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margin. Moreover, polar localization of the PIN-
FORMED1 (PIN1) auxin efflux transporter was dif-
fuse around the margins of atnsf-1 leaves and root
growth was inhibited in the atnsf-7 mutant. More
PIN1-GFP accumulated in the intracellular com-
partments of atnsf-1 plants, suggesting that AtINSF
is required for intracellular trafficking of PIN between
the endosome and plasma membrane. Furthermore,
the serration phenotype was suppressed in the
atnsf-1 pin1-8 double mutant, suggesting that
AINSF is required for PIN1-mediated polar auxin

Li Ping Tang Xugang Li transport to regulate leaf serration. The CUP-
SHAPED COTYLEDONZ (CUC2) transcription factor
gene is up-regulated in atnsf-1 plants and the cuc2-3

ABSTRACT single mutant exhibits smooth leaf margins, dem-

In eukaryotes, N-ethylmaleimide-sensitive factor
(NSF) is a conserved AAA+ATPase and a key com-
ponent of the membrane trafficking machinery that
promotes the fusion of secretory vesicles with target
membranes. Here, we demonstrate that the Arabi-
dopsis thaliana genome contains a single copy of
NSF, AINSF, which plays an essential role in the
regulation of leaf serration. The AtNSF knock-down
mutant, atnsf-1, exhibited more serrations in the leaf

onstrating that AtNSF also functions in the CUC2
pathway. Our results reveal that AtNSF regulates the
PIN1-generated auxin maxima with a CUC2-
mediated feedback loop to control leaf serration.
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INTRODUCTION

In eukaryotic cells, vesicle trafficking mediates the transport
of cargoes (i.e., biological molecules such as proteins) to

their destinations. This process usually includes vesicle
budding, movement, tethering, docking, and fusion. A
number of proteins are involved in membrane trafficking.
Soluble N-ethylmaleimide sensitive factor (NSF) attachment
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protein receptors (SNAREs) mostly participate in vesicle
docking and fusion (Kim and Brandizzi, 2012; Yoon and
Munson, 2018). In eukaryotes, SNAREs function as key com-
ponents in protein complexes together with other co-factors to
drive membrane fusion and cargo release (Jahn and Scheller,
2006; Wickner and Schekman, 2008). Based on their local-
ization, SNAREs can be classified into two types, vesicle-
SNAREs (v-SNAREs), which are present on vesicle membranes,
and target-SNAREs (t-SNAREs), which are present on target
membranes. When transport vesicles move into the vicinity of
the target organelles, v-SNAREs interact with their corre-
sponding t-SNAREs to form a trans-SNARE complex that draws
the two membranes toward each other, and together with
related factors, executes membrane fusion (Hu et al., 2007).
After membrane fusion, SNARE complexes are disassembled
into individual SNARE proteins for recycling, which requires
NSF proteins to hydrolyze ATP and thus drive the disassembly
reaction (Baker and Hughson, 2016).

NSF belongs to the ATPases associated with diverse cel-
lular activities (the AAA+ATPase protein family), which are
present in all organisms and are involved in cellular processes
such as protein degradation, membrane fusion, microtubule
severing, and signal transduction (Hanson and Whiteheart,
2005; Baker and Hughson, 2016). The NSF protein contains
three domains: the N-terminal domain, the first ATP-binding
domain D1, and the second ATP-binding domain D2 (Zhao
et al., 2012). The N-terminal domain is essential for interactions
with the a-SNAP-SNARE complex, whereas domains D1 and
D2 possess ATPase activity and mediate the formation of a
functional NSF homohexamer (Nagiec et al., 1995).

The role of NSF in vesicle trafficking has been elucidated in
many eukaryotes. For example, the yeast (Saccharomyces cer-
evisiae) NSF, which is encoded by SEC18, plays a role in
membrane trafficking. The temperature-sensitive sec18-1 mutant
displays defective endoplasmic reticulum (ER) morphology and
accumulates small vesicles at the restrictive temperature, sug-
gesting that the membrane fusion step is blocked (Mittenbihler
and Holzer, 1991). In mammalian cells, the dominant-negative
NSF mutant NSF-E329Q results in cell death due to disruption of
the Golgi apparatus (Dalal et al., 2004). In zebrafish (Danio rerio),
mutations in NSF cause ER-like membrane aggregation
(Kurrasch et al., 2009). These studies have demonstrated that
NSF is crucial for vesicle trafficking and cell survival. Recently, a
forward-genetic screen led to the identification of an NSF mis-
sense mutant in Arabidopsis thaliana that showed a pleiotropic
Golgi defect, which suggests that NSF has an important role in
maintaining the morphology of the Golgi (Tanabashi et al., 2018).
In addition, an atypical NSF and SNAP in soybean (Glycine max)
was shown to confer resistance to a highly damaging nematode
pathogen (Bayless et al., 2018). However, the mechanism of NSF
in regulating membrane fusion and vesicle transport in plant cells
still needs to be elucidated.

