nature communications

Article

https://doi.org/10.1038/s41467-024-52338-x

Endomembrane trafficking driven by
microtubule growth regulates stomatal
movement in Arabidopsis

Received: 4 September 2021

Accepted: 31 August 2024

Published online: 11 September 2024

M Check for updates

Hua Zhong"3, Shuwei Wang"3, Yaohui Huang', Xiankui Cui', Xuening Ding’,
Lei Zhu®", Ming Yuan' & Ying Fu®"?

Microtubule-based vesicle trafficking usually relies upon kinesin and dynein
motors and few reports describe microtubule polymerisation driving direc-
tional vesicle trafficking. Here we show that Arabidopsis END BINDING1b
(EB1b), a microtubule plus-end binding protein, directly interacts with SYP121,
a SNARE protein that mediates the trafficking of the K* channel KAT1 and its
distribution to the plasma membrane (PM) in Arabidopsis guard cells.
Knockout of AtEB1b and its homologous proteins results in a modest but
significant change in the distribution of KAT1 and SYP121 in guard cells and
consequently delays light-induced stomatal opening. Live-cell imaging reveals
that a portion of SYP121-associated endomembrane compartments co-localise
with AtEBIDb at the growing ends of microtubules, trafficking along with the
growth of microtubules for targeting to the PM. Our study reveals a mechan-
ism of vesicle trafficking driven by microtubule growth, which is involved in

the redistribution of PM proteins to modulate guard cell movement.

Spatial positioning and motility of endomembrane compartments and
organelles are fundamental to cellular functions in all eukaryotic cells
and are primarily governed by the cytoskeleton. Microtubule-based
vesicle trafficking and organelle positioning are commonplace in ani-
mal cells and are known to depend on kinesin and dynein motor
proteins'>. In plant cells, it has long been accepted that directional
vesicle motility is predominantly dependent on actin-based myosin
motors*’. Later on, however, researchers reveal a critical role for
microtubules in endoplasmic reticulum (ER) motility and
morphology®, in insertion and tethering of cellulose synthase com-
plexes to the plasma membrane (PM)”® and in endocytic recycling of
the auxin efflux carrier PIN2 to the PM in plants’. It has been proposed
that microtubules and their motors might anchor or slow down
organelles/vesicles for their targeting to appropriate destinations. In
addition, the plus-end binding protein, CLASP (CLIP-170 ASSOCIATED
PROTEIN), was shown to mediate the association of sorting endo-
somes with microtubules'. Interestingly, intracellular small cellulose
synthases-containing compartments were reported to tether with

microtubules, and track with the depolymerising ends of
microtubules®, which suggests a role for microtubule dynamics in
organelle motility. Yet reports of microtubule growth-based direc-
tional vesicle trafficking in plant cells are lacking.

Stomata are surrounded by a pair of guard cells and are present on
the epidermis of all aerial parts of almost all angiosperm. In response
to various hormonal and environmental stimuli, such as abscisic acid,
light and atmospheric CO, levels, as well as abiotic and biotic stresses,
guard cells precisely regulate photosynthetic gas exchange and water
transpiration, and restrict pathogen invasion by regulating stomatal
opening and closing . During stomatal movement, the volume of
each guard cell changes rapidly, driven by the transport of K*, CI' and
other solutes across the PM and guard cell tonoplast, with consequent
effects on the osmotic content of the cell and its turgor™’®. In this
process, vesicle trafficking of ion channels in guard cells contributes to
stomatal movement'?°. It has been demonstrated that the regulation
of the recycling of the K* channel KATI to the PM is important for
stomatal movement. Furthermore, delivery and positional anchoring
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of KAT1 to the PM has been found to be dependent on SNARE (soluble
N-ethylmaleimide- sensitive factor adaptor protein receptor) protein
SYP121 (SYNTAXIN OF PLANTS 121) in tobacco and Arabidopsis'®*.
Interestingly, it has also been reported that SYP121 binding to KAT1
promotes KAT1 channel activity”.

In guard cells of opening stomata, both actin filaments (F-actin)
and microtubules are arranged in a pattern radiating from the ventral
side toward the dorsal side. In early studies, by observing the reorga-
nisation during stomatal movement and based on pharmacological
analyses, F-actin was believed to be involved in stomatal
movement®>*; however, reports on the function of microtubules in the
stomatal movement are controversial. Some studies have suggested
that microtubules are required for opening but not for closing of the
stomata; whereas, some proposed that microtubules are not required
for the function of guard cells®?. Eventually, emerging evidence
supported the fact that microtubule dynamics in guard cells were
involved in stomatal movement”~%. Eisinger et al. reported that guard
cells of closed stomata displayed fewer microtubules, whereas an
increase in microtubules was observed in guard cells during stomatal
opening®*. Furthermore, pharmacological analyses implied that the
disruption of microtubules prevented stomatal opening and that the
stabilisation of microtubules caused a delay in stomatal closure®. The
expression of the microtubule-binding domains of microtubule-
associated proteins (MAPs), such as MAP4 or elongation factor-lo
(EF-1x), led to a failure in light-induced stomatal opening?*, All these
evidence suggest an important role for microtubule organisation and
dynamics in the proper function of guard cells. In addition, a hypo-
thetical role of microtubules in modulating the activity of K" and Ca**
channels was proposed®’. Nevertheless, the underlying mechanism
remains unclear.

The End-binding 1 (EB1) family members are well-known micro-
tubule plus-end-tracking proteins (+TIPs) conserved in yeasts, animals
and plants®*. These proteins directly regulate the dynamics of
microtubule plus ends or recruit other +TIPs, and act as master inte-
grators of the +TIP interaction network®. The Arabidopsis genome
encodes three EB1 orthologues, AtEB1a, AtEB1b and AtEBIc, which are
grouped into two subclades®. AtEBla and AtEB1b exhibit relatively
high similarity at the amino-acid level with mammalian EB1 and present
as comet-like structures to track growing plus ends of microtubules (a
pattern conserved among EBI proteins in different species)* ™. Inter-
estingly, AtEB1a and AtEBIb can interact with each other®, but not with
AtEBI1c. AtEBIc is more divergent, with a C-terminal tail containing a
functional nuclear localisation signal (NLS) and a likely extra functional
motif(s) absent in AtEBla/b. The distinct features of the tail region
discriminate it from other EB1 proteins®. Genetic analyses have indi-
cated that AtEB1 proteins function during root growth and responses
to touch and gravity signals**". Lindeboom et al. reported the absence
of AtEBI proteins reduced growth velocities of microtubule plus ends
but increased shrinkage velocities®, suggesting AtEBI proteins reg-
ulate microtubule dynamics by inhibiting the shrinkage of microtubule
plus ends. Their study also hinted that AtEBI proteins are involved in
the blue light-stimulated reorientation of cortical microtubule arrays
in etiolated hypocotyl cells®.

Interestingly, the relatively strong expression of all three AtEBI
genes in guard cells was revealed”, but the role of associated AtEB1
proteins in stomatal movements remains unclear. In the present study,
we found that light-induced stomata opening was significantly delayed
in ebla 1b Ic triple mutant as was also the redistribution of KAT1 and
SYPI121 to the PM of guard cells. A direct interaction between SYP121
and AtEBla/b was detected. Using AtEB1b-GFP as a fluorescent probe,
we performed live cell imaging and revealed that SYP121 was asso-
ciated with the trans-Golgi network/early endosome (TGN/EE) com-
partments and recruited to microtubule plus-ends by AtEBIb,
trafficking with the growth of microtubule for targeting to the PM. Our
study reveals microtubule plus-end-directed vesicle trafficking in

plants, establishing a novel mechanism for redistribution of PM pro-
teins in guard cells during light-induced stomatal opening.

