2 (Fig. 5A). These results confirm the requirement

Figure 6. The loss of function of PI4KIIIb1 and PI4KIIIb2 results in a higher rate of endocytic trafficking to the vacuole, which is
not affected by Sortin2. A, FM4-64 endocytic kinetics in epidermal root cells in 7-d-old Col-0 [wild type (WT) control] and
pi4kiiiß1 pi4kiiiß2 (pi4kiiißs control) seedlings under control conditions. FM4-64 endocytic kinetics of 7-d-old pi4kiiiß1
pi4kiiiß2 seedlings was also evaluated in the presence of 58 mM Sortin2 (pi4kiiißs Sortin2). Representative single confocal images
of FM4-64 internalization in experimental triplicates in different time periods are shown. Arrowheads indicate FM4-64–stained
tonoplasts. Scale bars 5 10 mm. B, Quantification of FM4-64 internalized in subcellular compartments in pi4kiiiß1 pi4kiiiß2
epidermal root cells shown in (A). FM4-64 fluorescence was normalized to the fluorescence of the whole cell. C, The number of
epidermal root cells with stained tonoplast under the conditions described in (A) was quantified and expressed as the percentage
of the evaluated cells. B and C correspond to n 5 48–130 root cells from 8–13 control seedlings and 120–203 cells from 13–
23 Sortin2-treated seedlings. Two-way ANOVAwith Sidak’s multiple comparisons test was performed. ***P, 0.001; **P, 0.01;
*P , 0.05; not significant (ns): P . 0.05. Error bars denote SEM.
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of PI4KIIIb1 and PI4KIIIb2 for LRP formation promoted
by the acceleration of endocytic trafficking to the vac-
uole in response to Sortin2.

Chronic Inhibition of PI4K Activity Induces Endocytic
Trafficking to the Vacuole, thereby Affecting
LRP Formation

We noticed that treatment with PI4P affected LRP
formation in pi4kiiiß1 pi4kiiiß2 (Fig. 5B). Indeed, the
number of LRPs decreased by 33% in the doublemutant
supplemented with PI4P (Fig. 5B) without apparently
affecting eLR formation (Supplemental Fig. S3C). The
addition of PI3P to pi4kiiiß1 pi4kiiiß2 did not produce
any changes in LRP formation in the presence or ab-
sence of Sortin2, indicating that PI4P plays a specific
role in this process (Fig. 5C). Therefore, the lower levels
of PI4P caused by the loss of function of PI4KIIIb1 and
PI4KIIIb2 resulted in a higher number of LRPs in the
double mutant. This contradicts the notion that PI4P is
required for Sortin2-driven LRP formation.

We investigated whether pi4kiiiß1 pi4kiiiß2 displayed
an LR phenotype by analyzing the root system archi-
tecture of 10-d-old double mutant seedlings. Indeed,
under normal conditions, pi4kiiiß1 pi4kiiiß2 seedlings
displayed an increased number of LRPs compared with
the wild type (Fig. 7, B and C, respectively). Seedlings
(10 d old) displayed a 110% increase in LRP formation,
which was sustained as the plants aged (Fig. 7B).