Plant leaf shape is defined by serration and indentation of the
leaf margin. Leaf shape is regulated by different developmental
and genetic cues, which have been well characterized in Arabi-
dopsis (Tsukaya, 2006). For example, microRNAs play an
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essential role in leaf serration. The JAW gene encodes a mi-
croRNA that controls leaf development by targeting the mRNAs
of several genes encoding TEOSINTE BRANCHED 1/CYCLO-
IDEA/PCF (TCP) transcription factors for cleavage. Compared
with the wild-type, dominant jaw-D mutants show more leaf
serration and lower expression levels of certain TCP genes
(Palatnik et al., 2003). The Arabidopsis SERRATE (SE) gene
regulates leaf polarity and leaf margin development by regulating
microRNA165/166, and se-7 mutant leaves also have more
serrations than wild-type leaves (Yang et al., 2006). Another mi-
croRNA, miR164A, controls leaf margin serration by regulating
the expression level of the transcription factor gene CUP-
SHAPED COTYLEDON2 (CUC2). The leaves of the mir164a-4
mutant have more and deeper serrations than wild-type leaves,
whereas plants that overexpress MIR164A have leaves with
smooth margins, a phenotype similar to that of the cuc2-3 mu-
tant (Nikovics et al., 2006). Recently, a computational model of
leaf serration was developed based on the findings that CUC2
and auxin flux form a feedback loop that regulates leaf serration
in Arabidopsis (Bilsborough et al., 2011). Furthermore, interaction
between the secreted peptide EPIDERMAL PATTERNING
FACTOR-LIKE2 (EPFL2) and ERECTA was shown to promote
leaf tooth growth by regulating auxin levels during leaf margin
morphogenesis (Tameshige et al., 2016).

Auxin affects the growth and development of organs and its
effect depends on the PIN auxin efflux transporters (Vieten et al.,
2007; Vanneste and Friml, 2009). In the leaf margin, PIN-
FORMED1 (PIN1) polarity directs auxin flux, and teeth initiate
from sites of auxin maxima in the leaf margin (Bilsborough et al.,
2011). Consistent with this, plants treated with the auxin polar
transport inhibitor N-1-naphthylphthalamic acid (NPA) and mu-
tant plants that lack PINT have smooth leaf margins, whereas
serration can be restored by expressing PINT in pin1 mutant leaf
epidermal cells (Hay et al., 2006; Bilsborough et al., 2011).
Therefore, PIN1-mediated auxin polar transport is crucial for leaf
serration outgrowth. However, PIN1 polarity is dynamic and
changes in response to different cues. PIN1 is actively shuttled
between the endosome and the plasma membrane (PM) through
ARF-GEF (GNOM) and clathrin-dependent endocytosis (Geldner
et al., 2001; Ischebeck et al., 2013). Conserved small GTPases of
the Rab and ROP families play important roles in PIN1 trafficking
(Feraru et al., 2012; Nagawa et al., 2012). For example, BRE-
FELDIN A (BFA)-VISUALIZED ENDOCYTIC TRAFFICKING
DEFECTIVE 1 (BEN1), and BFA-VISUALIZED EXOCYTIC TRAF-
FICKING DEFECTIVE 1 (BEX1) and 5 (BEX5) regulate PIN1 traf-
ficking (Tanaka et al., 2009; Feraru et al., 2012; Tanaka et al.,
2014), indicating that PIN1 is recycled between the endosome
and PM via a conserved membrane fusion and secretion
pathway. In this study, we address whether another essential
player in protein trafficking regulates PIN1 intracellular transport.

The Arabidopsis thaliana genome contains a single copy
of NSF (AtNSF). We isolated an AtNSF knock-down mutant,
atnsf-1, which exhibits increased serration in the leaf margin.
Root growth is inhibited in atnsf-1 plants, especially upon
treatment with the vesicle inhibitor BFA. We observed that
endocytosis and exocytosis, as well as auxin distribution and
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PIN1 trafficking were defective in the atnsf-1 mutant. The
serration phenotype of atnsf-1 leaves was completely sup-
pressed by the auxin polar transport inhibitor NPA and by
PIN1 depletion. Furthermore, the atnsf-1 cuc2-3 double mu-
tant exhibited smooth leaf margins. Collectively, these results
show that AtNSF regulates leaf serration by modulating PIN1
polarity to interfere with the PIN1- and CUC2-mediated
feedback loop in Arabidopsis.