Results

AtEB1 functions in stomatal opening

Previous studies demonstrated that all AtEBI genes were expressed in
various tissues in Arabidopsis, although relatively stronger in guard
cells®. A role for AtEBI proteins in light-stimulated cortical micro-
tubule reorientation in hypocotyl epidermal cells was also suggested™.
To determine if AtEB1 proteins participate in light-induced stomatal
opening, we measured the stomatal apertures of the wild type (Col-0)
and the ebla 1b Ic triple mutant. Arabidopsis leaves were maintained in
the dark for 2 h to completely close stomata, followed by a 1h illumi-
nation before measurements. We observed that stomatal apertures in
the wild type were significantly larger than in the ebla 1b Ic mutant. A
similar result was consistently obtained after 2 h of light induction
(Fig. 1a, b). Furthermore, infrared thermal imaging analysis®® revealed
warmer leaves in ebla 1b Ic plants when compared with the wild type
after approximately 2 h light illumination, indicating a reduced tran-
spiration rate in ebla 1b Ic plants (Fig. 1c). In addition, Arabidopsis
whole-rosette gas-exchange measurements*® exhibited defects in
light-induced changes in stomatal conductance in ebla 1b Ic plants
when compared with the wild type (Supplementary Fig. 1). These
results demonstrate that stomatal opening was delayed in the ebla 1b
Ic mutant, suggesting AtEBL proteins are important for stomatal
opening. To confirm this, we introduced native promoter-driven
AtEB1a, AtEBIb, and AtEBIc into ebla 1b 1c mutant, respectively, and
obtained the complementary lines, namely COM-EB1a, COM-EBI1b, and
COM-EBIc (Fig. 1a, b and Supplementary Fig. 2a, b). Light-induced
stomatal openings in COM-EB1a and COM-EBIb lines were similar to the
wild type (Fig. 1a, b), indicating a redundant function for AtEBla and
AtEBIb in this process. AtEB1c has been shown to accumulate in the
interphase nucleus and plays a role in spindle pole positioning and
chromosome segregation during mitosis®. Interestingly, in this study,
we found a partial recovery of stomatal-opening phenotype in ebla 1b
Ic triple mutant by expressing AtEBIc, although the ebIc single mutant
had no defect in stomatal opening (Supplementary Fig. 2c). We then
generated the ebla 1b double mutant and found that the stomatal
aperture in ebla 1b double mutant was significantly smaller than that in
the wild type, but larger than that in the ebla 1b Ic triple mutant
(Supplementary Fig. 2d). Taken together, the above genetic results
indicated a major role of functional redundant AtEBla and AtEBIb in
stomatal opening, whereas AtEBIc might play a minor role or com-
pensate when AtEBla and AtEB1b were absent. Therefore, we mostly
used AtEB1b for subsequent experiments.

AtEBla and AtEB1b associate with the plus ends of growing
microtubules and exhibit comet-like structures®*’. To investigate their
role in stomata opening, we used AtEB1b-mCherry (driven by the
native promoter) as a fluorescent probe to follow cellular processes.
Co-localisation analysis of AtEB1b-mCherry with GFP-tagged a-tubulin
6 (TUAG6) clearly showed that comet-like structures of AtEB1b-mCherry
were anchored to the growing ends of microtubules in guard cells
(Fig. 1d and Supplementary Movie 1). In the dark, the density of AtEB1b-
mCherry dots in guard cells with closed stoma was 6.9 + 2.2 per 10 um?
(+ indicates s.d., n=218); the density increased to 9.0 + 2.4 per 10 pm?
(+ indicates s.d., n=219) in guard cells in the 1-h light-induced open
stomata (Fig. 1d, e). We then used the occupancy index to indicate
microtubule density in guard cells with opened or closed stomata,
respectively, as previously described with brief modification*>*’. The
leaves expressing GFP-TUA6 were kept in the dark for 2 h to close the
stomata. The occupancy of microtubules in one guard cell with closed
stomata was 15.9% (n =218). After 1-h light treatment, the microtubule
occupancy significantly increased to 26.2% along with the stomata
opening (n=219) (Fig. 1d, f). The above evidence indicates that grow-
ing microtubules increased in guard cells upon light treatment, since
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Fig. 1| AtEB1 proteins function in light-induced stomatal opening.

a Representative images of stomatal aperture in wild-type (Col-0), ebla 1b Ic
mutant and complementary lines (COM-EBla and COM-EBI1b) before and after light
treatment. A total of three independent experiments were performed and obtained
similar results. Bars =10 pm. b Quantification of stomatal aperture size in wild type,
ebla 1b Ic mutant and complementary lines. Abaxial epidermal strips were peeled
and exposed under white light. The image on the left illustrates how the size of the
stomatal aperture was measured. ¢ Representative false-colour infrared images
show that the leaf temperature of ebla 1b Ic plants is higher than for the wild type
after 2 h light illumination. A quantitative analysis of leaf temperature is shown on
the right. A total of three independent experiments were performed and obtained
similar results. d More AtEBIb-mCherry comet-like dots were detected in guard
cells with opened stomata under light, in comparison to guard cells with closed
stomata in the dark. Consistently, more microtubules (visualised by GFP-TUA6)

Dark

Light

Light

were noted in guard cells under light compared with dark conditions. The max-
intensity projection of Z-stack images is shown. Bar = 5 um. e Quantification of
AtEB1b-mCherry density in guard cells as shown in d. f Quantification of micro-
tubule density (indicated by the occupancy) in guard cells expressing GFP-TUA6 as
shown in d. g Quantification of cortical microtubule orientation in guard cells
expressing GFP-TUA6 as shown in d. Data in b, ¢, and e-g are presented as box
plots. The whiskers indicate the maximum/minimum values and the centre line
within the box reflects the median value and the boundary lines of box indicate the
1** quartile (upper) and the 3™ quartile (lower) value of the dataset. The data in

b were analysed using RStudio software with the agricolae package. Different let-
ters indicate significant differences analysed by one-way ANOVA with Duncan’s new
multiple range test, P<0.01. In ¢, e-g, **P<0.001, two-tailed Student’s t-test. The
“n” below each box indicates the number of analysed guard cells.

AtEB1b associates with the growing plus-end of microtubules®.
Moreover, we evaluated microtubule orientation as previously
described***, the results suggested a significant change in micro-
tubule orientation during the stomatal opening process (Fig. 1g). This
is consistent with a previous report showing the orientation of cortical
microtubule changes during stomatal closure®.

AtEBI1 proteins involved in KAT1 redistribution during stomatal
opening

It has been suggested that plant cells also respond to environmental
conditions by regulating the abundance and distribution of PM

proteins that comprise the functional interface with the environment,
through endocytosis and recycling processes as occurs in animals and
yeast***%, This regulation provides a prompt and efficient means of
response to external signals in addition to altering transcriptional
output. Stomatal opening requires K* uptake through K* channels in
the PM™. After being kept in the dark, guard cell re-opening in intact
plants can be very fast, whereas transcripts of the K* channel, KAT1, do
not change much in studies of guard cell gene expression®’. Sutter et al.
reported that abscisic acid (ABA) triggered KAT1 endocytosis and
stomatal closure, whereas endosomal-localised KATI recycled back to
the PM during stomatal reopening after ABA washout®, suggesting an
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Fig. 2 | AtEB1 proteins function in the redistribution of KAT1-mNeonGreen to
the PM and affect intracellular K content. a Distribution of mNeonGreen-tagged
KAT1 (KAT1-mNeonGreen) in guard cells from wild-type (Col-0) and ebla 1b Ic
mutant plants before and after light treatment. Light stimulus increased the
redistribution of KAT1-mNeonGreen to the PM in wild-type guard cells, whereas this
process was dramatically delayed in ebIa Ib Ic cells. Z-stack images (0.5-um step
size) were acquired, and the max-intensity projection is shown. Total four inde-
pendent experiments were performed and obtained similar results. Bars = 5um.
b The ratio of mean KATI-mNeonGreen fluorescence intensity between the PM and
cytosol (excluding chloroplast auto-fluorescence) was measured in guard cells
from wild-type and ebla 1b Ic mutant plants as shown in a. ¢ Representative
pseudo-coloured images of intracellular K* levels in guard cells expressing Ic-LysM
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d Quantitative analysis of light-induced intracellular K* dynamics from wild-type
and ebla 1b Ic mutant guard cells based on FRET ratios (FRET/CFP). Data in b and
d are presented as boxplots. The whiskers indicate the maximum/minimum values
and the centre line within the box reflects the median value and the boundary lines
of box indicate the 1* quartile (upper) and the 3 quartile (lower) value of the
dataset. The data were analysed using RStudio software with the agricolae package.
Different letters indicate significant differences analysed by one-way ANOVA with
Duncan’s new multiple range test, P < 0.05. The “n” below each box indicates the
number of analysed guard cells.

