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ABSTRACT

Phototropism is the process by which plants grow towards light
in order to maximize the capture of light for photosynthesis,
which is particularly important for germinating seedlings. In
Arabidopsis, hypocotyl phototropism is predominantly
triggered by blue light (BL), which has a profound effect on
the establishment of asymmetric auxin distribution, essential
for hypocotyl phototropism. Two auxin efflux transporters
ATP-binding cassette B19 (ABCB19) and PIN-formed 3
(PIN3) are known to mediate the effect of BL on auxin distri-
bution in the hypocotyl, but the details for how BL triggers
PIN3 lateralization remain poorly understood. Here, we report
a critical role for clathrin in BL-triggered, PIN3-mediated
asymmetric auxin distribution in hypocotyl phototropism. We
show that unilateral BL induces relocalization of clathrin in
the hypocotyl. Loss of clathrin light chain 2 (CLC2) and
CLC3 affects endocytosis and lateral distribution of PIN3
thereby impairing BL-triggered establishment of asymmetric
auxin distribution and consequently, phototropic bending.
Conversely, auxin efflux inhibitors N-1-naphthylphthalamic
acid and 2,3,5-triiodobenzoic acid affect BL-induced
relocalization of clathrin, endocytosis and lateralization of
PIN3 as well as asymmetric distribution of auxin. These results
together demonstrate an important interplay between auxin
and clathrin function that dynamically regulates BL-triggered
hypocotyl phototropism in Arabidopsis.

Key-words: asymmetric auxin distribution; endocytosis; PIN3
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INTRODUCTION

In germinating seed, the emerging hypocotyl, which facilitates
nutrient, mineral and hormone transport between the root sys-
tem and cotyledons (Gendreau et al., 1997; Vandenbussche
et al., 2005; Nozue et al., 2007), undergoes rapid expansion
to push the undeveloped photosynthetic organs above the
soil surface in order for the young seedling to perceive light

and undergo photomorphogenesis (Liscum et al., 2014;
Zhong et al., 2014). In Arabidopsis, the hypocotyl consists of
approximately 20 epidermal cells, most of which are formed
during embryogenesis. Hypocotyl growth occurs almost exclu-
sively by longitudinal cell expansion (Gendreau et al., 1997),
which is regulated by various external and internal cues
including light, shade, temperature, gravity and hormones
(Nozue et al., 2007; de Lucas et al., 2008; Feng et al., 2008;
Franklin, 2008; Stepanova et al., 2008; Tao et al., 2008;
Franklin et al., 2011; Sun et al., 2013). These properties have
made the hypocotyl a highly facile model system for studying
the interplay between endogenous signals (such as hormones)
and environmental signals (such as light) during plant
development.

Phototropism represents an important survival mechanism
in plants. Hypocotyls and shoots exhibit differential growth
towards light and away from shade in response to alterations
in light quality, intensity and direction (Christie, 2007;
Franklin, 2008; Stepanova et al., 2008; Tao et al., 2008; Grebe,
2011; Casal, 2013; Preuten et al., 2013; Willige et al., 2013;
Haga et al., 2014; Atamian et al., 2016). Phototropic growth
in hypocotyls and shoots is preceded by three major events
that are regulated by blue light (BL), namely, light perception
and signalling, asymmetric auxin distribution and the induc-
tion of auxin responses (Žádníková et al., 2015). BL signalling
was found to inhibit the activity of the auxin efflux trans-
porter ATP-binding cassette B19 (ABCB19) and to subse-
quently cause lateral auxin redistribution at and above the
hypocotyl apex (Christie et al., 2011). Moreover, BL signal-
ling was proposed to mediate polarization (i.e. lateralization)
of the auxin efflux transporter PIN-formed 3 (PIN3) by
modulating the expression levels of the AGCVIII
PINOID/wavy root growth 1/2 (PID/WAG1/2) kinases in
the endodermal cells on the illuminated (lit) side of the hypo-
cotyl elongation zone, resulting in lateral auxin redistribution
(Ding et al., 2011) and ultimately differential growth in the
hypocotyl elongation zone necessary for phototropic bending.
However, the findings of a more recent study (Haga et al.,
2014) have challenged this view and suggested that the PID
family functions in red light-mediated phototropic enhance-
ment but not in BL signalling pathway. Thus, the details of
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regulatory mechanisms underlying BL-triggered phototropic
bending remain to be elusive.

Recent studies have demonstrated an essential role for
clathrin-mediated endocytosis (CME) in the polar localiza-
tion and internalization of plasma membrane (PM)-resident
PINs, which are crucial for the transport and distribution
of auxin (Dhonukshe et al., 2007; Robert et al., 2010;
Kitakura et al., 2011; Wang et al., 2013; Yu et al., 2016).
Clathrin is composed of clathrin heavy chain (CHC) and
clathrin light chain (CLC). Mutations in genes encoding
clathrin heavy chain or CLC in Arabidopsis were found to
cause strong defects in PIN trafficking and/or polar localiza-
tion, auxin distribution, root gravitropism, hook formation,
and other auxin-related phenotypes (Kitakura et al., 2011;
Wang et al., 2013; Yu et al., 2016). Conversely, auxin is able
to trigger the dissociation of CLC from the PM, leading to
rapid inhibition of endocytosis of PM-resident proteins includ-
ing PINs (Paciorek et al., 2005; Pan et al., 2009; Robert et al.,
2010; Wang et al., 2013).