In the primary root, LRPs are generated in the FZ,
and after development, they emerge in the BZ
(Dubrovsky and Forde, 2012). In wild-type Arabi-
dopsis, the FZ is shorter than the BZ (Fig. 7A). How-
ever, pi4kiiiß1 pi4kiiiß2 displayed a relatively long FZ in
proportion to the BZ (Fig. 7A). Furthermore, we ob-
served an increase in LRP formation in both the FZ and
BZ of pi4kiiiß1 pi4kiiiß2, confirming that the LRP for-
mation mechanism is highly induced in this mutant
(Fig. 7B). This increase was maintained in 14-d-old
plants (Fig. 7B). The increase in eLR formation in
pi4kiiiß1 pi4kiiiß2 became evident only in 14-d-old
plants, which could be explained by the increase in LRP
formation observed during the earlier stages (Fig. 7C).
This mutant phenotype suggests that PI4KIIIb1 and
PI4KIIIb2 play negative roles in LRP formation
(Fig. 7B). The LRP overproduction in pi4kiiiß1 pi4kiiiß2
indicates that PI4KIIIb1 and PI4KIIIb2 are negative
regulators of LRP formation. However, in wild-type
seedlings, interfering with PI4K activity by a 3-d treat-
ment with 0.1 mM PAO did not alter LRP formation
(Fig. 1A) or endocytic trafficking to the vacuole
(Fig. 2B). Perhaps the genetic loss of function of the
PI4KIIIßs activates a compensatory mechanism for LRP
formation that depends on endocytic trafficking to the
vacuole, which is also stimulated in the double mutant,
as mentioned above.

The genetic loss of function of PI4K could be mim-
icked by the chronic chemical inhibition of its enzy-
matic activity. Therefore, we investigated the effect of

applying PAO before seed germination to chemically
provoke the loss of function of PI4K activity. Indeed,
wild-type seedlings grown in the presence of 0.1 mM

PAO since seed sowing displayed a defect in root hair
polarity resembling the pi4kiiiß1 pi4kiiiß2 pheno-
type described by Preuss et al. (2006; Supplemental Fig.
S4A). Furthermore, the chemically induced loss of
function of PI4K induced vacuole fragmentation com-
parable with that of pi4kiiiß1 pi4kiiiß2 (Supplemental
Fig. S4B).

Because chronic chemical inhibition proved to be
effective, we evaluated its impact on root system ar-
chitecture and endocytic trafficking (Fig. 8). When
wild-type seedlings were grown in 0.1 or 1 mM PAO,
LRP formation increased (Fig. 8A), whereas the
number of eLRs was not altered by a 0.1 or 1 mM PAO
treatment (Fig. 8B). Therefore, the addition of PAO
from germination to the seedling stage mimicked the
phenotype of the genetic loss of function of PI4KIIIb1
and PI4KIIIb2. By contrast, 0.1 and 1 mM PAO treat-
ment had no effect on LRP formation in the pi4kiiiß1
pi4kiiiß2 mutant (Fig. 8A). The insensitivity of the
pi4kiiiß1 pi4kiiiß2 mutant to PAO supports the notion
that the targets of low doses of PAO are PI4KIIIb1
and PI4KIIIb2. Moreover, this result confirms that
these two proteins are crucial for LRP formation. The
doses of PAO that completely inhibited endocytosis
from the plasma membrane, even in pi4kiiiß1 pi4kiiiß2
(20 mM and 10 mM; Supplemental Fig. S5), did not
promote LRP formation in wild-type or pi4kiiiß1
pi4kiiiß2 plants (Fig. 8A). Indeed, 20 mM PAO inhibi-
ted LRP formation in the pi4kiiiß1 pi4kiiiß2 mutant to
levels similar to those observed in the wild type
(Fig. 8A). Therefore, PI4K enzymes other than
PI4KIIIb1 and PI4KIIIb2 are also important for LR
organogenesis.