important role for KAT1 endocytotic recycling in modulating its levels
at the PM in the regulation of stomatal movement®***°, To test whe-
ther AtEB1 proteins modulate light-induced stomatal opening by
affecting the PM distribution of KATI1, we generated transgenic plants
expressing Prox,r:KATI-mNeonGreen and compared KAT1 trafficking
during stomatal opening in wild-type and ebla 1b 1c guard cells. Z-stack
images (0.5-um step size) of guard cells were acquired, and the pro-
jection image was shown in Fig. 2a, after maintenance in the dark for
2 h, the KATI-mNeonGreen signal at the PM was dim in guard cells
surrounding closed stoma in both wild-type and mutant cells. Con-
sistent with a previous report*, a 1h light illumination induced sto-
matal opening and the redistribution of KATI-mNeonGreen
fluorescence to the PM in wild-type guard cells; however, an obvious
delay in stomatal opening and the redistribution of KATI-mNeonGreen
to the PM was observed in ebla 1b Ic triple mutant guard cells (Fig. 2a).
To quantitatively analyse the PM redistribution of KATI-mNeonGreen
in guard cells upon light exposure, we compared the PM/cytosol ratio
of mean KAT1-mNeonGreen fluorescence intensity in the wild type and
ebla 1b Ic mutant. As shown (Fig. 2b), a significantly higher ratio was
observed in the wild type when compared with ebla 1b 1c mutant after
1h or 2h light treatment. Moreover, expression of AtEBla or AtEB1b
rescued the PM localisation and dynamics of KAT1 in COM-EB1a and

COM-EBIb lines (Supplementary Fig. 3a). These results suggested a role
for AtEBI proteins in KATI1 redistribution to the PM during light-
induced stomatal opening. Furthermore, we applied 10 uM amiprofos-
methyl (APM, a microtubule-disrupting drug) along with the 1-h light
treatment to the wild-type guard cells. We found that depolymerisa-
tion of microtubules significantly reduced the light-induced PM-dis-
tribution of KATI-mNeonGreen compared with the untreated control
(Supplementary Fig. 3b, ¢), which further supported the important role
of microtubules in KATI localisation.

During stomatal opening, K" is pumped into guard cells through
inward potassium channels on the PM (such as KAT1), resulting in
increased turgor pressure'. Therefore, we suspected that reduction of
the KAT1 channel at the PM (Fig. 2a, b) may perturb K" influx and be at
least partially responsible for delayed light-induced stomatal opening
in the ebla 1b 1c mutant. We used a ratiometric GEPIl-based K* bio-
sensor which fuses K* binding domains of the bacterial K*-binding
protein with CFP and YFP to quantify cellular K* concentrations ([K*].)
using FRET analysis®’. As shown (Fig. 2c, d), after 2 h of darkness, [K*].
as indicated by the FRET ratio (FRET/CFP) in wild-type guard cells was
similar to ebla 1b Ic cells. Upon light illumination, [K*]. was gradually
increased along with the stomata opening, consistent with a previous
report™, however, the increase in [K']. in ebla 1b Ic guard cells was
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significantly less than in wild-type cells (Fig. 2c, d). This result was
consistent with less KATI-mNeonGreen on the PM in ebla 1b Ic guard
cells when compared with wild-type cells (Fig. 2a, b).

From this evidence, we propose that AtEBI1 proteins function in
the distribution/redistribution of the KAT1 potassium channel on the
PM, and consequently, are involved in light-induced stomatal opening.

AtEB1b mediates SYP121 redistribution during stomatal opening
Arabidopsis SYP121 protein belongs to the Qa-SNARE family. PM-
localised SYP121 is highly dynamic and is continuously recycled from
and to the PM®. A previous study indicated that SYPI21 facilitates
stomatal reopening, and the trafficking and recycling of K* channels to
the PM*. We, therefore, tested if AtEB1 interacted with SYP121 to
regulate stomatal opening. We used AtEBIb and a SYP1214¢ fragment
containing the essential N-terminal residues, a Habc domain and a H3
Qa-SNARE motif (Supplementary Fig. 4a, b) as described previously*,
for the following analyses: Firstly, an in vitro pull-down assay was
performed using glutathione S-transferase fused SYPI21A¢ (GST-
SYP1214) and His-AtEB1b; His-AtEBIb was found to directly interact
with GST-SYP1214¢ (Fig. 3a and Supplementary Fig. 4c). Secondly, a
luciferase complementation imaging (LCI) analysis also confirmed the
direct interaction between AtEB1b and SYP121 (Fig. 3b). We then con-
ducted a co-immunoprecipitation (Co-IP) assay using Arabidopsis
transgenic plants expressing AtEB1b-GFP or GFP alone. AtEB1b-GFP or
GFP alone was precipitated, respectively, from plant extracts with anti-
GFP antibody; the SYP121 protein co-precipitated with AtEB1b-GFP, but
not with GFP alone, as identified by an anti-SYP121 antibody (Fig. 3c).
This further indicates that AtEB1b and SYP121 may co-exist within the
same complex in vivo. Lastly, we performed a bimolecular fluores-
cence complementation (BiFC) assay in tobacco leaves and observed
YFP signals with a typical mobile comet-like pattern (similar to AtEB1b-
GFP) in leaf epidermal cells co-expressing YN-SYP121 and AtEB1b-YC
(Fig. 3d and Supplementary Movie 2). This result hinted that SYP121
interacted with AtEB1b at microtubule plus ends. However, the AtEB1b
truncated fragment, AtEBIb® *, which lacks the coiled-coil domain
and L region for microtubule-binding, and also misses the tail region
for interaction with other proteins, did not interact with
SYP121 (Fig. 3d).

To further address the functional relationship between AtEB1 and
SYP121, we compared the SYP121 localisation pattern in wild-type and
ebla 1b Ic mutant guard cells. In wild-type guard cells with open stoma,
most GFP-SYP121 signals were detected in the PM; only a few GFP-
SYP121 punctates with weak fluorescence were seen in the cytosol
(Fig. 4a). As shown in Supplementary Fig. 5 and Supplementary Table 1,
fluorescent protein-tagged SYP121 partially co-localised with HAP13g-
RFP and GFP-VAMP722 (markers for the TGN/EE compartment). This
indicates that those cytosolic fluorescent punctates in Fig. 4a were
GFP-SYP121-associated TGN/EE. Considerably more GFP-SYP121-
associated TGN/EE existed in the cytosol, with reduced signal at the
PM, in ebla 1b 1c mutant guard cells than in the wild-type cells (Fig. 4a).
Quantification analysis revealed a significantly higher average PM/
cytosol ratio of GFP-SYP121 fluorescence intensity in the wild type
compared with ebla 1b Ic guard cells (Fig. 4b). The average number of
GFP-SYP121-associated TGN/EE in the cytosol of ebla 1b Ic guard cells
was significantly greater than in wild-type guard cells (Fig. 4c). Con-
sistently, the percentage of GFP-SYP121 fluorescence intensity on TGN/
EE versus cytosol was significantly greater in the ebIa 1b Ic mutant than
the wild-type guard cells (Fig. 4d).

Our investigation strongly suggested that the delay in stomatal
opening in the ebla 1b 1c mutant could be attributed to the decreased
localisation of SYP121 at the PM of guard cells. We, therefore, tracked
any changes in GFP-SYP121 localisation in wild-type and ebla 1b Ic
guard cells before and after 0.5h of light treatment. After 2h in
darkness, most of the GFP-SYP121 signal associated with cytosolic
TGN/EE in guard cell bearing closed stoma and the average TGN/EE

number per cell was similar between wild-type and ebIa 1b Ic guard
cells (Fig. 4e, f). Upon light illumination, the GFP-SYP121 signal quickly
increased at the PM, and the number of GFP-SYP121-associated TGN/EE
dramatically decreased in the cytosol of wild-type cells at 0.5 h after
light exposure (Fig. 4e-g). In light-treated ebla 1b Ic cells, the average
number of GFP-SYP12l-associated TGN/EE per 100 um* was sig-
nificantly higher than wild-type cells (Fig. 4e, f), and the 0.5 h light-
induced increase in the PM/cyto ratio of GFP-SYP121 signal was sig-
nificantly less than that in wild-type cells (Fig. 4g), suggesting a delay in
SYPI121 redistribution to the PM in ebla 1b Ic cells. Moreover, the light-
induced PM-distribution of GFP-SYP121 was recovered in COM-EBla
and COM-EBI1b (Supplementary Fig. 6a, b). These indicated that AtEB1
proteins are important for SYP121 redistribution to the PM during
stomatal opening.

To further test this, 50 uM Brefeldin A (BFA) and 50 pM CHX
(cycloheximide) was applied and this was then followed by a 3 h
washout of BFA. BFA inhibits exocytosis but not endocytosis, and CHX
is a protein biosynthesis inhibitor. BFA treatment induced a similar
aggregation of GFP-SYP121 in BFA compartments in wild-type and ebla
1b Ic cells, implying little difference in the internalisation of SYP121
(Supplementary Fig. 7a, b). Once BFA was washed out, SYPI21-
containing BFA bodies disappeared in nearly 62.4% of wild-type cells,
but could still be detected in about 79.6% of ebla 1b Ic cells (Supple-
mentary Fig. 7b). This indicated that AtEB1 proteins are important for
the redistribution of internalised SYP121 to the PM, but may not be
required for SYP121 internalisation.