RESULTS

Characterization of Arabidopsis NSF
To elucidate the function of NSF in plants, we identified an
NSF homolog in Arabidopsis, AtNSF, which encodes a

AtNSF regulates PIN1 intracellular trafficking

protein of 742 amino acids and shares 41.99% and
40.57% identities with human and yeast orthologs, re-
spectively (Figure 1A). Similar to the human and yeast
NSFs, AtNSF contains three conserved domains: the N-
terminal, D1, and D2 domains (Figure 1A). To determine
whether AtNSF has ATPase activity, recombinant AtNSF
protein was expressed and purified from Escherichia coli
and subjected to an enzyme activity assay. When AtNSF
was added, the concentration of inorganic phosphate (Pi),
as an indicator of ATP hydrolysis activity, was much higher
than that when AtNSF was absent, and the level of Pi
increased along with increased AtNSF concentration
(Figure 1B), indicating that AtNSF possesses ATPase ac-
tivity in vitro. The ATPase activity was enhanced by the
addition of the SNARE protein, SNAP (Figure 1B), which is

A Arabidopsis thaliana
Homo sapiens

MFXKIPGFGKARANHTPHOMTNVDTRTRELXVSNCENNSYAL

Saccharomyces cerevisiae

PAGRYGSQVMTHMTVINTESADLAFINLAYCSSSDLRQESVPGSDLEFLANVY]
.. .CAVVNEXDEQSGQHVIVRISP|
.. . VARVSPSDEPNN....IYIII

W

50

60

c— SNAP

Arabidopsis thaliana
Homo sapiens
Saccharomyces cerevisiae

DNLEVETTRHSNDIP (GENG! THGG!

ADSFILSLCGHGSIR! ALNA RHARVETGDMVSVSREVPPEN. . . . FDLAMLTLELERVKKG]
NERYTETLKTHPSVV. AESL KWAGLEIGQEIEVSLYTFDKAK. . . QCIGTMTIEIDELQRK]

LNQDVQAKAFDLFRYSGRQSYLGSIDIDI.

113
100
127

301 == AtNSF

RARG mmmm AtNSF+SNAP

N-terminal domain

Arabidopsis thaliana
Homo sapiens

AALLSTQLKRKYT]

TV

Arabidopsis thaliana
Homo sapiens
Saccharomyces cerevisiae

ERGLLSKCTYIVEEASNASGIXKIVNGREAASSN. IFRKHKEFNLES:
EVELVVGNSQVAEERAENSSLNLIGKAKXTXENRQSIENPDWN
TXEILTROTGINEFRGRDGLVNLKSSNSLRPRSNAVEREDFXFED

Arabidopsis thaliana 1
Homo sapiens
Saccharomyces cerevisia

D1 domain

Arabidopsis thaliana I_ BB o0 OF TLIE 028 i VEEDE 105 1 OF SHEE TRO RGNS
Homo sapiens 1 EEQRRLEA! AT MAG:

e [ AEYRAKEE. SV RGD!
- =

Saccharomyces cerevisiae

Arabidopsis thaliana
Homo sapiens
Saccharomyces cerevisiae

{LNRQLSMDD . LTKP. . VEEENIKI@M]
RHIXAST .KVEVOMEKARESLOVER
KTYNTGHGATEILNTXDIAKIEVER

Arabidopsis thaliana
Homo sapiens
Saccharomyces cerevisiae

T
S’

St

L
TRVBWYE N

Homo sapiens | IIXKWGDPVIRVLDDGEL:  TKNSDRT!