In this study, we characterized previously unexplored roles
of clathrin in BL-triggered phototropic growth in the hypo-
cotyl. Our results demonstrate that BL modulates clathrin
relocalization and that clathrin-dependent PIN3 endocytosis
and lateralization are required for lateral auxin redistribution
and phototropic growth.

MATERIALS AND METHODS

Plant materials and growth conditions

The following transgenic lines and mutants were used in this
study: Pro35S:CLC1-GFP (Wang et al., 2013), ProCLC2:
CLC2-GFP (Konopka et al., 2008), DR5:GFP (Benková
et al., 2003), ProPIN3:PIN3-GFP (Žádníková et al., 2010)
and 35S:RCI2A-GFP (Cutler et al., 2000) transgenic lines as
well as clc2-1, clc3-1 and clc2-1 clc3-1 mutants (Wang et al.,
2013). Plant growth conditions for seed propagation were the
same as previously described (Wang et al., 2013). For phototro-
pic experiments, seeds were surface sterilized and left at 4 °C
for 3 d in darkness. After sowing on 0.5×Murashige and Skoog
(MS) 1.5%w/v agar plates, the seeds were illuminated for 6 h in
white light to stimulate germination and subsequently to dark-
ness and vertically incubated for 4 d at 19 °C. Four-day-old
healthy etiolated seedlings were used in this study.

Determination of blue light-triggered hypocotyl
phototropic bending

For analysis of hypocotyl phototropic bending, a typicalmethod
with seedlings grown along the surface of vertically oriented
agar plate as previously described (Ding et al., 2011) was used.
Four-day-old vertically grown etiolated seedlings in darkness at
19 °C were treated with unilateral BL (2μmolm�2 s�1), which
was produced by an adjustable light-emitting diode (LED) light
source [wavelength at 476–487nm; intensity measurement
using Field Scout®QuantumMeter (Spectrum®Technologies,
Inc. Aurora, Colorado, US; item number 3415F)], for different
time lengths as indicated in the text. For hypocotyl curvature

assay, images of seedlings were captured by dissecting micro-
scope with charge-coupled device (CCD) (Olympus SZX16),
and BL-induced hypocotyl curvature was measured using
ImageJ software (http://imagej.nih.gov/ij/) as indicated in
Fig. 2b. Numbers of examined hypocotyls are indicated in the
text. A Student’s t-test (two tails; type 2) was used in statistical
analysis for the quantitative data.

Determination of hypocotyl growth rate

Images of 4-day-old etiolated wild-type and clc2-1 clc3-1
seedlings were captured by dissecting microscope before and
after exposure to unilateral BL (2μmolm�2 s�1) for 8 h at
19 °C. The lengths of individual hypocotyls before and after
BL illumination were measured using ImageJ software.
Hypocotyl growth rate was presented as the average growth
rate (mmh�1), which was calculated by the following formula:
(hypocotyl length after BL illumination – hypocotyl length
before BL illumination)/8h. The number of hypocotyls
analysed is indicated in the text.

Live-cell imaging analysis of blue light-induced
clathrin, PINs and auxin redistribution

During BL-triggered hypocotyl phototropism, subcellular
localization of DR5:GFP and GFP-tagged proteins in the
hypocotyl elongation zone was visualized by confocal laser
scanning microscopy (CLSM; Leica TCS SP5 AOBS) under
dark conditions. GFP was excited using an argon laser at
488nm, and its emissionwas detected at 496–532nm. For quan-
titative measurement of fluorescence intensities, laser, pinhole
and gain settings of the confocal microscope were identical
among different treatments or genotypes.

For quantitative analyses of BL-induced redistribution of
CLC1-GFP, CLC2-GFP, DR5:GFP, PIN3-GFP and rare cold
inducible 2A (RCI2A)-GFP, images of the hypocotyls
illuminated with unilateral BL (2μmolm�2 s�1) for different
time lengths as indicated in the text were captured by CLSM.
The intensities of fluorescence signals in the outer PM regions
of endodermal cells (for CLC-GFP, PIN3-GFP and RCI2A-
GFP signals), and epidermal cells (for DR5:GFP signals) at
the shaded and lit sides of the hypocotyls, were determined
by regions of interest (ROIs) using the freehand line tools of
ImageJ software. As the CLC-GFP fluorescence signals from
the PM and mobile trans-Golgi network/early endosome
(TGN/EE) elements cannot be readily discriminated, and the
calculated CLC-GFP fluorescence signals in the outer PM
region represent the signals from the PM and potential
TGN/EE adjacent to the PM in our quantification. The average
ratios of the GFP signal intensities at the shaded (S) side to the
lit (L) side (S/L ratio) were calculated. To examine the effects
of BL on fluorescence signal distribution at both sides of the
hypocotyls, we analysed a frequency distribution of the S/L
ratios from individual hypocotyls by categorizing all of individ-
ual ratios into three types of ratios (<0.8; 0.8–1.2; >1.2; as
indicated in the text and Tables S1–S4) using 20% reduction
or elevation relative to those at the 0h time point (mock
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control; BL-0 h), in which the average ratios of GFP signal
intensities at the both sides of the hypocotyls are close to 1.0
(Ding et al., 2011; Willige et al., 2013; in this study). Frequency
distribution of three types of the ratios was presented as a
percentage (%): the number of hypocotyls with one type of
the ratio levels was divided by the total number of hypocotyls
examined (Tables S1–S4). The number of hypocotyls and/or
cells analysed and number of independent replicates conducted
in each experiment are indicated in the text. A Student’s t-test
(two tails; type 2) was used in statistical analysis for all the
quantitative data.