To further confirm that AtEB1 proteins are conducive to SYP121
redistribution on the PM during light-induced stomatal opening, we
performed a fluorescence recovery after photo-bleaching (FRAP)
analysis. We drew a region of interest (ROI) at the dorsal side of a guard
cell with an open stoma expressing GFP-SYP121 (Supplementary
Fig. 7c), and then measured the average GFP-SYP121 fluorescence
intensity in the ROl before and after bleaching. We found a significantly
slower recovery rate of GFP-SYP121 fluorescence at the PM in ebla 1b Ic
guard cells when compared with wild-type cells. Moreover, APM
treatment interfered with the recovery of GFP-SYP121 fluorescence at
the PM (Supplementary Fig. 7c-e). These evidences further suggested
a role for AtEBI proteins in the redistribution of SYP121 to the PM
region in guard cells during light-induced stomatal opening.

Microtubule growth drives endomembrane trafficking of SYP121
We next asked if such AtEB1-mediated SYP121 redistribution to the PM
was dependent on microtubules. We first applied 10 uM microtubule-
disrupting drug APM for 30 min to wild-type guard cells kept in the
dark. Compared with the untreated control, light-induced stomatal
opening was dramatically inhibited (Supplementary Fig. 8a). Further
exploration of the PM/cytosol ratio for GFP-SYP121 fluorescence
intensity indicated that the disruption of microtubules significantly
reduced the light-induced redistribution of GFP-SYP121 to the PM
(Supplementary Fig. 8b, c). In addition, the movement of GFP-SYP121-
associated TGN/EE was severely affected by APM treatment, about
69.2% of them were nearly immobile or moving at a speed <0.1 pms7,
which was a higher proportion than that for cells without APM treat-
ment (48.5%; Supplementary Fig. 8d). Taken together, above obser-
vations imply that the light-induced redistribution of SYP121 to the PM
is at least partially dependent on microtubules.

As we observed SYP121 directly interacted with AtEB1b in vitro and
in vivo (Fig.3) and moved together (Supplementary Movie 2), we pre-
dicted that SYPI12l-associated TGN/EE could be recruited by AtEB1
proteins and anchor at the plus ends of growing microtubules during
light-induced stomatal opening. First, we observed the dynamics of
AtEB1b-mCherry and GFP-SYP121 in guard cells by spinning disc con-
focal microscopy. AtEB1b-mCherry dots were observed moving con-
stantly along a path, indicating the growing ends of microtubules
(Supplementary Movie 1). Interestingly, some SYP121-associated TGN/
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AtEBIb could not be pulled down by GST alone. One representative result from
three independent analyses is presented here. GST-SYP1214€ is indicated with an
asterisk. b Luciferase complementation imaging assay showing the interaction
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a negative control. A representative result from three independent analyses is
shown in the left panel, and the pseudo-colour bar indicates the range of lumi-
nescence. The expression levels of cLuc-SYP121, AtEB1b-nLuc, and ECAP-nLuc were
indicated by the qRT-PCR analysis (right panel). ¢ AtEB1b co-immunoprecipitated
with SYP121. Proteins extracted from transgenic plants expressing AtEB1b-GFP were
immunoprecipitated using anti-GFP antibody and analysed by western blot with
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anti-SYP121 antibody. Transgenic plants expressing GFP alone were used as nega-
tive controls. One representative result from three independent analyses is pre-
sented here. AtEB1b-GFP is indicated with asterisks. d BiFC assay confirming the
interaction between AtEB1b and SYP121. A truncated AtEBI®" fragment was used as
a negative control. The max-intensity projection of Z-stack images is shown in the
upper panel. The lower-left panel indicates the conserved domains of AtEB1b or
AtEB1b". CH, calponin-homologous domain; L, linker region; CC, coiled-coiled
domain; T, tail region. The expression levels of YN-SYP121, AtEBIb-YC, and YC-
AtEBIb™ are indicated by the qRT-PCR analysis (lower-right panel). A representative
result from three independent analyses is shown. Bars = 6 um. In b and d, Nicotiana
benthamiana ACTIN (NBACTIN) was used as an internal control, data are presented
as mean + s.d. *P < 0.01, **P < 0.001, two-tailed Student’s t-test. ns, not significant.

EE displayed random motion (Supplementary Movie 3), whereas other
SYP121-associated TGN/EE travelled a certain distance and then dis-
appeared (Supplementary Movie 4). A change in direction for moving
SYP121-associated TGN/EE was also observed (Supplementary
Movie 5). Notably, the velocity of GFP-SYP121-associated TGN/EE was
seemingly reduced in ebla 1b Ic guard cells. About 70.4% of GFP-
SYP121-associated TGN/EE (a total of 345 TGN/EE from 40 cells) in ebla
1b Ic cells moved at a speed of <0.1 pum s, more than that in wild-type

cells (48.5%; a total of 332 TGN/EE from 39 cells). Next, we generated
transgenic plants co-expressing mCherrry-SYP121 and AtEB1b-GFP to
investigate their co-localisation and behaviour. The expression of
mCherrry-SYP121 in syp121-6 rescued the mutant phenotype, indicat-
ing its proper functionality (Supplementary Fig. 9a, b). During light-
induced stomatal opening, co-localisation between mCherry-SYP121-
labeled compartment and AtEB1b-GFP was indeed detected (Supple-
mentary Movie 6). A representative co-localisation event is shown in
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Fig. 5a, Supplementary Fig. 9c and Supplementary Movie 6, where a
moving SYP121-associated TGN/EE instantaneously changed its path
after associating with AtEBIb, and moved in the same direction as
AtEB1b; this indicates that some SYP121 punctates (34 out of total 198
labelled TGN/EE from 11 cells) were moved by growing microtubules.
However, not all SYP121-associated TGN/EE co-localised with AtEB1b-
GFP dots, suggesting that only a proportion of SYP121-associated TGN/
EE are transported by the growth of microtubules.

We monitored a total of 34 pairs of AtEB1b-GFP dots and
mCherry-SYP121-labeled TGN/EE that exhibited associated move-
ments over a distance > 0.5um. Of these, 14 pairs clearly
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demonstrated that the moving direction of SYP121-associated TGN/
EE changed after interacting with AtEB1b-GFP and being orientated
by microtubule growth direction. For another 20 pairs, the SYP121-
associated TGN/EE and AtEB1b-GFP dot interacted and moved
together at the beginning of the observation (Supplementary
Movie 7); although it was hard to tell if the direction of SYP121-
associated TGN/EE had changed, it still clearly indicated a vesicle
trafficking of SYP121 driven by microtubule growth. We propose
that AtEB1 proteins recruit SYP121-associated TGN/EE to the plus
end of microtubules via binding with SYP121. However, we cannot
exclude the possibility that SYP121-associated compartments might
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Fig. 4 | AtEB1 proteins are involved in the redistribution of GFP-SYP121 to
the PM. a GFP-SYP121 localisation pattern in wild-type (Col-0) (left) and ebla 1b Ic
mutant (right) guard cells under normal growing condition (The max-intensity
projection of Z-stack images is shown). Reduced PM localisation and increased
fluorescent punctates in the cytosol were detected in ebla 1b 1c mutant guard cells.
Arrowheads indicate GFP-SYP121-associated TGN/EE. A total three independent
experiments were performed and obtained similar results. Bars = 5 um. b The ratio
of the mean GFP-SYP121 fluorescence intensity (PM vs. cytosol) was measured in
wild-type and ebla 1b Ic mutant guard cells. ¢ Quantification of GFP-SYP121-
associated TGN/EE in wild-type and ebla 1b Ic mutant guard cells. d The percentage
of GFP-SYP121 fluorescence intensity (endosomal-associated vs. cytosol). e AtEB1
proteins promote the light-induced redistribution of SYP121 to the PM. Wild-type
and ebla 1b Ic mutant seedlings expressing GFP-SYP121 were kept in the dark for2 h
and then transferred to light for 0.5 h before observation. In wild-type guard cells,
light efficiently induced the accumulation of GFP-SYP121 at the PM, whereas GFP-