Chronic PI4K inhibition by 0.1 mM PAO in wild-type
seedlings induced endocytic trafficking to the vacuole,
as FM4-64 reached the tonoplast at an earlier time point
(60 min) in a higher proportion of epidermal root cells
compared with the control, i.e. 58.9% of cells in PAO-
sown seedling compared with 27.6% in the control
(Fig. 8C). Consistently, under this condition, FM4-64-
stained endosomes were enlarged, as were pi4kiiiß1
pi4kiiiß2 endosomes (compare Fig. 6A to Fig. 8C, at
60 min). Therefore, plants exposed to chronic chemical
inhibition of PI4K activity exhibited an endocytic traf-
ficking phenotype similar to that of the PI4KIIIb1 and
PI4KIIIb2 genetic loss-of-function mutant. However,
the inhibition of PI4KIIIb1 and PI4KIIIb2 activity by a
3-d treatment with 0.1 mM PAO did not alter the timing
of trafficking from the plasmamembrane to the vacuole
(Fig. 2B). These contrasting effects strengthen the idea
that a compensatory mechanism takes place when the
functions of both PI4KIIIb1 and PI4KIIIb2 are chroni-
cally inhibited, leading to the induction of endocytic
trafficking and LRP formation. Overall, these results
confirm that PI4KIIIb1 and PI4KIIIb2 are indeed the
PI4Ks that participate in LRP formation driven by
endocytic trafficking.
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Figure 7. The loss of function of PI4KIIIb1 and PI4KIIIb2 promotes root branching. A, Col-0 [10 d old; wild type (WT)] and
pi4kiiiß1 pi4kiiiß2 loss-of-function mutant (pi4kiiißs) seedlings are shown. Scale bar5 1 cm. The length of the primary root was
measured in 10- and 14-d-old seedlings. The length of the branching zone (BZ) and formation zone (FZ) of Col-0 and pi4kiiißs
primary roots was evaluated in 10- and 14-d-old seedlings. The ratio of FZ/BZ length is also shown. The primary root zones were
defined according to Dubrovsky and Forde (2012). B, LRP density in 10- and 14-d-old Col-0 (wild type) and pi4kiiißs seedlings
(n5 11wild type and 9 pi4kiiißs seedlings). LRP density values in the entire primary root, BZ, and FZ are shown. C, The density of
eLRs in the entire primary root and its BZ in 10- and 14-d-old Col-0 (wild type) and pi4kiiißs seedlings. A to C, Results from three
independent experiments are shown (n 5 11 wild type and 9 pi4kiiißs seedlings). Two-tailed Student’s t test was performed:
***P , 0.001; **P , 0.01; *P , 0.05. Error bars denote SEM.
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DISCUSSION

In this study, we evaluated the role of PI4K activity in
endocytic trafficking–dependent LR organogenesis via
chemical stimulation with Sortin2. This chemical stim-
ulation induced changes in PI4P levels in subcellular
compartments in conjunction with the induction of
an endocytic pathway to the vacuole, leading to LRP
formation. The increase in PI4P levels in response to
Sortin2 stimulation is mediated by the PI4Ks PI4KIIIb1
and PI4KIIIb2. By contrast, chronic chemical and ge-
netic inhibition of both enzymes had a positive effect on
LRP formation due to the induction of trafficking to the
vacuole. Therefore, PI4KIIIb1 and PI4KIIIb2 negatively
regulate developmentally controlled LR organogenesis
in wild-type Arabidopsis.

The Role of PI4K in LRP Formation Induced by
Endocytic Trafficking

The requirement of PI4K activity for the mode of
action of Sortin2 suggests that PI4KIIIb1 and PI4KIIIb2

are the cognate targets of this bioactive chemical. The
insensitivity displayed by the double mutant pi4kiiiß1
pi4kiiiß2 (Fig. 5A) reinforced this idea. However, the
ability to develop LRPs in response to Sortin2 was re-
stored by the addition of exogenous PI4P. Under such
conditions, Sortin2 was able to exert its role in LRP
formation even in the absence of PI4KIIIbs (Fig. 5B).
Therefore, during root organogenesis, the cognate tar-
get(s) of Sortin2 is likely a molecular component up-
stream of the PI4KIIIbs. Indeed, the effect of Sortin2 on
endocytosis from the plasma membrane was observed
after only 5 min (Fig. 2A; Pérez-Henríquez et al., 2012),
whereas an increase in PI4P levels was detected after
30 min (Fig. 4, C and D), suggesting that endocytosis
from the plasmamembrane is the leading cellular event
in this process.