Confocal laser scanning microscopy analysis of
inhibitory effects of auxin transport inhibitors

To analyse the effects of auxin transport inhibitors on
BL-triggered redistribution of clathrin, PIN3 and auxin during
hypocotyl phototropism, 4-day-old vertically grown etiolated
seedlings expressing CLC1-GFP, CLC2-GFP, PIN3-GFP or
DR5:GFP were transferred to the agar plates supplemented
with mock, N-1-naphthylphthalamic acid NPA (50μM),
2,3,5-triiodobenzoic acid (TIBA) (10μM) and 7-benzyloxy
naphthalene 1-acetic acid (Bz-NAA) (5μM; Tsuda et al.,
2011), respectively, under safety green light condition. After
1 h incubation in darkness (19 °C), these plates were exposed
to unilateral BL (2μmolm�2 s�1) for 8 h at 19 °C and
subsequently captured by CLSM. Quantifications and statisti-
cal analyses of CLC-GFP, PIN3-GFP and DR5:GFP signal in-
tensities at the shaded and lit sides of the hypocotyl
elongation zone were described previously. The average ratio
of GFP signal intensities at the shaded side to the lit side was
presented.

Brefeldin A-based endocytosis assay

To evaluate the effects of loss ofCLC2 andCLC3 or treatments
with auxin transport inhibitors on PIN3 endocytosis, 4-day-old
vertically grown etiolated seedlings were pretreated for
15min with cycloheximide (CHX) (50μM), CHX plus NPA
(100μM) and CHX plus TIBA (30μM) in 0.5× Murashige
and Skoog liquid medium, respectively, followed by washout
with CHX plus brefeldin A (BFA) (100μM; Yu et al., 2016),
CHX plus NPA and BFA, and CHX plus TIBA and BFA,
respectively, immediately vacuum infiltrated for 15min under
dark condition (22–23 °C) and subsequently incubated for
120min in darkness or overhead BL illumination
(2μmolm�2 s�1) at 22–23 °C before CLSM imaging. To
examine the effects of loss of CLC2 and CLC3 on PIN3-GFP
endocytosis in different cell types of the hypocotyl elongation
zone, the epidermis, cortex and endodermis (middle view)
were separately scanned and analysed by CLSM, but only
middle view images were presented in Fig. 5. In addition, in
the analysis of the effects of auxin transport inhibitors, only
middle view was scanned, analysed and presented (Fig. 7).
For measurements of BFA-visualized internalization of

PIN3-GFP, the levels of internalized PIN3-GFP were
presented as the average number of PIN3-GFP-labelled BFA

bodies per cell. Considering differential responses to BFA
treatment in distinct cell types of the hypocotyl elongation
zone, the epidermal, cortical and endodermal cells were
separately analysed in Fig. 5, while three types of cells in the
treatment with NPA or TIBAwere together analysed in Fig. 7.
The quantitative data were statistically evaluated using a
Student’s t-test (two tails; type 2).

Quantitative real-time polymerase chain reaction
assay

Four-day-old vertically grown etiolated seedlings (Col-0) were
overhead illuminated with BL (2μmolm�2 s�1) for 0, 2, 4, 5, 6
and 8h. The whole seedlings were analysed for quantitative
real-time PCR (qRT-PCR). For qRT-PCR assay and detailed
information of gene-specific primers including CLC1, CLC2
and CLC3 and the housekeeping genes ACTIN2 have been
described previously (Wang et al., 2013). For each CLC, the
transcription levels upon BL illumination for different time
lengths were presented as percentages of the 0h time point
(mock control; BL-0 h). For statistical analysis (Student’s t-test,
two tails; type 2), the transcription levels were compared with
the 0h time point.

RESULTS

Blue light induces clathrin relocalization during
hypocotyl phototropism

Previously, unilateral white light has been shown to induce
polarization of PIN3 (i.e. lateralization of PIN3) from the outer
to inner PM of hypocotyl endodermal cells on the illuminated
(lit) side during hypocotyl phototropism (Ding et al., 2011).
To determine whether clathrin is involved in unilateral light-
induced PIN3 lateralization, we performed a time-course anal-
ysis to examine the effects of unilateral BL (2μmolm�2 s�1;
0–8h), a predominant signal of phototropism, on the subcellu-
lar localization of PM-associated CLC1-GFP (Pro35S:CLC1-
GFP; Wang et al., 2013) and native promoter-driven
CLC2-GFP (ProCLC2:CLC2-GFP; Konopka et al., 2008).
As phototropic bending involves changes in auxin transport
at both the shaded and lit sides of the hypocotyl, we quanti-
fied the fluorescence intensities of CLC-GFP at the outer
PM regions of hypocotyl endodermal cells on both the shaded
and lit sides of hypocotyls following the initiation of unilateral
BL illumination of seedlings. The dynamic changes of CLCs
and other reporter markers (see later) at the shaded and lit
outer PM regions during phototropism at each time point were
expressed as a ratio of fluorescence intensity of the reporter at
the shaded (S) to lit (L) sides (S/L ratio). We found that, upon
BL illumination, the average S/L ratio of CLC1-GFP
decreased after 5 h but increased after 8 h relative to its initial
distribution (mock control; BL-0 h) (Fig. 1a–d; BL-0h,
1.08� 0.10; BL-5 h, 0.88� 0.13; and BL-8h, 1.43� 0.10).
Similarly, a decrease and an increase in the average S/L ratio
of CLC2-GFP at the outer PM regions were observed after 5
and 8h of BL illumination, respectively (Fig. 1e–h; BL-0h,
1.01� 0.08; BL-5 h, 0.88� 0.08; and BL-8h, 1.39� 0.19).
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Analysis of the frequency distribution of CLC-GFP S/L ra-
tios from individual hypocotyls (Table S1) confirmed that BL
illumination has dynamic effects on the abundance of CLC at
the outer PM regions. Based on the initial frequency distribu-
tion of the S/L ratios of CLC1-GFP and CLC2-GFP in the
mock control (Table S1; BL-0h), we categorized the response
of BL-illuminated seedlings into three classes: those that dis-
play an S/L ratio of the outer PM region CLC fluorescence in-
tensity of (1) <0.8; (2) 0.8–1.2; and (3) >1.2. Our statistical
analysis (Table S1) showed that compared with those in mock
control (BL-0h), percentages of seedlings showing a lower
S/L ratio (<0.8) of CLC1-GFP andCLC2-GFP increased upon
5h illumination; by contrast, percentages of seedlings
displaying a higher S/L ratio (>1.2) increased after 8 h
illumination.