SYP121-associated TGN/EE dramatically decreased in the cytosol. However, this
process was significantly delayed in ebla 1b Ic guard cells. The max-intensity pro-
jection of Z-stack images is shown. Total six independent experiments were per-
formed and obtained similar results. Bars = 5 um. f Quantification of GFP-SYP121-
associated TGN/EE in wild-type and ebIa 1b 1c mutant guard cells before and after
light treatment. g Quantitative analysis of the ratio of GFP-SYP121 mean fluores-
cence intensity (PM vs. cytosol) in wild-type and ebla 1b Ic mutant guard cells,
before and after light illumination. Data in b-d, f, and g are presented as boxplots.
The whiskers indicate the maximum/minimum values and the centre line within the
box reflects the median value and the boundary lines of the box indicate the 1*
quartile (upper) and the 3" quartile (lower) value of the dataset. Data in

b-d, **P<0.001, two-tailed Student’s t-test. Data in f and g were analysed using
RStudio software with the agricolae package. Different letters indicate significant
differences analysed by one-way ANOVA with Duncan’s new multiple range test,
P<0.05. The “n” above each box indicates the number of analysed guard cells.
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Fig. 5 | SYP121-associated TGN/EE are recruited to the plus end of microtubules
and delivered to the cell surface by microtubule growth. a Left: A representative
time series of partial region in a guard cell (the image of intact cells was shown in
Supplementary Fig. 9c) expressing AtEB1b-GFP and mCherry-SYP121. Spinning disc
confocal microscopy was used and the focal plane was the interior of the cell. A
SYP121-associated TGN/EE (magenta) moved away from the cell periphery (marked
by a white dashed line). At 20 s, an AtEB1b-GFP dot (green) suddenly appeared and a
co-localisation between AtEB1b-GFP and the mCherry-SYP121-associated TGN/EE
was detected (white arrowheads). The SYP121-associated TGN/EE then changed its
direction and moved toward the cell periphery. Better visualisation required
increasing contrast (post-acquisition). White arrows indicate the moving direction
of a mCherry-SYP121-associated TGN/EE. Bar = 2 um. Right: The graphic depicts the
moving tracks of AtEB1b-GFP particle and mCherry-SYP121-associated TGN/EE
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shown in the left panel. The whole tracking path with AtEB1b in green and SYP121
tracks in white (when co-localised with AtEB1b) or magenta (when no co-
localisation was observed). b Left: Variable-angle epifluorescence microscopy was
used to observe the co-localisation of mCherry-SYP121 with AtEB1b-GFP and their
approach to the cell surface. A representative time series was shown. A mCherry-
SYP121-associated TGN/EE (white arrowheads) appears and is stabilised at the cell
surface at 0's, and remained stationary for several seconds before its fluorescence
faded at 8 s. Bar = 1.5 um. *indicated the AtEB1b-GFP dots being tracked. Right:
Kymograph of the region indicated in the left panel (white dash arrow), showing the
stationary phase of mCherry-SYP121-associated TGN/EE co-localised with AtEB1b-
GFP. The green and magenta arrows represent the AtEBIb and SYP121 trajectory,
respectively.

also be transported by motor proteins such as myosin or kinesin
along microfilaments or microtubules.

Interestingly, shortly after the SYP121-associated TGN/EE reached
the periphery of the cell, the fluorescence of the mCherry-SYP121
weakened and disappeared, which was likely the result of its fusion
with the PM (Fig. 5a and Supplementary Movie 6). We then focused on
the periclinal cell surface using variable-angle epifluorescence micro-
scopy (VAEM), a technology suitable for observing the dynamics of
proteins near the PM in plants™. We observed total 58 mCherry-SYP121-
associated TGN/EE co-localised with AtEB1b-GFP and tracked their
approach to the cell surface (Fig. 5b). After their first appearance at the
cell periphery (near the PM), 14 mCherry-SYP121/AtEB1b-GFP-

colocalised TGN/EE remained stationary for at least 2s before the
fluorescence faded (Fig. 5b). We suspect that these compartments
were delivered to the cell periphery and fused with the PM.

To verify this assumption, we used VAEM to monitor and analyse
the dynamics of SYP121-associated TGN/EE at the cell surface in wild-
type guard cells expressing GFP-SYP121. As shown (Fig. 6a-c), GFP-
SYP121 displayed as discrete punctate at the periclinal cell surface. The
appearance, stationary state (>2s), and disappearance of some GFP-
SYP121 punctates at distinct sites were clearly revealed by kymograph
analysis (Fig. 6b). This type of behaviour was similar to the exocytosis
event described previously’**. Similar behaviour of GFP-SYP121-
associated TGN/EE was also found in ebla 1b Ic cells, although the
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Fig. 6 | AtEB1 proteins affect the distribution of SYP121-associated TGN/EE to
the cell surface. a A wild-type (Col-0) guard cell expressing GFP-SYP121 visualised
using variable-angle epifluorescence microscopy, showing discrete GFP-SYP121

punctates near the periclinal cell surface of the guard cell. The yellow box indicates
the ROI region used to calculate the frequency of the SYP121-associated punctates
approached and distributed to the cell surface, and represents the location where
the kymograph plot was generated in b. Bar = 10 um. b Kymograph of a region of
interest indicated by the yellow box in a, showing the appearance, stationary (>2's),
and disappearance of each distinct GFP-SYP121 punctate at the cell surface/PM (a
behaviour similar to the previously reported exocytosis events). The span of each
white straight line in the kymograph represents the stationary duration of distinct
GFP-SYP121 punctate. ¢ A GFP-SYP121-associated punctate (yellow arrows) was

enlarged from a, showing its appearance at the cell surface at O s. It kept stationary
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about 4 s before the fading of its fluorescence, indicating an exocytosis event. Bar =
0.35 um. d The rate of GFP-SYP121-associated punctates with exocytosis-like
dynamic behaviour (appeared, stationed, then disappeared) at the cell surface were
calculated in wild-type (without or with APM treatment) and ebla 1b Ic guard cells.
Data were presented as mean + s.e. (n =17 ROI from 12 wild-type guard cells without
APM; n =23 ROI from 14 ebla 1b Ic mutant guard cells; n =24 ROI from 13 APM-
treatment wild-type guard cells). **P < 0.01, **P < 0.001, two-tailed Student’s t-test.
e Duration time of stationary GFP-SYP121-associated punctate near the cell surface
in wild-type and ebla 1b 1c guard cells. Data were presented as mean + s.e. (n=3). A
total of 127 and 145 events were measured from three independent biological
experiments in wild type and ebla 1b 1c mutant, respectively. *P < 0.05, *P < 0.01,
two-tailed Student’s t-test. ns, not significant.

loss function of AtEB1 proteins led to significantly reduced occurrence
(3.0 + 0.3 events/100 pm%/10 s) than in wild-type cells (5.0 + 0.5 events/
100 pm?/10 s). Moreover, we found that the appearance of GFP-SYP121
punctates was significantly interfered by the APM treatment (Fig. 6d),
indicating a role of microtubules in the delivery of GFP-SYP121-
associated TGN/EE to the cell periphery.

We also analysed the resident time of stationary GFP-SYP121
punctates at the cell periphery before the disappearance of their
fluorescence (Fig. 6e). We found that most GFP-SYP121-associated
TGN/EE (about 70%) in wild-type guard cells displayed resident time
less than 5's (Fig. 6e), significantly more than that in ebla 1b Ic cells.
The average resident time of GFP-SYP121 punctates in wild-type cells
was 5.0+ 0.4s (mean * s.e.), whereas it was extended to 7.1+0.9s
(mean ts.e.) inebla 1b Ic cells. We suspected that the reduction of PM-
localised SYP121 in ebla 1b Ic guard cells (Fig. 4 and Supplementary
Fig. 7) caused less efficiency in membrane fusion during exocytosis,
thereby leading to extension of the residency time of exocytic vesicles.

In conclusion, a hypothetic model of microtubule growth-driven
endomembrane trafficking during light-induced stomatal opening is
shown in Fig. 7. SYP121-associated TGN/EE directly interact with AtEB1
+TIP proteins, and, through microtubule growth, are propelled and
delivered to the cell periphery for redistribution to the PM. It has been

shown that PM-localised SYP121 facilitates the recycling of KAT1 to the
PM, and the subsequently increased K" channels on the PM are
important for light-induced stomatal opening®*¢ (Fig. 7). Further
analyses of light-induced stomatal opening were performed using kat1
(SALK _127506C), sypI21-6 single mutants®®, and quadruple mutants
ebla 1b Ic katl and ebla 1b Ic syp121-6 (Supplementary Fig. 10). We
found similar phenotypes in these mutants as that in the ebla 1b Ic
triple mutant, which strongly supports our hypothetical model.