Saccharomyces cerevisiae :
TARCQAMKK. QLSCVVVIBD:!
SPRIRYIPNTRS EENTIIRS

Arabidopsisthalana. {33 O
vy

Arabidopsis thaliana
Homo sapiens
Saccharomyces cerevisiae

Arabidopsis thaliana
Homo sapiens
Saccharomyces cerevisiae

(GOMDIL S

: IYM; MAAQGENGGSAEAIYAGREXKININHFYDCLGDFIRET,
. LLM: MSLQ......MDPEYRVRKFLAL..LREEGASPLDED:
LTI INRTARR . SOEVNELVERMION s s, :

Arabidopsis thaliana
Homo sapiens
Saccharomyces cerevisiae

Figure 1. Identification and characterization of AtNSF

EQ [VLTVGEXATFEYHGTNYIBTVNRADVEGRDHING. . ... ... . I
SIDSNPYBTDKMAREFIQQFNNAAFSVGRCLVE SENEXLEGELVKDIEAMDPSILKGEPATGKRQKI]
X DELAKQFVRCYES@IFSPTQYLIMEFCGRFEDEXIRNVOAIDLGLDIEPTSAVATG . IE|

R eSS
DKEES vl
DKEETX 1)

HVTSRIQT 5% E |
EIVEQMEC 2R E
SVIEKLET 2% s U

= antigen

I Q .8 HENEMKENSELG T INL QR \
| 58 5 ARMRGHQLLSABVDTKERA Y
H 5 F D QUK KM RENNMMS D VNI AERA A I

=

vos eesegsseesseessseseesssassesssesssessecssesssessensns cesseeny
\VE EVIFBESVGISCCESVTH TLQX .ECAXKVLNQLNLESEDDVDSABEALND...... Me
1T RXCVEQEMEMINAESTTIBMENIATGEQLLEALELLGNEXDKERTTIAQQVKGRKV. .WI |
IM AY.

Plsd.T.NLBELNNVMIESNFLDBAGRVKVINELSRSCPNFNV'E

170 20
167

193

236
234
260

Concentration of Pi (pM)

303
301
327

0 10 25 50 100
Protein concentration (pg/mL)

370
368
394

E.
E I
D I

437 NY1691
435
a6t Control

LERCRLNE ;
YASYIMNG
LXIGUECE:

500
501
527

BST!
TNG]
I8

C1

eessessecssey

YVKIVSAETM 3

FIKICSPDRM
LIRE

C2

567
568
594

NY 1691

634
635
661

Control

C1

694
700
728

C2
741
739
758

(A) Protein sequence alignment of three N-ethylmaleimide-sensitive factors (NSFs) from Arabidopsis thaliana, Homo sapiens, and Saccharomyces cer-
evisiae. Identical amino acid residues (dark gray) and amino acid residues with over 50% similarity (light gray) are highlighted. The N-terminal domain (solid-
line box), D1 domain (dashed-line box), and D2 domain (dotted-line box) are marked. The oppositely facing arrows indicate the polypeptide region used for
antibody production. (B) Enzyme activity assay. Showing that AtNSF has ATPase activity in vitro, and this activity was enhanced by SNAP. Error bars
represent the SD for four biological replicates. (C) Growth phenotype of yeast mutant NY1691 (sec78-7) transformed with AtNSF. Serial dilution of yeast
cells containing the construct with the AtNSF-coding sequence (C1 and C2 represent two different clones) or transformed with the empty vector (Control) in

normal conditions (24°C) and high temperature (33°C).
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similar to AAA+ATPase orthologs in yeast and mammals
(Barnard et al., 1997).

To determine whether AtNSF has a typical NSF function,
we conducted a functional complementation test by
expressing AtNSF in the yeast nsf mutant, a SEC78 gene
deletion strain NY1691 (also called sec78-7). The NY1691
mutant is temperature sensitive and cannot survive at a high
temperature (33°C) (Carr et al., 1999). Transfer of the AtNSF
coding sequence into the NY1691 yeast mutant led to normal
growth at this temperature (Figure 1C). Taken together,
these results suggest that AtNSF is homologous to human
and yeast NSF and possesses AAA+ATPase activity in
Arabidopsis.

AtNSF inhibits secondary serration in the leaf margin
To further investigate the physiological function of AtNSF, we
isolated an AtNSF-defective mutant in Arabidopsis, atnsf-1
(Salk_038536), which contains a T-DNA insertion in the 5’'-
untranslated region 305bp upstream from the ATG start
codon (Figure 2A). The atnsf-1 mutant exhibited more leaf
serration than the wild-type, and more serration in older
leaves than in younger leaves (Figures 2B, C, S1A). Fur-
thermore, secondary teeth emerged between two outgrown
teeth (Figure 2E, F), suggesting that serration formation was
disordered.