PI4P is present at the plasma membrane and the
FM4-64–labeled intracellular compartment identified
as the TGN/EE membranes (Vermeer et al., 2009;
Simon et al., 2014, 2016; Tejos et al., 2014). Treatment
with Sortin2 promoted changes in PI4P levels in the

Figure 8. Chronic inhibition of PI4K activity positively affects endocytic trafficking to the vacuole and stimulates LRP formation. A
and B, The effect of chronic treatment with PAO on Col-0 [wild type (WT)] and pi4kiiiß1 pi4kiiiß2. Seeds were incubated for 10 d
in MSS containing 0.1, 1, 10, or 20 mM PAO. Incubation with MSS supplemented with 1% (v/v) DMSO was used as the control
(0 mM PAO). LRP (A) and eLR (B) density was evaluated (n5 20–37 wild type and 16–40 pi4kiiißs seedlings per condition). Two-
way ANOVAwith Sidak’s multiple comparisons test was performed. ***P, 0.001; **P, 0.01; *P, 0.05; ns (not significant): P.
0.05. Error bars denote SEM. C, Endocytic trafficking of FM4-64 evaluated in 7-d-old Col-0 (wild type) seedlings treated with
0.1mM PAOor 1% (v/v) DMSO (control) beginning at germination. PAOorDMSO levelsweremaintained throughout the FM4-64
internalization assay. Representative confocal images of FM4-64 internalization in experimental triplicates at different time points
are shown. Arrowheads indicate FM4-64-stained tonoplast. Scale bar5 10 mm. Epidermal root cells with stained tonoplast were
quantified and expressed as a percentage of the evaluated cells (n5 84–329 cells from 6–15 seedlings in control and 94–410 cells
from 6–20 seedlings in the PAO condition). Two-way ANOVA with Sidak’s multiple comparisons test was performed. ***P ,
0.001; **P , 0.01; *P , 0.05; not significant (ns): P . 0.05. Error bars denote SEM.
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membranes, where this lipid is normally synthesized
(Fig. 4). After chemical stimulus, PI4P levels increased
at the plasma membrane before increasing at the
endocytic downstream compartment TGN/EE, sug-
gesting the presence of a cascade event (Fig. 4). A sub-
micromolar dose of PAO (0.1 mM) drastically repressed
LRP formation, specifically in response to these changes
in PI4P enrichment in the membrane (Fig. 1A). This
concentration of PAO particularly targets PI4KIIIbs
proteins, as revealed by the insensitivity of pi4kiiiß1
pi4kiiiß2 to 0.1 and 1 mM PAO (Fig. 8A). Therefore, these
PI4Ks are essential for increasing PI4P levels induced
by Sortin2 (Fig. 4) and for LRP formation in response to
the induction of endocytic trafficking (Figs. 1–3).
PI4KIIIb1 is most likely responsible for raising PI4P

levels at the TGN/EE, the subcellular location in which
this protein is enriched (Preuss et al., 2006; Kang et al.,
2011; Lin et al., 2019). Because PI4KIIIb1 has not been
detected at the plasma membrane, the increase in PI4P
levels at the plasma membrane is likely due to
PI4KIIIb2 activity. Although the membrane localiza-
tion of PI4KIIIb2 has not been reported, platforms such
as Bio-Analytic Resource have identified interactions of
PI4KIIIb2 with several plasma membrane–localized
proteins, which is consistent with the observation that
PI4KIIIb2-GFP fusion protein accumulates at the
plasma membrane in Arabidopsis roots (Okazaki et al.,
2015).
After PI4P levels increased in response to Sortin2,