Discussion

Previous studies and our present work reported two approaches for
regulation of KAT1 function during stomatal opening. By single guard
cell recordings in intact plants, Roelfsema et al.”” demonstrated that
light induces hyperpolarisation of the PM to activate the activity of
inward rectifying K* channels. A recent report by Lefoulon et al. indi-
cated that PM-anchored SYP121 binding to KAT1 promoted KAT1
channel activity”. In addition to channel-activity regulation, micro-
scopy analysis revealed that dynamic population-control of KAT1
channels at the PM also plays an important role in the regulation of
stomatal movements’**®, KAT1 was reported to be internalised into
endomembrane compartments when guard cells were kept in dark-
ness or treated with abscisic acid, whereas be redistributed to the PM
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Fig. 7| A hypothetical working model for the endomembrane trafficking driven
by microtubule growth in guard cells during stomata movement. 1 During
stomata closing, PM-localised KAT1 and SYP121 proteins were internalised into the
cytosol; 2 During stomata opening, co-localisation between SYP121 and AtEB1
proteins recruits the SYP121-associated TGN/EE to the growing end of
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microtubules; 3 The SYP121-associated TGN/EE is delivered to the cortex, close to
the PM for exocytosis; 4 PM-associated SYP121 subsequently facilitates the redis-
tribution of KAT1K* channel and SYP121 to the PM***°, Moreover, PM-associated
SYP121 also binds to KAT1 and promotes KAT1 channel activity”.

during stomatal opening/reopening®*® (present work). Interestingly,
in single intact guard cells impaled with microelectrodes, Roelfsema
et al.”’ found that K* currents did not disappear when guard cells were
kept in darkness. This could be due to the fact that not all KAT1
channels are internalised into the cytosol, and the remaining PM-
resided KATI1 is activated by the hyperpolarsation of the PM (Roelf-
sema et al.”’ also proposed that factors other than light can induce
hyperpolarised membrane potentials as well). Indeed, further investi-
gation is needed for this hypothesis. In addition, it was shown that
multiple inward-rectifying K* channels exist in guard cells and KAT1
was not essential for stomatal action®®. It is worthy of study in the
future to testify whether AtEB1 proteins-mediated microtubule-
growth-driven endomembrane trafficking is also involved in regula-
tion of other K* channels in Arabidopsis. Besides, aquaporin PIP2;7
(which was also implicated in stomatal movement) has been shown to
directly interact with SYP121, and its delivery to the PM depends on
SYP121°°°, Because the PM-localised SYP121 participates in driving
membrane fusion during exocytosis, we reckon that AtEBl-mediated
microtubule growth-based mechanism might not be specific for KAT1.
More likely, it is also adopted for some other transmembrane proteins
to distribute to the PM via SYP121-mediated exocytosis. This hypoth-
esis needs further investigation in future studies.

Our investigation suggests an important role for microtubule
growth in vesicle trafficking during light-induced stomatal opening.
Although it is well known that the power produced by microtubule
elongation and shrinkage is essential for chromosome movements®, it
is of interest to investigate how this is involved in vesicle trafficking. In
plant cells, little evidence supports the involvement of microtubules in
the long-distance trafficking of organelles or endomembrane com-
partments previously. However, there is mounting evidence to suggest
that microtubules and their motors are involved in targeting secretory
organelles to functionally appropriate destinations, by anchoring or
slowing down these organelles**'®2, Qur observations agree with this
hypothesis: the association of SYP121-associated TGN/EE with AtEB1 at
the plus end of microtubules allows the delivery of vesicles to the cell
periphery, which would facilitate the subsequent docking and fusion
of SYP121-associated TGN/EE to the PM. Since not all SYP121-resident
TGN/EE were associated with AtEBIb (Fig. 5, Supplementary Fig. 9c and
Supplementary Movie 6), other mechanisms must exist to deliver
SYPI21 to the PM, which is of interest for future studies. In addition,
another microtubule plus end-binding protein, CLASP, was found to
directly interact with the retromer SNX1 and also has a role in con-
trolling SNX1 vesicle morphology and behaviour®. It was proposed that
the recruitment of SNXI1 vesicles to the plus end of microtubules
increases vesicle residency time close to the PM’. Do different plus

end-binding proteins recognise distinct vesicles and/or play different
roles in microtubule-dependent vesicle trafficking? What specifies
those vesicles that are recognisable to various microtubule plus end-
binding proteins? These are interesting questions worthy of further
investigation.

A previous report demonstrated that vacuole remodelling in
guard cells during stomatal movement requires SNARE VTII1 and
intact microtubules®. This raises an interesting question concerning
whether microtubule growth is also a driving force in VTI11 positioning
and hence in membrane fusion at the vacuole during stomatal open-
ing. Therefore, whether microtubule growth-driven endomembrane
trafficking is involved in more than one SNARE protein-mediated
vesicle trafficking is worthy of further investigation.

EB1 proteins are evolutionarily conserved microtubule plus end-
binding proteins in yeasts, animals and plants***. They directly reg-
ulate microtubule dynamics, or indirectly by recruiting other micro-
tubule plus end-binding proteins and acting as master integrators
organising the +TIP interaction network®*****¢*, In Arabidopsis, Linde-
boom et al.*® reported that the absence of AtEBI proteins reduces the
growth rate of microtubule plus ends, but leads to an accelerated
shrinkage velocity, although they have no obvious effects on the cat-
astrophe or rescue rates of microtubules. In addition, Molines et al.®®
suggested a function for AtEBla and AtEBI1b in the interaction of
adjacent microtubules, contributing to microtubule bundling and
organisation and root growth in Arabidopsis. Therefore, besides the
recruitment of SYP121-associated TGN/EE to microtubule plus ends,
AtEB1 proteins may also facilitate microtubule growth-based vesicle
trafficking by modulating the dynamics/behaviour of plus ends of
growing microtubules, and by regulating the organisation of micro-
tubule array. Nevertheless, in plants, the actin-based myosin system
has long been accepted to direct vesicle transport*”. It was reported
previously that the localisation of SYP123, SYP124, and SYP125 in tip
growing pollen tubes and root hairs is closely related to F-actin®® 5,
Interestingly, animal EB1 can bind to F-actin®*”°, and EB1 proteins are
evolutionarily conserved in yeasts, animals, and plants. However, to
date there is no such interaction reported in plants, and whether AtEB1
proteins also mediate vesicle transport through possible interaction
with F-actin is an interesting question that merits further investigation.

In Arabidopsis, AtEBla and AtEB1b belong to the same subclade,
whereas AtEBIc constitutes another subgroup™®. Different from AtEBla
and AtEB1b, AtEB1c-GFP lacks the characteristic tail and accumulates in
the nucleus of the intermitotic phase®”.. Interesting, we found that all
three AtEBIs could interact with SYP121 (Supplementary Fig. 11).
However, based on a series of genetic analyses (Supplementary Fig. 2),
we proposed that functional redundant AtEBla and AtEB1b play major
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roles in stomatal opening, whereas AtEBlc might be compensatory
when AtEBla and AtEB1b were absent. It has been shown that AtEBIc is
enriched in the spindle and the middle region of the phragmoplast,
where the positive end of microtubules are more concentrated during
mitosis®. After the rupture of the nuclear membrane, AtEBIc was
found associated with the ends of growing microtubules in a comet-
like pattern®”>”, Ho et al.”* reported that robust microtubule poly-
merisation (indicated by fluorescently tagged AtEBI1c) took place in the
phragmoplast midline. This raises an interesting question of whether
AtEBlc mediates phragmoplast microtubule trapping and guides
vesicle fusion with the cell plate and is worthy of further study.

Notably, when we use fusicoccin (FC, 5uM) to by-pass the light
signal to induce stomatal opening in the dark, we also detected defects
in stomatal opening and K* accumulation in eblalblc guard cells
(Supplementary Fig. 12). This evidence suggests that AtEB1-mediated
regulation of stomatal opening is not specific to the light.

The dynamics of the microtubule plus end have been proposed as a
mechanism in searching for cortical destination subdomains in Droso-
phila and mammalian cells”’¢. Gu et al.” reported that both KIF3/kinesin
Il and EBI participate in the axonal targeting of Kvl voltage-gated K*
channels. An association with both EB1 and KIF3 enhanced the ability of
Kvl-containing vesicles to stay associated with microtubules. The asso-
ciation with EB1 was also speculated to facilitate the delivery of Kvi-
containing vesicles to the axonal membrane—if the microtubule plus end
is close enough to the axonal membrane. This implies microtubule plus-
end-directed vesicle trafficking in animal cells, although direct evidence
is lacking. Microtubule plus-end-directed vesicle trafficking has rarely
been reported to date and yet our findings raise the important question
of whether this could be a widespread mechanism underlying critical
cellular activity at the cortex of all eukaryotic cells. Further studies in
animal/fungal systems are needed to demonstrate this; such investiga-
tions will broaden our understanding of directional endomembrane
trafficking in all organisms.