Journal of Integrative Plant Biology

To confirm whether the phenotype of atnsf-1 was caused
by AtNSF deficiency, we quantified the AtNSF transcript
level, but this did not differ between the wild-type and the
mutant (Figure S1B). Considering the severe serration phe-
notype, we hypothesized that the AtNSF protein may be
absent or present at low levels in the atnsf-1 mutant. To ad-
dress this, we designed a specific antibody against the
AtNSF peptide from amino acids 407-560 (Figure 1A, an-
tigen) and validated its efficacy in E. coli cells (Figure S1C).
Then, we used this antibody to examine the level of AINSF in
the mutant. As we expected, the AtNSF level was sig-
nificantly decreased in the atnsf-7 mutant compared with that
in the wild-type (Figure 2G), indicating that the atnsf-1 mutant
is a knock-down allele and AtNSF expression is attenuated at
the post-transcription level.

To further verify that the atnsf-1 serration phenotype
results from the knock-down of AtNSF, we complemented
the atnsf-1 mutant by overexpressing AtNSF (35S.,::
AtNSF), and the defective leaf serration phenotype as well
as the decreased AtNSF level was fully complemented
(Figure 2D, G). We also expressed AtNSF via its native
promoter  (AtNSF,,.:AtNSF) in  atnsf-1  for com-
plementation and obtained the same result (Figure S2).
Taken together, these data confirmed the indispensable
role of AtNSF in regulating the leaf margin.

Figure 2. AtNSF regulates serration formation in the leaf margin
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(A) Schematic diagram of the AtNSF gene (At4g04910) and the T-DNA insertion sites in the nsf mutants. Twenty-one exons and 20 introns are represented
by gray boxes and solid lines, respectively. Two white boxes represent the 5’ and 3’-UTRs. The location of the T-DNA insertions in nsf mutants are indicated
with triangles. (B-D) Leaf phenotype of wild-type (WT) (B), atnsf-1 (C), and a complemented plant (expressing 35S,,::AtNSF) (D). Seedlings were grown in
long-day conditions (16 h light/8 h dark) for 4 weeks. Bars =1 cm. (E, F) Leaf serration of the seventh leaf of WT (E) and atnsf-1 (F) plants. The arrowhead in
(F) indicates a secondary tooth formed between two outgrown teeth. Bars =1 mm. (G) Protein abundance of AtNSF in WT, atnsf-1, and complemented
seedlings. The protein was detected using anti-AtNSF antibody. Coomassie brilliant blue staining for Rubisco was used as a loading control.
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We isolated two additional T-DNA insertion lines. The
atnsf-2 (Salk_138721), in which the T-DNA is inserted 74 bp
upstream of the ATG start codon, did not show any mutant
phenotype (Figures 2A, S3). According to reverse tran-
scription polymerase chain reaction (RT-PCR), we found that
the expression level of AtNSF in the atnsf-2 line was similar to
that in wild-type (Figure S3D), which together with the ab-
sence of any phenotypic differences, indicated that atnsf-2 is
a nonsense mutant. For atnsf-3 (Sail_1155_C06), in which the
T-DNA was inserted 59 bp upstream of the ATG start codon
(Figure 2A), we failed to isolate a homozygous line, sug-
gesting that the homozygous mutant is lethal. Although the
mechanism by which T-DNA insertions affect the expression
of AtNSF remains unclear, the decreased AtNSF protein level

anst-1 B owr

atnsf-1

AtNSF regulates PIN1 intracellular trafficking

in the atnsf-1 mutant and the restoration of the wild-type
phenotype in the complementation line confirmed that the
serration phenotype results from the knock-down of AtNSF.
Therefore, we used the atnsf-1 mutant for further analysis.

The role of AtNSF in root development

In addition to demonstrating an indispensable role for AtINSF
in the serration of the leaf margin, we next investigated the
role of AtNSF in root development. When seedlings were
grown vertically on half-strength Murashige and Skoog
(1/2 MS) medium for 7 d, the roots of atnsf-1 were slightly
shorter than those of the wild-type (Figure 3A). In 7 d-old
seedlings, the lengths of the mutant roots were 72.08% +
9.24% (n > 25) that of wild-type roots, suggesting that AINSF
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Figure 3. Functional characterization of AtNSF in root growth and the gravitropic response