PI4P levels dropped at the plasma membrane as well
as the TGN/EE (Fig. 4, C and D), which is consistent
with the dynamic metabolism of phosphoinositides
(PIs). After their biosynthesis, PIs are rapidly used
as substrates by kinases, phosphatases, and lipases
(Boss and Im, 2012; Heilmann, 2016). PI4P could be
phosphorylated by the PI4P 5-kinase (PI4P5K), gener-
ating PI(4,5)P2 (Munnik and Nielsen, 2011; Heilmann,
2016). PI4P5K activity and PI(4,5)P2 levels increase at
the plasma membrane and intracellular membranes
in response to various stimuli (Im et al., 2007; van
Leeuwen et al., 2007; Mishkind et al., 2009), which
is accompanied by a decrease in PI4P levels (König
et al., 2008). Subsequently, PI4P5K activity could be
responsible for the decrease in PI4P levels detected
after chemical stimulation (Fig. 4). Whether the me-
tabolism of PI4P is part of the signaling pathway for
LRP formation, the progression of endocytosis, or
simply a mechanism used to reestablish PI4P levels,
is unknown.

PI4KIIIb-Dependent Endocytic Trafficking and its Impact
on LR Organogenesis

The increase in PI4P levels induces the recruitment of
PI4P-interacting proteins to enable or initiate the cas-
cade of downstream events. RAB proteins are small
GTPases that regulate membrane trafficking, as their
activated forms bind to specific endomembrane com-
partments and recruit other proteins. PI4KIIIb1 and

RABA4b are localized to the TGN/EE (Kang et al.,
2011), strongly suggesting this complex plays a role
in vesicle trafficking. Notably, PI4K of the a and g
families of Arabidopsis is unable to interact with RAB4Bb
(Preuss et al., 2006). Because the loss of function of
the PI4KIIIbs is sufficient for abolishing the response
to Sortin2, the PI4KbIIIs/RABA4b complex most likely
mediatesmembrane trafficking leading to LRP formation.
Furthermore, PI4P recruits proteins containing lipid

binding domains (Heilmann, 2016), such as the ubiq-
uitin E3 ligase PLANT U-BOX13 (PUB13; Mudgil et al.,
2004). Indeed, the interaction among RABA4b, PUB13,
and PI4KIIIb1, along with other PI4P interactors, con-
stitutes a TGN microdomain that participates in redi-
recting proteins from the plasma membrane toward
late endosomes/prevacuolar compartments (Antignani
et al., 2015). Therefore, the TGN PI4KIIIbmicrodomain
might participate in endocytic protein relocation lead-
ing to LR organogenesis. Although PUB13 is associated
with PI4KIIIbs in leaves, their physical association in
root tissues has not been analyzed. Sortin2-induced
endocytic trafficking of FM4-64 to the vacuole was
impaired by the chemical inhibition of PI4KIIIb activity
(Figs. 2 and 3). However, the induction of endocytosis
was not abolished by this treatment (Fig. 2). Because
FM4-64 traces all trafficking routes to the vacuole,
PI4KIIIbs activities likely play a role in at least one of
the three routes for delivering cargo from the TGN/EE
to the vacuole described in Arabidopsis (Ebine et al.,
2014). Such a route and/or cargo is crucial for LR
organogenesis, since its interference abolishes LRP
formation (Fig. 1).

The Dual Role of PI4KIIIbs in LRP Formation

Surprisingly, both the chronic chemical inhibition
and genetic loss of function of PI4KIIIbs resulted in
increases in both LRP formation and endocytic traf-
ficking to the vacuole (Figs. 6, 7, and 8). Therefore, it
appears that PI4KIIIb1 and PI4KIIIb2 constitutively
inhibit the LR organogenesis induced by a pathway
that depends on endocytic trafficking. PI4Ks function as
negative regulators in various physiological processes
in response to external stimuli (Šašek et al., 2014;
Okazaki et al., 2015). The chemical stimulus of Sortin2
increases PI4K activity and PI4P levels as well as LRP
formation. By contrast, LRP formation is promoted
even though the loss of function of PI4KIIIb1 and
PI4KIIIb2 causes a decrease in PI4P levels (Delage et al.,
2012). Indeed, exogenous PI4P treatment, but not PI3P
treatment, rescued the LRP phenotype of the pi4kiiiß
pi4kiiiß2 mutant. These observations suggest that PI4P
is a key dual regulator of LRP formation, functioning as
a negative regulator of developmentally controlled LRP
formation and a positive regulator of LRP formation
induced by Sortin2 exposure.
We propose that under normal conditions, basal