Methods

Plant materials

Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild
type. The ebla 1b Ic triple mutant was described previously by Komaki
et al.® The ebla 1b double mutant was obtained by hybridising the ebla
1b Ic triple mutant with the wild-type plant. The complementary lines
COM-EBIa, COM-EBIb, and COM-EBIc were obtained by introducing
ProepiaAtEBIa, Proswepip-AtEBID, O Prosuepic:AtEBIc into the ebla 1b
Ic triple mutant, respectively.

The sypi121-6 mutant and sypI121-6 Prosyp;»;:GFP-SYPI121 (named as
COM 18) transgenic lines were documented in our previously pub-
lished article®®. The ebla 1b 1c GFP-SYPI21 line was obtained by crossing
COM 18 with the ebla 1b I1c mutant. Then, ebla 1b 1c GFP-SYPI21 plants
were crossed with COM-EBla or COM-EBIb to generate AtEBI com-
plementary lines expressing GFP-SYP121. To verify the functionality of
mCherry-SYP121, Prosyp;2:mCherry-SYPI121 was introduced into syp121-
6 plants to generate the complementary line—COM?9. A 35S::AtEB1b-GFP
transgenic line was kindly provided by Prof. Shanjin Huang (Tsinghua
University, China). The 35S5:AtEB1b-GFP line was crossed with
Prosypio1:mCherry-SYPI121 to generate dual-labelled transgenic plants.
Pro s.ep1p-AtEB1b-mCherry was transformed into 355::GFP-TUA6 trans-
genic lines for dual labelling of AtEB1b and microtubules.

Arabidopsis transgenic marker lines HAP13-RFP and WAVE22R were
kindly provided by Prof. Yan Zhang (Shandong Agricultural University,
China); mCherry-MEMB12 and mRFP-ARA7 were kindly provided by Prof.
Ruixi Li (Southern University of Science and Technology, China); GFP-
VAMP722 line was provided by Prof. Jinxing Lin (Beijing Forestry Uni-
versity, China). Above marker lines were crossed with Prosyp;»:GFP-
SYPI21 or Prosyp;or:mCherry-SYPI21 to obtain dual labelling lines.

Progar1-:KATI-mNeonGreen was transformed into ebla 1b Ic and
wild-type plants, respectively. Then, the ebla 1b I1c KATI-mNeonGreen

plant was crossed with COM-EBla or COM-EBIb to obtain com-
plementary lines expressing KATI-mNeonGreen. An Arabidopsis
transgenic line expressing K* biosensor Ic-LysMGEPIIL.O* was kindly
provided by Prof. Yi Wang (China Agricultural University, China), and
an ebla 1b Ic line expressing Ic-LysMGEPII1.0 was obtained by crossing.
A T-DNA insertion mutant of KAT1 (SALK 127506C) was ordered from
the ABRC.

Agrobacterium-mediated transformation was performed by using
the floral dip method.

Plasmid construction

To generate the Proxr1-:.KATI-mNeonGreen construct, the native KAT1
promoter (3-kb fragment upstream of the start codon) was amplified
from the wild-type genomic DNA, and the coding sequence of KAT1
was amplified from a cDNA library using specific primers. Resulting
products were then cloned into a pCAMBIA1300 vector harbouring a
mNeonGreen tag coding sequence.

To generate the Prosypi:mCherry-SYPI21 construct, a 1.8-kb
fragment before the start codon was amplified from wild-type genomic
DNA as the native promoter. The coding sequence of SYP121 was
amplified from a cDNA library. The corresponding products were
subsequently cloned into a pCAMBIA1300 vector harbouring the
coding sequence of a mCherry tag.

A native promoter (2-kb fragment before the start codon) and the
coding sequence of AtEBIa, AtEBIb, or AtEBIc were amplified respec-
tively, and then cloned into a pCAMBIAI300 vector to generate
Prosupias: AtEBIa, Proupp:: AtEBID, Ot Projup;~AtEBIc. The amplifi-
cation primers used for cloning are shown in Supplementary Table 2.

Stomatal aperture bioassay

To analyse light-induced stomatal opening, leaves from 2-3-week-old
plants were incubated in buffer containing 10 mM 2-(N-morpholino)
ethanesulfonic acid (MES)-Tris buffer, pH 6.1, and kept in the dark for
2 h to ensure stomata were completely closed. Then, abaxial epidermal
strips were peeled from leaves and transferred to buffer containing
50 mM KCl, 10 mM MES-Tris (pH 6.1) and illuminated with white light.
At different time points, abaxial epidermal strips were mounted on a
glass slide and immediately observed under a microscope (Olympus
BX51) equipped with a digital camera (DP72). Three independent
experiments were conducted. Stomatal aperture size was measured
using ImageJ software.

Leaf temperature measurement

Images of 2-3-week-old wild-type and ebla 1b Ic triple mutant plants
were acquired using a ThermaCAM SC1000 infrared camera (FLIR
Systems Inc., Wilsonville, OR, USA), and false-colour infrared images
were processed by IRWIN REPORTER software (version 5.31). Three
independent experiments were performed.

Stomatal conductance measurement

The whole plant stomatal conductance*® was detected using an Ecotek
LI-6400 system (LI-COR, http://www.licor.com). The mature leaves of
4-5-week-old Arabidopsis plants were exposed to 400 ppm CO, and
47% relative humidity (24 °C). One hour light illumination (100 pmol
m s™) was applied to measure the changes of stomatal conductance
in response to light. All measurements were taken once per 2 min, and
four independent experiments were performed.

Pull down assay

The SYP121 “¢ fragment was amplified, and then cloned into a pGEX4T-
1 vector. The GST-tagged SYP121° (GST- SYP121%€) was expressed in
BL21 cells after induction by 1mM IPTG for 4 h at 28°C and then
purified using glutathione Sepharose 4B beads (GE Healthcare,
Uppsala, Sweden) according to the manufacturers’ instructions. The
coding sequence of AtEBIb was amplified and then cloned into a
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pET30a (+) vector with a 6 x His tag. The recombinant His-AtEB1b
protein was expressed in BL21 cells, and purified using nickel-
nitrilotriacetic acid column (Qiagen, Hilden, Germany) according to
the manufacturers’ instructions.

For the in vitro pull-down assay, GST and GST- SYPI1214¢ recom-
binant proteins were pre-incubated with glutathione Sepharose 4B
beads in PBS buffer (140 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,,
1.8 mM KH,PO,) and then added 50 pg His-AtEB1b protein at 4 °C for
2 h. Unbound proteins were removed by PBS buffer with at least three
times. Eluted pull-down mixtures were analysed by 10% SDS-PAGE. His-
AtEB1b protein was detected using a monoclonal anti-His antibody
(diluted 1:5000, Sigma, MO, USA, H1029,) and GST-tagged proteins
were detected using a monoclonal anti-GST antibody (diluted 1:5,000,
Sigma, MO, USA, G1160) with secondary antibody (diluted 1:10,000;
Abmart, Shanghai, China, M21001S). The uncropped original blot
image is shown in Supplementary Fig. 13.

Co-immunoprecipitation Analysis

Arabidopsis transgenic plants expressing 355::GFP or 35S::AtEB1b-GFP
were used for Co-IP analysis. Total protein was extracted from two-
week-old plants using extraction buffer 10 mM DTT, 5mM EGTA,
5mM EDTA, 10 mM NaF, 10 mM Na3VO,, 5% glycerol, 1mM phe-
nylmethylsulfonyl fluoride, 1 x protease inhibitor cocktail (Roche,
Mannheim, Germany), and 100 mM HEPES), and then centrifuged at
14,000 x g for 30 min at 4 °C. Protein extracts were incubated with
anti-GFP conjugated mAb-magnetic agarose beads (MBL, Japan, D153-
10) at 4 °C for 2 h. The beads were washed five times with wash buffer
(50 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.05% NP-40). Bound proteins
were analysed by 10% SDS-PAGE and western blotted using purified
rabbit-derived anti-SYP121 antibody*® (diluted 1:1,000). The uncropped
original blot image is shown in Supplementary Fig. 13.