To address whether the observed effects of BL illumination
on relocalization of CLC-GFP at the outer PM regions in
hypocotyl shaded and lit side endodermal cells are due to
BL-induced regulation of endogenous CLC1-3 gene expres-
sion, qRT-PCR was used to examine the effect of BL
(2μmolm�2 s�1; 0–8h) on the transcription of the genes
encoding the endogenous CLC isoforms. As shown in Fig. S1,
BL illumination did not affect the transcriptional levels of

CLC1, CLC2 and CLC3 expressions. Furthermore, the
CLC1-GFP reporter construct used in this study is under
control of the constitutive cauliflower mosaic virus 35S pro-
moter, which has previously been shown to be regulated in
light-independent and auxin-independent transcriptional
manner (Deng et al., 1991; Luan and Bogorad, 1992; Liu
et al., 1994). Thus, our results indicate that CLC relocalization
upon unilateral BL illumination is most likely not due to BL-
induced regulation of endogenous CLC1-3 gene expression.

Clathrin functions in blue light-triggered
phototropic bending

To assess the role of clathrin in phototropism, we next utilized
loss-of-function clc mutants to determine whether clathrin
functions in BL-triggered hypocotyl phototropic bending. To
test this, we analysed the kinetic effects of unilateral BL
(2μmolm�2 s�1; 0–24h) on hypocotyl growth in 4-day-old
etiolated wild-type seedlings and loss-of-function clc2-1 clc3-1
double mutants, which are viable yet display measurable
defects in CME (Wang et al., 2013; Yu et al., 2016). Loss-of-
function triple mutants clc1-1 clc2-1 clc3-1 were not analysed

Figure 1. Unilateral blue light (BL)-induced clathrin relocalization. (a and e) Time-course analysis of BL-induced relocalization of CLC1-GFP
(a) and CLC2-GFP (e) in hypocotyl endodermal cells. (b–d) and (f–h) Representative confocal images at 0, 5 and 8 h time points. Four-day-old
vertically grown etiolatedwild-type seedlings expressingCLC-GFPwere treatedwith unilateral BL for indicated time lengths before confocal imaging.
The average ratios of GFP signal intensities at the shaded (S) to lit (L) sides of the elongation zone were presented as S/L ratios. Data shown are
means� SD. Single, double and triple asterisks indicateP< 0.05, 0.001 and 0.0001, respectively (Student’s t-test; compared with the corresponding 0 h
mock control). Number of hypocotyls examined, replicates and the frequency distribution of the S/L ratios at the 0, 5 and 8 h time points were
summarized in Table S1. For other time points, n= 126–142 hypocotyls each. Arrows and arrowheads show BL direction and the outer PM regions of
hypocotyl endodermal cells at the shaded (red) or lit (white) side, respectively. En, endodermis; V, vasculature. Scale bars, 50μm.
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because of clc1-1 mutants showing pollen lethality phenotype
(Wang et al., 2013). We found that unilateral BL-induced pho-
totropic bending was significantly reduced in clc2-1 clc3-1 rela-
tive to the wild type (Fig. 2), whereas no differences in the
hypocotyl elongation rates were detected (Fig. S2), indicating
that clathrin function is required specifically for BL-triggered
hypocotyl phototropic bending.

To examine whether CLC2 and CLC3 are functionally
redundant in hypocotyl phototropism, we compared the
phototropic response in clc2-1 clc3-1 doublemutants and corre-
sponding single mutants. Two single mutants, clc2-1 and clc3-1
(Wang et al., 2013), were found to display a milder defect in
hypocotyl phototropic bending than clc2-1 clc3-1 upon illumi-
nation with either low (2μmolm�2 s�1; 8 h) or high
(10μmolm�2 s�1; 8 h) intensity BL (Fig. S3), suggesting that
CLC2 and CLC3 are redundantly required for hypocotyl
phototropism.