(A, B) Root phenotype of 7-d-old wild-type (WT) and atnsf-1 seedlings in half-strength Murashige-Skoog (1/2 MS) medium with (+BFA) (B) or without
(Control) (A) 1 uM BFA. Bars = 1 cm. (C) The rate of inhibition of WT and atnsf-7 root growth for different numbers of days. Seedlings were grown on 1/2 MS
medium with or without 1 uM BFA for varying lengths of time and the ratio of trait values (root length of 1 uM BFA/Control) was measured. Error bars
represent the SD of biological replicates (n > 20). Asterisks indicate significant differences (***P < 0.001) compared with the WT (t-test). (D, E) Nomarski
images of root tips in WT and atnsf-1. Seedlings were grown in 1/2 MS medium with (+BFA) (E) or without (Control) (D) 1 uM BFA for 7 d. Red solid lines
indicate the meristem. Bars =40 um. (F, G) Meristem cell number (F) and length (G) of 7-d-old WT and atnsf-1 seedlings in 1/2 MS medium (Control) or the
medium with 1 uM BFA (+BFA). Error bars represent means + SD (n > 20). Asterisks represent significant differences (P <0.01; ***P < 0.001; t-test). (H)
Images of root curvature of WT and atnsf-1 seedlings in 1/2 MS medium (Control) or medium with 1 uM BFA (+BFA) after gravity stimulation for 6 h. Plates
containing 6 d-old seedlings were rotated by 90° to assess their gravitropic response. The black arrow at the bottom indicates the direction of the gravity
vector after reorientation. (I, J) Quantification of the root gravitropic response in WT and atnsf-1 seedlings in the medium with (+BFA) (J) or without 1 uM
BFA (Control) (I) after reorientation for different times. Data are means+SD (n>30). Asterisks indicate significant differences relative to the WT
(**P < 0.001, t-test).
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functions in root development, although this phenotype was
not as obvious as in the leaf.

Because NSF is important for disassembly of the SNARE
complex to mediate vesicle trafficking in many eukaryotes
(Mittenblhler and Holzer, 1991; Dalal et al., 2004; Kurrasch
et al., 2009), we investigated whether the atnsf-1 mutant is
hypersensitive to BFA. BFA is a vesicle trafficking inhibitor
that inhibits the function of ADP-ribosylation factor GTPases
(ARF GTPases) by interacting with their associated guanine
nucleotide exchange factors (GEFs) and thereby results in
membranous aggregates known as BFA compartments
(Geldner et al., 2001; Huang et al., 2014; Ditengou et al.,
2018). In a study by Tanaka et al. (2014), wild-type roots were
resistant to lower concentrations of BFA (1 uM), but higher
BFA concentrations inhibited primary root growth (Tanaka
et al.,, 2014). Thus, we treated wild-type and atnsf-1 plants
with a low BFA concentration (1 uM BFA in 1/2 MS medium).
In the wild-type, the primary root length was not inhibited and
was even slightly enhanced by BFA treatment (Figure 3A-C),
which is in line with the previous report (Tanaka et al., 2014).
However, this concentration of BFA significantly inhibited
root length in atnsf-1, especially at longer treatments (5 and 6
d Figure 3A-C). For 6 d-old atnsf-1 seedlings, root length was
only 48.77% + 8.14% (n > 25) (Figure 3B) that of the wild-type
roots.

The remarkable root growth inhibition phenotype of atnsf-
1 prompted us to examine its root apical meristem archi-
tecture. As expected, meristem cell number and cell length
were increased in the wild-type following 1 uM BFA treatment
(Figure 3D-G), suggesting that wild-type seedlings are re-
sistant to low concentrations of BFA. In contrast, both
measured indices were significant decreased in atnsf-1
(Figure 3D-G), demonstrating sensitivity to even low con-
centrations of BFA. Collectively, the results suggest that
AtNSF also affects root growth, especially in the presence of
the vesicle inhibitor BFA.

Next, we examined the effect of AtNSF in the auxin-
mediated root gravitropism response, because this process
involves PIN2 ftrafficking. Quantitative evaluation of root
growth following gravistimulation revealed an attenuated
gravitropic response in atnsf-1, both in the medium with or
without low BFA concentration (1 uM) (Figure 3H-J). Notably,
following gravity stimulation for 6 h, wild-type roots showed a
clear hook, whereas the atnsf-1 roots showed a less-
pronounced response, especially in the presence of BFA
(Figure 3H). This observation suggests that AtNSF also
functions in the gravitropism response.

Auxin-induced lateral root formation is another well-
studied process in root development (Olatunji et al., 2017;
Du and Scheres, 2018). To analyze whether AtNSF is involved
in lateral root development, mutant and wild-type seedlings
were grown in 1/2 MS medium with or without 1 uM BFA for
14 d and the number of emerged lateral roots was counted.
The lateral root number increased in both plants with BFA
treatment, but atnsf-7 showed a hypersensitive response
compared to the wild-type (Figure S4). Taken together, our
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data indicate that AtNSF is involved not only in the primary
root growth and gravitropic response, but also in lateral root
formation.