levels of PI4P recruit proteins with a high affinity for
PI4P that negatively regulate endocytic trafficking and
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LRP formation. In the chronic absence of PI4KIIIb
function, PI4P is present well below basal levels, losing
its negative regulatory effect, which in turn mimics the
effect of Sortin2 on cellular trafficking. By contrast,
following Sortin2 treatment, increased levels of PI4P
recruit proteins with relatively low affinity for PI4P that
stimulate endocytic trafficking to the vacuole and LRP
formation. Such interactors might be RAB proteins, as
mentioned above, and/or other proteins whose iden-
tities and functions remain to be determined.

Physiological Mechanisms of LR Organogenesis

The pi4kiiiß1 pi4kiiiß2 mutant displays hormone-
related phenotypes associated with the increased bio-
synthesis of salicylic acid (SA) and the constitutive
expression of pathogenesis-related genes: stunted ro-
sette growth and increased resistance to Pseudomonas
syringae (Šašek et al., 2014). However, the major root
phenotypes of the mutant (shorter roots and non-
polarized root hairs) are not explained by an increase in
SA levels (Šašek et al., 2014). Increased SA levels do not
lead to the increased LRP and LR formation observed in
the double mutant, since this hormone does not pro-
mote LR organogenesis. Furthermore, the LRP pheno-
type of pi4kiiiß1 pi4kiiiß2 is not related to altered auxin
levels or signaling, since it displays similar auxin levels
and auxin-dependent gene expression to the wild-type
line (Šašek et al., 2014).

The participation of the PI4KIIIbs reinforces the no-
tion that endocytic trafficking is a distinct mechanism
from TIR1/AFB–dependent LR organogenesis (Pérez-
Henríquez et al., 2012). The pi4kiiiß1 pi4kiiiß2 double
mutant exhibited modified root system architecture in
response to the auxin NAA, but not to Sortin2 (Fig. 4A).
Consistently, the acute chemical inhibition of PI4KIIIbs
in wild-type seedlings specifically affected LRP for-
mation promoted by Sortin2 without affecting LRP
formation controlled by the developmental program
or auxin-induced LRP formation (Fig. 1A). These re-
sults indicate that at least two molecular mechanisms
underlie root organogenesis. The known role of PI4P
in endomembrane trafficking could explain the piv-
otal role of PI4KIIIb-dependent endocytosis in root
organogenesis.

Finally, PI4P and other phosphoinositides function
in various signaling processes (Ischebeck et al., 2010;
Munnik and Vermeer, 2010; Delage et al., 2012). Per-
haps PI4P is involved in transmitting environmental
cues that promote root organogenesis independently
of SCFTIR1/AFB. The flux of sugars influences plant
development and physiology. The presence of Glc in
the growth medium and mechanical stimulation in-
crease the number of LRs, even in plants with a loss
of function of the auxin receptor TIR1 (Mishra et al.,
2009; Richter et al., 2009). Glc also promotes ligand-
dependent endocytosis, resulting in the activation
of signaling linking the developmental process to a
protein-trafficking mechanism, although the roles of

PI4P and other PIs in this process remain unknown
(Urano et al., 2012).