Clathrin regulates lateral auxin redistribution during
hypocotyl phototropism

Recent genetic and biochemical studies have demonstrated
that BL inhibits the activity of ATP-binding cassette B19
(Christie et al., 2011) and enhances the lateralization of PIN3
(Ding et al., 2011), leading to asymmetric auxin distribution
between shaded and lit sides of the cotyledonary node and
the hypocotyl elongation zone that subsequently contributes
to the phototropic bending of the hypocotyl towards the lit side.
To test whether clathrin is required for the BL induction of lat-
eral auxin redistribution, we examined the expression pattern
ofDR5:GFP (Benková et al., 2003) in the hypocotyl elongation
zone of etiolated wild-type and clc2-1 clc3-1 seedlings upon
exposure to unilateral BL (2μmolm�2 s�1). Based on our
time-course analysis of BL-induced clathrin relocalization and
hypocotyl phototropic bending (Figs 1 and 2), we used 5 and
8h illumination to examine the effect of loss of CLC2 and
CLC3 on BL-induced auxin redistribution. Consistent with
previous observations (Christie et al., 2011; Ding et al., 2011),
~79 and ~76% of wild-type hypocotyls showed a higher level
of DR5:GFP expression in the epidermal cells at the shaded
side relative to the lit side at 5 and 8h time points, respectively
(Table S2). The average S/L ratio ofDR5:GFP fluorescence in-
tensity in wild-type hypocotyl epidermal cells was dramatically
elevated upon unilateral BL illumination compared with the
mock control (BL-0h) (Fig. 3a–d; BL-0h, 1.03� 0.06; BL-5 h,
1.95� 0.43; and BL-8h, 2.03� 0.32). By contrast, only ~63
and ~58% of clc2-1 clc3-1 hypocotyls showed a higher level
ofDR5:GFP expression in the epidermal cells between shaded
and lit sides (Table S2), corresponding to a reduced average
S/L ratio of DR5:GFP fluorescence intensity in clc2-1 clc3-1
hypocotyls relative to the wild type following unilateral BL illu-
mination (Fig. 3e–h; BL-0h, 0.93� 0.14; BL-5 h, 1.48� 0.37;
and BL-8h, 1.42� 0.11). These results demonstrate a critical
role of clathrin in BL-triggered lateral auxin redistribution
during hypocotyl phototropism.

Clathrin mediates PIN lateralization during
hypocotyl phototropism

Previous studies have shown that PIN3 plays a predominant
role in BL-triggered hypocotyl phototropism (Friml et al.,
2002; Ding et al., 2011; Grebe, 2011). To address whether
clathrin is required for BL-triggered PIN3 lateralization and
auxin redistribution necessary for hypocotyl bending, we

Figure 2. Unilateral blue light (BL)-triggered hypocotyl phototropic
bending. (a) Time-course analysis of unilateral BL-triggered hypocotyl
phototropic bending in etiolated wild-type and clc2-1 clc3-1 (clc2 clc3)
seedlings. (b and c) Representative images upon 8 h BL illumination.
Four-day-old vertically grown etiolated seedlings were exposed to
unilateral BL for different time lengths as indicated in (a). The average
curvature of the hypocotyls from six replicates (n= 127–206 seedlings
each in the wild type; 128–186 seedlings each in clc2 clc3) was
presented. Data shown are means� SD. Single, double and triple
asterisks indicateP< 0.05, 0.01 and 0.001, respectively (Student’s t-test;
compared with the corresponding wild-type control). Arrows show BL
direction. θ between two dashed lines (b) shows BL-induced curvature.
A scale bar, 3mm.
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analysed the fluorescence intensities of functional PIN3-GFP
(Žádníková et al., 2010) in the outer PM regions of endodermal
cells on both the shaded and lit sides of etiolated wild-type and
clc2-1 clc3-1 seedlings upon exposure to unilateral BL
(2μmolm�2 s�1) for 5 and 8h. We found that the levels of
PIN3-GFP were elevated in the outer PM region of hypocotyl
endodermal cells at the shaded side of the wild-type seedlings
at 5 and 8h time points following unilateral BL illumination
(Fig. 4a–d; BL-0h, 1.09� 0.11; BL-5 h, 1.40� 0.26; and
BL-8h, 1.59� 0.29). By contrast, BL-triggered lateralization
of PIN3-GFP was reduced in the clc2-1 clc3-1 seedlings
(Fig. 4e–h; BL-0h, 1.10� 0.20; BL-5h, 1.13� 0.16; and
BL-8h, 1.27� 0.14). These results were confirmed by analysis
of the frequency distribution of PIN3-GFP S/L ratios
measured in individual wild-type and clc2-1 clc3-1 seedlings.
As shown in Table S3, the percentage of clc2-1 clc3-1
hypocotyls displaying BL-induced PIN3-GFP lateralization
at 5 and 8h time points (33 and 39%, respectively) was lower
than the wild type (56 and 69%, respectively). These results
demonstrate that clathrin is required for BL-triggered lateral-
ization of PIN3 during hypocotyl phototropism.

To test if BL specifically induces PIN3 lateralization or
affects the relocalization of other PM proteins, we exam-
ined the effect of unilateral BL on subcellular distribution
of RCI2A-GFP (Cutler et al., 2000). Previous studies have
demonstrated that internalization of RCI2A from the PM
is dependent on auxin-regulated CME (Dhonukshe et al.,

2007; Wang et al., 2013). Similar to PIN3-GFP (Fig. 4),
unilateral BL illumination was found to increase the average
S/L ratio of RCI2A-GFP levels in the outer PM regions of
endodermal cells on the shaded versus lit side of wild-type
seedling hypocotyls (Fig. S4; Table S4), indicating that BL
likely has a general effect on PM protein distribution (i.e.
causes lateralization) in the hypocotyl upon unilateral
illumination.