BiFC assay

To construct AtEBIs-YC and YN-SYP121, the coding sequence of AtEBIs
and SYP121 was amplified from a cDNA library and cloned into the
pSPYCE(M) and pSPYNE (R) 173 plasmid, respectively*®. The coding
sequence of AtEBIb CH domain was amplified and YC-AtEBIb™ was
used as the negative control. Nicotiana benthamiana leaves were
transformed by Agrobacterium-mediated transformation’®. After 48 h,
the leaves were observed using laser confocal microscopy (Carl Zeiss,
LSM880, Germany) and a custom-built microscope equipped with
Yokagawa W1 spinning disk (Yokagawa) and a Primer 95B sCOMS
camera (Teledyne Photometrics, Arizona, USA).

LCI assay

The SYPI21 coding sequence was cloned and fused with the C-terminal
of cLuc in the pCAMBIA-35S-cLuc vector. The AtEBIb coding sequence
was cloned and fused with the N-terminal of nLuc in the pCAMBIA-35S-
nlLuc vector. Recombinant plasmids were transformed into A. tume-
faciens (GV3101) using electroporation and introduced into N. ben-
thamiana via Agrobacterium-mediated infection®. After 48h,
luminescence signals were imaged using a cool charge-coupled device
(CCD) imaging system (Berthold, LB985, Germany).

FRAP assay

To perform analyses, a region of interest (ROI) was drawn on the dorsal
side of a guard cell. Fluorescence within the ROl was bleached by a
488 nm laser with 100% laser power. The fluorescence recovery of GFP-
SYP121 was recorded with 5% laser power at 15 s intervals for 6.5 min.
The mean GFP intensity on the guard cell dorsal side PM was measured
using ImageJ software. All experimental data were normalised using
the following formula:

l:n = [(Ft - Fmin)/(Fmax - Fmin)] %100 (1)

(F, = normalised grey value of fluorescence, F; = grey value
of fluorescence at a selected time point after photobleaching, F.x =
maximal grey value of fluorescence before photobleaching and Fi, =
minimal grey value of fluorescence after photobleaching). Normalised
data were used to perform curve fitting in OriginPro software (9.1) and
the resulting curves were fitted with the following equation:

Y=A*exp(—t/t)+y, )

(Y = grey value after exponential fitting, A, t; and y, represent
parameters in the curve and t = time).

qRT-PCR Analysis

For qRT-PCR analysis, the total RNA of 10-day-old Arabidopsis seed-
lings was extracted with TRIzol reagent (Invitrogen, Scotland, UK)
according to the manufacturer’s instructions. RNA was reverse tran-
scribed with oligo d(T)18 primers using the TaKaRa (Shiga, Japan)
reverse transcription system. Primers used for qRT-PCR are shown in
Supplementary Table 2.

Spinning disc confocal microscopy

An Olympus IX81 inverted microscope equipped with a Yokogawa
spinning-disc confocal head (Yokogawa Electric, Tokyo, Japan) and
Primer 95B sCOMS camera (Teledyne Photometrics) or iXon 897
EMCCD camera (Andor Technology, Belfast, UK) was used for time-
course imaging. Guard cells expressing GFP (or mNeonGreen)- and/or
mCherry-tagged proteins were excited by 488 and 561 nm, respec-
tively, and emission signals were observed using an Olympus objective.
Images were acquired using VisiView software 6D (Visitron Systems
GmbH, Gutenbergstr, Germany) and processed using ImageJ and
Photoshop software (Adobe Systems, San Jose, USA).

To observe protein subcellular localisation patterns in guard
cell during light-induced stomatal opening, 10-d-old Arabidopsis
seedlings expressing fluorescence protein-tagged proteins were
kept in the dark for 2 h to allow stomata to close completely. The
seedlings were then exposed to light to induce stomatal opening.
For projection, Z-stack optical sections of guard cells were taken
with 0.5 um step sizes.

To quantitative analysis of AtEB1b dots and microtubule den-
sity, maximume-intensity projections of Z-stack optical sections
were used. The average number of AtEB1b-mCherry dots per 10 um?
was taken as the density of AtEB1Ib-mCherry dots in one guard cell.
To analyse microtubule density, Tubeness and threshold plugin
were applied to produce binary images. The microtubule density
was indicated by the occupancy of the GFP signal per guard cells*.
To evaluate microtubule orientation, Image) software was used to
measure the angle of cortical microtubule to the inner surface of the
stomata*>**, More than 218 cells from three independent biological
experiments were analysed.

For pharmacological analysis, guard cells expressing GFP-
SYP121 were treated with 50 M BFA for 30 min and observed
under the microscope, either immediately or after a 3 h wash out.
CHX (50 uM) was added in the reagents for BFA treatment and
washout. To determine the role of microtubules, 10-day-old seed-
lings expressing GFP-SYP121 (or KAT1-mNeonGreen) were kept in
the dark for 120 min before treatment with 10 uM APM in the dark
for another 30 min. Seedlings were then exposed to light for 30 min
(60 min, KAT1-mNeonGreen) before being observed under the
microscope.

To quantify fluorescence intensity of GFP-SYP121 on the PM or
in the cytosol®®: we first used FM4-64, a membrane-impermeable
fluorescent styryl dye to label the PM of guard cells expressing GFP-
SYP121 to determine the PM and cytoplasm regions. Subsequently, a
0.5-pm-wide band was created along all the PM of each cell and the
average fluorescence intensity was calculated by ImageJ software
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and determined as PM signals. Another region was created imme-
diately underneath the band, including the whole cytoplasmic area,
and the average fluorescence intensity was determined as cytosol
signals. The fluorescence ratio of the PM/cytosol was then
determined.

To analyse the co-localisation between GFP-SYP121 and different
endomembrane compartments, ImageJ plugin Coloc 2 was used to
measure Pearson’s coefficients®.

To measure endosome velocity, a time series of images was col-
lected and trajectories and velocities of GFP-SYP121-associated TGN/EE
were tracked using ImageJ plugin Manual Tracking.

To quantify the proportion of Prog,:KATI-mNeonGreen at the
dorsal periphery/PM relative to the whole cell*>*%, Z-stack images (0.5-
pm step size) of guard cells were acquired, and the projection image
was used to calculate the PM/cytosol ratio of KAT1-mNeonGreen
fluorescence intensity. We drew a 0.5-um-wide band along the PM at
the dorsal side of a guard cell and calculated the mean grey values in
this band using ImageJ software. The mean grey values of cytoplasm
(chloroplast autofluorescence was excluded) was also measured by
Image] software. The fluorescence ratio of PM versus cytoplasm was
counted.

To record K* concentrations in guard cells, Arabidopsis seedlings
expressing Ic-LysM GEPIIL.O (combines K*-binding domains of the
bacterial K* binding protein (KBP) with CFP and YFP variants) to enable
FRET ratio-based recordings were used, and FRET-based K* imaging
was acquired using a Zeiss 880 microscope, with an excitation wave-
length of 440 nm and emission wavelengths of 450-480 nm (CFP) and
520-570 nm (FRET)*°. The median section of the guard cell was cap-
tured and the average fluorescence intensity of the cytosol (both CFP
and FRET images) calculated using Image ] software. The fluorescence
ratio images for the FRET/CFP were then acquired by ImageJ plugin
Calculator Plus.

To visualise the distribution of fluorescence-tagged proteins to
the PM, time-lapse images were collected after focusing on the cell
surface using VAEM equipped with a 150 x 1.45-NA UAPON TIRF
objective (Olympus) and Primer 95B sCOMS camera (Teledyne Pho-
tometrics). For GFP-SYP121, time lapse images were acquired with 0.5-s
intervals for 1 min. For analysis of the delivery events of GFP-SYP121,
the Stack Reslice function were applied to trace the motion trajectory
of each particle and generate kymograph images. A successful delivery
event was defined as a straight line in the kymograph*** that endured
at least 2 s. The span of straight line was defined as the lifetime of an
individual particle.

To observe the co-localisation of AtEB1Ib-mCherry and GFP-tubu-
lin, time series imaging was performed with 1-s intervals over a 20-s
period using spinning-disc confocal microscopes equipped with Pri-
mer 95B sCOMS camera (Teledyne Photometrics). To observe the co-
localisation of AtEB1b-GFP and mCherry-SYP121 in the interior of the
guard cell, time series imaging was performed over a 55-s period with
5-s intervals from 7-day-old seedlings by using spinning-disc confocal
microscope equipped with iXon 897 EMCCD camera (Andor Tech-
nology). To observe the co-localisation of AtEB1b-GFP and mCherry-
SYP121 on the cell surface/PM of guard cells, time series imaging was
performed over a 300-s period with 1-s intervals from 4-day-old
seedlings by using VAEM equipped with a 150x1.45-NA UAPON TIRF
objective (Olympus) and Primer 95B sCOMS camera (Teledyne
Photometrics).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Biological materials can be obtained upon request. Source data are
provided with this paper.
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