Overall, the findings presented here support the re-
quirement of PIP4 and the enzymes PI4KIIIb1 and
PI4KIIIb2 in the LRP formation induced by stimulation
of endocytic trafficking, which is a mechanism that is
independent of the auxin receptor complex SCFTIR1/AFB.
Moreover, these enzymes function as negative regula-
tors of constitutive LRP formation under normal plant
growth conditions.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) wild-type ecotype Columbia-0, the double
homozygous mutant pi4kiiiß1 pi4kiiiß2 (SALK_040479 SALK_098069; Preuss
et al., 2006), and the transgenic PI4P biosensor Arabidopsis line 35S:YFP-
PHFAPP1 (Vermeer et al., 2009; Simon et al., 2014) were used in this study.
Sterilized seeds were sown in solid culture medium (MSS) containing liquid
culturemedium (MSL)formulatedwith 0.53Murashige and Skoog salts (M519,
PhytoTechnology Laboratories), 1% (w/v) Suc, 0.05% (w/v) MES (pH 5.7), and
0.01% (w/v) myo-inositol, and 0.7% (w/v) Phytoagar (PhytoTechnology Lab-
oratories). The seedlings were grown vertically in MSS in growth chambers at
22°C under a 16-h-light/8-h-dark photoperiod.

Chemical Treatments

Treatments were performed on MSL unless otherwise stated. Sortin2
(46 mM), PAO (60 mM), and NAA (10 mM) stocks were dissolved separately
in 100% (v/v) DMSO. The final concentration of DMSO in all treatment and
control conditions was 1% (v/v). Before seedling treatment, MSL containing
Sortin2 (working concentrations of 14.5, 29, or 58 mM Sortin2) was exposed to
6,200 lumens in a growth chamber under a 16-h-light/8-h-dark photoperiod for
4 d. To evaluate PI4P biosensor distribution and FM4-64 endocytosis under
PI4K inhibition, 60-min pretreatments with 0.1 or 20 mM PAO were performed.
The same concentration of PAO was maintained during the assay. For chronic
inhibition of PI4K activity, sterilized wild-type and pi4kiiiß1 pi4kiiiß2 seeds were
incubated on MSS supplemented with 0.1, 1, 10, or 20 mM PAO for 10 d.

LR Architecture

Seedlings were fixed in 70% (v/v) ethanol for 24 h and cleared for an ad-
ditional 24 h with 90% (v/v) lactic acid. To analyze root architecture, seedlings
were transferred to a microscope slide. Slides were scanned in an Epson V600
Scanner, and primary root length was measured. LRPs and eLRs were scored
under a Nikon E200 light microscope (200X). The number of LRPs and eLRs
relative to the primary root length for each seedling was used as a measure of
density. The beginning of the primary root differentiation zonewas identified as
the position where the first apical root hair appeared, and the most apical eLR
delimited the FZ. The BZ was defined as the primary root section between the
most apical eLR and the root–shoot transition zone (Dubrovsky and Forde,
2012).

Endocytic Trafficking to the Vacuole

FM4-64 internalization was evaluated in epidermal root cells over time as
described by Tejos et al. (2018). Seedlings were incubated in 5 mM FM4-64
(Invitrogen) at 4°C for 5 min and transferred to 22°C before measuring FM4-64
internalization kinetics (time zero of internalization). Single confocal images
were taken at 5, 30, 60, 90, and 120 min to evaluate FM4-64 localization under a
Zeiss LSM 510 confocal microscope (laser 543 nm/emission . 560 nm, 16003
zoom). Plasma membrane and intracellular FM4-64 signals were quantified
using ImageJ v.1.49i. Selection of the region of interest (ROI) was performed
manually for each cell.

The tracer FM1-43 (Bolte et al., 2004) was used to label the tonoplast.
Seedlings were treated with 5 mMFM1-43 (Invitrogen) for 10min inMSL at 4°C
and transferred to fresh MSL for 4 h in darkness at room temperature (22°C) to
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allow for enrichment of the tracer in the tonoplast. Analysis of FM4-64 inter-
nalizationwas performed as described. Additionally, free FM4-64was removed
by washing the seedlings before analyzing FM4-64 internalization kinetics.
Confocal single images from colabeled seedlings were captured under a Zeiss
LSM 710 confocal microscope. FM1-43 and FM4-64 were detected by laser 488/
emission 533–568 nm and laser 543/emission 588–696 nm, respectively. A FM4-
64 fluorescence intensity map was constructed using LUT Rainbow RGB in
ImageJ. The codistribution of FM1-43 and FM4-64 in the vacuole was analyzed
using the Coloc2 and ICA plug-ins in FIJI. The ROI of the area occupied by the
vacuole was selected manually in FM1-43–vacuole labeled cells.