We next asked whether the reduced lateralization of PIN3
in clathrin-deficient cells was caused by a defect in its CME.
Using BFA (100μM; Yu et al., 2016), a vesicle trafficking
inhibitor (Geldner et al., 2001), and CHX (50μM; Paciorek
et al., 2005), a de novo protein synthesis inhibitor, we exam-
ined the internalization and accumulation of PIN3-GFP in
intracellular BFA bodies in hypocotyl elongation zone of
etiolated wild-type and clc2-1 clc3-1 seedlings under dark
and BL (2μmolm�2 s�1) conditions. As shown in Fig. 5,
under both dark and BL conditions, the average numbers
of PIN3-GFP-labelled BFA bodies in hypocotyl epidermal,
cortical and endodermal cells were significantly reduced in
clc2-1 clc3-1 double mutants relative to the corresponding
wild-type cells, suggesting that clathrin plays a role in PIN3
endocytosis regardless of the applied light conditions. Inter-
estingly, in both wild-type and clc2-1 clc3-1 seedlings, the
average numbers of PIN3-GFP-labelled BFA bodies were
higher under BL than under dark (Fig. 5c versus Fig. 5f).
One potential reason for this is that CME, and thus

Figure 3. Unilateral blue light (BL)-triggered asymmetric auxin distribution in the hypocotyl. (a–h) The expression pattern of DR5:GFP in
hypocotyl elongation zone. (d and h) The average S/L ratio of DR5:GFP signal intensities. Duration time of unilateral BL illumination is indicated
at the top of the panels. Data shown are means� SD. Single, double and triple asterisks indicate P< 0.05, 0.001 and 0.0001, respectively (Student’s
t-test). Number of hypocotyls examined, replicates and the frequency distribution of the S/L ratios were summarized in Table S2. Arrows and
arrowheads show BL direction and hypocotyl epidermis at the shaded (red) or lit (white) side, respectively. Ep, epidermis; V, vasculature. Scale
bars, 200 μm.
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BL-regulated PIN3 trafficking, remains partially active in the
clc2 clc3 double mutants through the activity of CLC1.

Auxin efflux inhibitors disrupt blue light-induced
relocalization of clathrin

To further investigate the role of BL-induced clathrin
relocalization during hypocotyl phototropism, we used auxin
efflux inhibitors NPA and TIBA, which effectively inhibit hy-
pocotyl phototropic bending (Li et al., 1991; Friml et al., 2002;
Ding et al., 2011; Tsuda et al., 2011), to examine their impacts
on BL-induced relocalization of CLC1-GFP and CLC2-GFP
during BL-triggered hypocotyl phototropism. Similar to the
aforementioned data (Fig. 1; BL-0 h; the mock control), BL
illumination (2μmolm�2 s�1; 8 h) effectively elevated the
average S/L ratios of outer PM region fluorescence intensities
of CLC1-GFP and CLC2-GFP in the absence of auxin efflux
inhibitors (Fig. 6a and b; mock control). In the presence of
NPA (50μM) and TIBA (10μM), however, BL-induced
elevation in the S/L ratios of CLC1-GFP and CLC2-GFP was
abolished (Fig. 6a and b), suggesting that NPA and TIBA
inhibit BL-induced clathrin relocalization. To address whether
such inhibitory effects of NPA and TIBA impact BL-induced

redistribution of PIN3 and auxin, we examined the fluores-
cence intensities of PIN3-GFP and DR5:GFP at the shaded
and lit sides upon NPA and TIBA treatments during unilat-
eral BL illumination. Indeed, NPA and TIBA significantly
blocked BL-induced elevation of the S/L ratios of
PIN3-GFP and DR5:GFP compared with the corresponding
mock control (Fig. 6c and d). By contrast, treatment with
5μM Bz-NAA (an alkoxy-auxin analogue), a selective inhibi-
tor of auxin transport that inhibits hypocotyl gravitropic
responses, but not BL-triggered phototropic hypocotyl bend-
ing (Tsuda et al., 2011), did not visibly affect BL-induced
elevation of the S/L ratios of CLC1-GFP and CLC2-GFP,
PIN3-GFP and DR5:GFP compared with their mock controls
(Fig. S5). These results further support that BL-induced
redistribution of clathrin, PIN3 and auxin is necessary for
hypocotyl phototropic bending.

To address whether NPA and TIBA inhibit BL-induced
lateralization of PIN3 by interfering with its endocytosis, we
analysed the effects of NPA and TIBA on BFA-visualized
internalization of PIN3-GFP in wild-type and clathrin-deficient
cells. Consistent with the previous finding that auxin efflux in-
hibitors including NPA and TIBA block endocytosis of PIN1
(Geldner et al., 2001), NPA (100μM) and TIBA (30μM) signif-
icantly inhibited PIN3-GFP internalization in both wild-type

Figure 4. Unilateral blue light (BL)-triggered PIN3 lateralization in the hypocotyl. (a–h) Subcellular localization of PIN3-GFP at the outer plasma
membrane regions of endodermal cells in the hypocotyl elongation zone of etiolated wild-type (a–d) and clc2 clc3 (e–h) seedlings. (d and h) The
average S/L ratio of PIN3-GFP signal intensities. Duration time of unilateral BL illumination is indicated at the top of the panels. Data shown are
means� SD. Single and double asterisks indicate P< 0.05 and 0.001, respectively (Student’s t-test). Number of hypocotyls examined, replicates, and
the frequency distribution of the S/L ratios were summarized in Table S3. Arrows and arrowheads showBL direction and the outer plasmamembrane
regions of hypocotyl endodermal cells at the shaded (red) or lit (white) side, respectively. En, endodermis; V, vasculature. Scale bars, 50 μm.
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and clc2-1 clc3-1 cells of the hypocotyl elongation zone,
compared with their mock controls (Fig. 7). Furthermore,
reduction levels of PIN3 endocytosis in wild-type cells upon
NPA and TIBA treatments were ~49 and ~34%, respectively,
relative to the mock control (Fig. 7i). By contrast, the levels
of PIN3 endocytosis in clc2-1 clc3-1 were reduced by ~75 and
~46%, respectively (Fig. 7j), suggesting that the clc2-1 clc3-1
double mutants are more sensitive to NPA and TIBA
treatments than the wild type.