AtNSF expression pattern
We examined the expression profile of AtNSF via quantitative
real-time polymerase chain reaction (QRT-PCR). At{NSF was
expressed in almost all tissues, at higher levels in the shoot,
leaf, and flower (Figure S5A). The expression pattern was
further analyzed in transgenic plants expressing
B-glucuronidase (GUS) driven by the AtNSF promoter
(AtNSFo0::GUS) in the wild-type background for GUS
staining. Strong GUS signal was observed in the vascular
tissue in the cotyledons (C1), and in the vascular tissue and
tip of the first true leaf (L3), which are appendages that lack
margin serration (Figure 4A). From the second true leaf on-
wards (L5-7), GUS expression was restricted to the leaf tip
and tips of the teeth, and weak signal was also present in the
vascular tissue (Figure 4A). We further evaluated AtNSF ex-
pression during development of the seventh leaf and ob-
served a restricted domain of GUS signal that accumulated in
the tips of teeth during leaf serration formation (Figure S5B).
This expression pattern further implicates an important role
for AtNSF in the regulation of leaf serration.

To determine the subcellular localization of AtNSF, we
performed immunolocalization using transgenic plants ex-
pressing KNOLLE-GFP, which is a cytokinesis marker that is

A T
AINSF, :GUS : e N

KNOLLE-GFP

ARA6-GEP

Figure 4. AtNSF expression pattern and AtNSF localization

(A) AtNSF tissue-specific expression. Histochemical staining of GUS ac-
tivity in transgenic plant leaves expressing AtNSF,,,::GUS. GUS activity
was detected in the vascular tissue in the cotyledons (C1) and young
leaves (L3) and was gradually restricted to the leaf tip in mature leaves (L5-
L7). L3-L7, third to seventh leaf. Bar = 0.5 cm. (B, C) Immunolocalization of
AtNSF (red) using transgenic plants expressing KNOLLE-GFP (B) and
ARAB-GFP (C). The blue color in (B) represents the DAPI staining of DNA.
Bars =10 pm.
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specifically expressed in the M-phase of the cell cycle, and
ARAB-GFP, a late endosome marker (Furutani et al.,
2007; Touihri et al., 2011). AtNSF co-localized or partially co-
localized with KNOLLE-GFP and ARAB-GFP (Figure 4B, C).
This suggests that AtNSF is localized to the endosome and
cell plate and may mediate membrane fusion between dif-
ferent organelles.

A defective Golgi phenotype was previously observed in
an AtNSF mutant (Tanabashi et al., 2018). To determine the
Golgi structure in atnsf-1, we observed the cellular ultra-
structure by transmission electron microscopy (TEM). Wild-
type cells contained the typical six stacked cisternae, but the
Golgi shape was malformed and smaller in the atnsf-1 mutant
(Figure S6). This is consistent with the previous report
(Tanabashi et al., 2018), indicating that AtNSF indeed plays a
role in the structure of the Golgi apparatus, and is involved in
vesicle trafficking from the Golgi to other endosomes and/or
the PM.

AtNSF regulates multiple vesicle trafficking pathways
To investigate the function of AtNSF in membrane trafficking
in plants, we evaluated the expression of the secreted green
fluorescent protein (secGFP; a GFP fusion that is transported
from the ER to the extracellular space) (Leucci et al., 2007) in
the atnsf-1 background. We also monitored intracellular ac-
cumulation of the endocytic tracer Fei Mao 4-64 (FM4-64) to
investigate the internalization of vesicles in the secGFP ge-
netic background of the wild-type and atnsf-1. We did
not observe co-localization of the FM dye with the secGFP.
This is not a complete surprise since FM4-64 is an endocy-
tosis marker and secGFP in trafficked along the secretory
pathway. One could suspect that the signal of those two
markers could overlap but analysis did not visualize that. This
might be explained by the fact that secGFP is secreted into
the apoplast and it might be to some extent quenched by the
acidic pH of the extracellular space. Notably however, the
secGFP agglomerations were more numerous and larger in
atnsf-1 than those in the wild-type (Figure 5A-C), suggesting
that the secretion pathway was defective in the mutant.
Moreover, more secGFP agglomerations were present at the
cell periphery in atnsf-1 (Figure 5A, B), indicating less-efficient
secretion. To investigate vesicle trafficking further, we per-
formed FM4-64 staining in the presence of the vesicle traf-
ficking inhibitor BFA. Following treatment with 4 uM FM4-64
for 5min, intracellular accumulation was clearly observed
in atnsf-1 but was hardly present in the wild-type
>(Figure 5D, G, J). When seedlings were pre-treated
with FM4-64 for 3 min, then immersed in water for 5min
followed by treatment with 50 uM BFA for 3 h, considerable
FM4-64 internalization was observed in BFA bodies in the
wild-type but this was even more severe in the atnsf-1 mutant
(Figure 5E, H, J). This observation established that AtNSF is
required for endocytosis. In addition, when seedlings were
washed out for 2 h, the internalized FM4-64 in wild-type was
almost fully relocated to the PM, while it still remained in BFA
bodies in the mutant (Figure 5F, |, J). These results indicate
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that vesicle recycling between the endosome and the PM is
affected in the atnsf-1 mutant.