PI4P Level

The PI4P biosensor line 35S:YFP-PHFAPP1 (Vermeer et al., 2009; Simon et al.,
2014) was used to monitor the subcellular distribution of the PI4P biosensor
in vivo. YFP fluorescence was evaluated under a Zeiss LSM 510 confocal mi-
croscope (laser 488/emission 505–550 nm, 16003 zoom). The recruitment of
YFP-PHFAPP1 to the membrane was quantified using the tool “Raw Integrated
Density” of ImageJ v.1.49i (http://fiji.sc/Fiji). Selection of the ROI of the whole
cell, plasma membrane, and intracellular space was performed by manually
tracing single confocal images. The fluorescence from the whole cell (WC) and
the intracellular space (IC) was quantified. The inner background cell fluores-
cence was considered to represent cytoplasmic fluorescence of the biosensor
(Simon et al., 2014). The fluorescence intensity of the plasma membrane-
localized biosensor was calculated by subtracting the IC fluorescent signal
from theWC fluorescent signal. The recruitment of the biosensor to intracellular
compartments was calculated by subtracting the inner background fluorescent
signal from the IC fluorescent signal. The fluorescence intensity of the plasma
membrane and intracellular compartments relative to WC fluorescence inten-
sity was calculated to determine the recruitment to the membrane of each
compartment. More detailed information can be found in the Supplemental
Methods section.

Rescue of the Defective Phenotype due to PI4KIIIb1 and
PI4KIIIb2 Loss of Function

Purified PI4P (P-4016; Echelon Biosciences, Inc.) or PI3P (P-3016; Echelon
Biosciences) was added to pi4kiiiß1 pi4kiiiß2 seedlings following the manufac-
turer’s protocol. Both PI4P and PI3P were dissolved to a final concentration of
522 mM in chloroform:methanol:water (1:2:0.8). The protein carrier Carrier3 was
dissolved to a concentration of 500 mM in sterile water. Dissolved lipid and
Carrier3 were incubated in a 1:1 M ratio for 45 min at 4°C. MSL containing
15 mM:15 mM lipid:Carrier3 was added to 5-d-old pi4kiiiß1 pi4kiiiß2 seedlings.
MSL containing an equivalent amount of chloroform:methanol:water solution
and 15 mM Carrier3 alone were used as controls to examine their effects on root
system architecture parameters. The seedlings were grown for an additional of
5 d under these conditions.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers of AT5G64070 (PI4KIIIb1) and AT5G09350
(PI4KIIIb2).

Supplemental Data

The following supplemental materials are available.

Supplemental Methods. Evaluation PI4P biosensor and root hair
morphology.

Supplemental Figure S1. Treatment with 20 mM PAO inhibits Sortin2-
induced endocytic trafficking to the vacuole.

Supplemental Figure S2. PI4P biosensor distribution after Sortin2 expo-
sure and during the inhibition of PI4K activity.

Supplemental Figure S3. LR architecture of the loss-of-function pi4kiib1
pi4kiiiß2 mutant and its response to Sortin2, exogenous auxin, and PI4P.

Supplemental Figure S4. Inhibition of PI4K using 0.1 mM PAO mimics the
physiological and cellular phenotypes of the pi4kiiiß1 and pi4kiiiß2 loss-
of-function mutant.

Supplemental Figure S5. Effect of PAO on endocytic trafficking in the
pi4kiiiß1 and pi4kiiiß2 loss-of-function mutant.
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