DISCUSSION

In plants, clathrin-mediated membrane trafficking has been
shown to be required for numerous processes including
embryogenesis (Kitakura et al., 2011), gametogenesis
(Backues et al., 2010), pollen tube elongation (Zhao et al.,
2010), root growth and gravitropism (Robert et al., 2010;
Kitakura et al., 2011; Wang et al., 2013), leaf pavement cell
development (Xu et al., 2010), defence or stress responses
(Hao et al., 2014; Smith et al., 2014) and nutrient uptake

(Barberon et al., 2011; 2014). Furthermore, clathrin function
is required for hypocotyl skotomorphogenesis and photomor-
phogenesis (Yu et al., 2016; this study). Etiolated loss-of-
function clc2 clc3 double mutants seedlings display increased
levels of auxin in the hypocotyl hook region leading to
increased hook curvature (Yu et al., 2016), while here, we show
that clathrin localization and function in promoting asymmetric
auxin distribution necessary for hypocotyl phototropic bending
are regulated by unilateral BL illumination (Figs 1–3).
Although clathrin plays a similar role in PIN3 endocytosis in
cortical cells of the hook region and phototropic bending
region of the hypocotyl (Yu et al., 2016; Fig. 5), our previous
and current studies have demonstrated that clathrin-mediated
trafficking differentially functions in hook formation and
phototropic bending processes.

The establishment of an asymmetric distribution of auxin
between the shaded and lit sides of the hypocotyl elongation
zone is an essential step in the process of BL-triggered
phototropic bending (Vandenbussche et al., 2005; Grebe,
2011; Žádníková et al., 2015). Impaired phototropism in the

Figure 5. PIN3 endocytosis in the hypocotyl. (a–f) Brefeldin A (BFA)-based visualization of PIN3-GFP endocytosis in hypocotyl elongation zone of
wild-type and clc2 clc3 seedlings in the darkness (a–c) or overhead blue light (BL) (d–f). (c and f) The average number of PIN3-GFP-labelled BFA
bodies per cell. Data shown are means� SD. Single, double and triple asterisks indicate P< 0.05, 0.01 and 0.001, respectively (Student’s t-test;
compared with the corresponding wild-type cells). Number of cells examined (n) and replicates are indicated at the bottom of each graph (c, 31 and 40
seedlings for Col-0 and clc2 clc3, respectively; f, 46 seedlings each). Hollow and solid arrows show BL direction and PIN3-GFP-labelled BFA bodies,
respectively. Ep, epidermis; Co, cortex; En, endodermis; V, vasculature. Scale bars, 100 μm.
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pin3mutant hypocotyls (Friml et al., 2002) and higher levels of
PIN3 relative to other PIN proteins including PIN1 and PIN7
at the outer PM regions of hypocotyl endodermal cells in
wild-type seedlings (Willige et al., 2013; Fig. 4; data not shown)
suggest that PIN3 predominantly contributes to lateral auxin
redistribution and BL-triggered phototropic bending.
Consistent with previous findings that asymmetric auxin
distribution in gravistimulated roots is compromised in the
clathrin-deficient mutants (Kitakura et al., 2011; Wang et al.,
2013), loss of CLC2 and CLC3 impairs BL-triggered asymmet-
ric auxin redistribution at the shaded and lit sides of the
hypocotyl (Figs 3 and 4; Tables S2 and S3), leading to reduced
hypocotyl phototropic bending in clc2 clc3 seedlings (Fig. 2).
Imaging studies (Figs 1 and 5) revealed that BL induces
clathrin relocalization during hypocotyl phototropism and that
impairment of clathrin function in clc2 clc3 seedlings inhibits
endocytosis of PIN3. Furthermore, pharmacological experi-
ments (Fig. 6) showed that NPA and TIBA but not Bz-NAA
affect BL-induced clathrin relocalization and PIN3 lateraliza-
tion, and thereby asymmetric auxin distribution during

hypocotyl phototropism. These data support that clathrin
functions in BL-triggered hypocotyl phototropism through
mediation of PIN3 lateralization and asymmetric auxin
distribution. The auxin efflux inhibitors, TIBA and NPA, act
by blocking vesicle trafficking (Geldner et al., 2001; Fig. 7).
Thus, the enhanced inhibitory effects of TIBA and NPA on
PIN3 endocytosis in clc2 clc3 mutants (Fig. 7) are likely due
to the additive inhibition of clathrin-mediated trafficking and
one or more other biosynthetic secretory and/or endocytic
trafficking pathways. Similar to our previous studies showing
that the internalization of PIN and other PMproteins including
RCI2A is clathrin mediated (Pan et al., 2009; Wang et al.,
2013), BL illumination was found to trigger the redistribution
of RCI2A (Fig. S4). Therefore, the hypocotyl phototropic
bending defect in clc2 clc3 seedlings may be due to a reduction
in BL-triggered redistribution of PIN3 as well as other
PM-associated proteins.

The time-course analyses of BL-induced clathrin and PIN3
relocalization (Figs 1 and 4) revealed that 5 h BL illumination
resulted in an inverse relationship between the levels of CLC

Figure 6. Effects ofN-1-naphthylphthalamic acid (NPA) and 2,3,5-triiodobenzoic acid (TIBA) on blue light (BL)-induced redistribution of clathrin,
PIN3 and auxin. (a–c) The average S/L ratios of CLC1-GFP (a), CLC2-GFP (b) and PIN3-GFP (c) signal intensities at the outer plasma membrane
regions of hypocotyl endodermal cells. (d) The average S/L ratio ofDR5:GFP signal intensities in hypocotyl epidermal cells. Four-day-old vertically
grown etiolated seedlings expressing CLC-GFP, PIN3-GFP orDR5:GFP were exposed to unilateral BL for 8 h in the presence of NPA (50μM) or
TIBA (10 μM). Data shown are means� SD. Double and triple asterisks indicate P< 0.01 and 0.001, respectively (Student’s t-test; compared with the
mock control). Number of seedlings examined (n) and replicates are indicated at the bottom of each graph.

Clathrin regulates hypocotyl phototropism 173

© 2016 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 165–176



and PIN3 in the outer PM regions of endodermal cells at the
shaded and lit sides of the hypocotyl; that is, the S/L ratios of
CLC and PIN3 decreased and increased, respectively. The
measured decrease in the average S/L ratio of CLC in the outer
PMdomains of hypocotyl endodermal cells following 5h BL il-
lumination is a result of the combined decrease and increase in
the levels of clathrin associated with the outer PM of endoder-
mal cells on the shaded versus lit sides, respectively (Fig. 1).
These changes in clathrin distribution are consistent with its
role in the trafficking of PIN3 necessary for its lateralization
during phototropic bending. The increase in CLC levels at
the outer PM region of the lit side endodermal cell following
5h BL illumination likely promotes the internalization of
PIN3 and other PM proteins (e.g. RCI2A; Fig. S4) from this
PM domain, whereas the reduction of CLC levels at the outer
PM region of the shaded side endodermal cells results in

impaired PIN3 endocytosis and thereby enhanced PIN3 later-
alization and auxin flow towards the shaded side epidermal
cells of the hypocotyl.

The observed changes in CLC levels at the outer PM regions
of hypocotyl endodermal cells on the shaded and lit sides upon
5h BL illumination are however transient. After longer pe-
riods of BL illumination (8 h), the levels of PM-associated
CLC at the outer PM region of the shaded side endodermal
cells were found to be restored to basal levels (Fig. 1). These
findings are consistent with previous studies (Wang et al.,
2013; 2016) showing that an elevation in the levels of exoge-
nous or endogenous auxin in roots causes a rapid (<30min),
but transient, depletion of CLC from the PM and TGN/EE
and an inhibition of PM protein endocytosis. Following the ini-
tial auxin-induced loss of membrane-associated CLC in roots
however, the levels of PM-associated and TGN/EE-associated

Figure 7. Effects of 2,3,5-triiodobenzoic acid (TIBA) and N-1-naphthylphthalamic acid (NPA) on PIN3-GFP endocytosis in the hypocotyl. (a–h)
Inhibitory effects of TIBA and NPA on brefeldin A (BFA)-induced internalization of PIN3-GFP in the hypocotyl elongation zone of the wild-type
(a–d) and clc2 clc3 (e–h) seedlings. (i and j) The average number of PIN3-GFP-labelled BFA bodies per cell. Data shown are means� SD. Single and
double asterisks indicate P< 0.05 and 0.01, respectively (Student’s t-test; compared with the mock control). Percentages (%) show reduction levels in
the number of BFAbodies uponTIBAorNPA treatment relative to themock control. Numbers of cells (n) and seedlings (n′) examined and replicates
are indicated at the bottom of each graph. Hollow and solid arrows show blue light direction and PIN3-GFP-labelled BFA bodies, respectively. Scale
bars, 100μm.
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CLC return to basal levels (~120min) through unknown
mechanism(s). Following 8h BL illumination, the restoration
of CLC levels at the outer PM region of the shaded side
endodermal cells is likely associated with PIN3 lateralization
and polar redistribution of auxin within the bending region of
the hypocotyl. The maintenance and/or elevation of activated
PIN3 at the outer PM region of the shaded side endodermal
cells due to the transient loss of CLC would promote auxin
efflux, which in turn would stimulate recruitment and recovery
of levels of CLC at the PM necessary again for endocytosis.
This elegant feedback mechanism maybe is an important
mechanism for preventing overexaggerated bending of the
hypocotyl.
Taken together, our findings demonstrate the importance of

clathrin in the establishment of PIN3 lateralization and asym-
metric auxin distribution at both sides during tropic growth.
Interestingly, while the loss of CLC2 and CLC3 results in a
significant inhibition of BL-induced PIN3 lateralization in the
hypocotyl, it does not appear to completely inhibit the forma-
tion of an asymmetric auxin distribution across the hypocotyl
during phototropic bending (Figs 3 and 4; Tables S2 and S3).
One potential reason for this discrepancy is that BL-induced
asymmetric auxin distribution in the hypocotyl of clc2 clc3
double mutants is not completely abolished because of the
presence of the remaining CLC isoform, CLC1. Alternatively,
we cannot rule out the possibility that in addition to the role
of PIN3, clathrin-independent and/or PIN-independent auxin
flow is involved in the establishment of asymmetric auxin
distribution during hypocotyl phototropism. Further investiga-
tion is required to elucidate the details of molecular mecha-
nisms underlying BL-induced relocalization of clathrin and to
determine how auxin and clathrin function are integrated
together to regulate plant tropism.
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