Furthermore, we stained wild-type and atnsf-1 seedlings
with FM4-64 to observe short-term endocytosis (30 min). In
the first 5 min, hardly internalized FM4-64 agglomeration was
observed in wild-type seedlings, whereas some aggregates
were observed in the mutant (Figure S7A, D), indicating that
endocytosis was accelerated in atnsf-1 mutant. In the next
15 min, internalization gradually appeared in wild-type roots,
but was much more severe in the mutant (Figure S7B, E, G).
This accelerated internalization became even more pro-
nounced after 30 min (Figure S7C, F, G). These data show
that endocytosis was strongly accelerated in atnsf-1 and that
AtNSF might regulate multiple vesicle trafficking pathways in
Arabidopsis.

The atnsf-1 mutant is defective in PIN1 protein cycling
Dynamic PIN1 cycling occurs between the endosome and
the PM (Geldner et al., 2001; Tanaka et al., 2013), and PM-
localized PIN1 is rapidly internalized in response to BFA
treatment (Geldner et al., 2001). To evaluate PIN1 distribution
in atnsf-1, a PIN1-GFP fusion construct driven by the PIN1
promoter (PIN7,.,::PIN1-GFP) was introduced into wild-type
and the mutant by crossing, and roots expressing PIN1-GFP
were treated with the protein synthesis inhibitor cyclo-
heximide (CHX) for 1 h followed by co-treatment with CHX
and BFA for 3h. Before BFA treatment, hardly any intra-
cellular accumulation of PIN1-GFP was present in stele cells
in the wild-type but was more pronounced in atnsf-1, in-
dicating that PIN1 trafficking was defective in the mutant
(Figure 6A, D, G). Upon treatment with 50 uM BFA, more
PIN1-GFP BFA agglomerations were observed in the mutant
than in the wild-type (Figure 6B, E, G). Even after washout for
2 h, PIN1 internalization was still higher in atnsf-1 than in the
wild-type (Figure 6C, F, G), which was similar to the results for
FM4-64 staining after BFA treatment (Figure 5D-J). These
results demonstrate that knock-down of AtNSF disrupts PIN1
trafficking, which may in turn, disrupt auxin-related devel-
opment.

In addition to analyzing PIN1 localization, we used the
anti-PIN2 antibody conjugated with the fluorescent dye Alexa
Fluor 555 to observe the polar distribution of PIN2 in wild-
type and atnsf-1 plants. PIN2 was localized to the apical
membrane but was barely detected in the cytosol in wild-type
roots, whereas in atnsf-1, PIN2 was internalized in the cyto-
plasm (Figure S8). However, the polar localization of PIN2 in
the apical membrane of epidermal cells was not affected in
atnsf-1, indicating that AtNSF is involved in PIN2 trafficking.
Together, these observations show that AtNSF is not PIN1
specific and also facilitates PIN1 and PIN2 cycling, which
may affect auxin-related developmental processes.

PIN1-mediated polar auxin transport is required for the
AtNSF regulation of leaf serration

Auxin is essential for organogenesis and auxin maxima are
usually correlated with organ formation. In the leaf margin,
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(A, B) Expression of the secretion marker secreted green fluorescent protein (secGFP) in wild-type (WT) and atnsf-1 seedlings. Seedlings were grown on
half-strength Murashige-Skoog (1/2 MS) medium for 7 d and incubated in 4 yM FM4-64 for 3 min before observation with confocal microscopy. Arrowheads
indicate secGFP internalized in root cells. Bars = 10 um. (C) Statistics for the number of secGFP agglomerations in WT and atnsf-1 seedlings. Error bars
represent SD (n > 62). Different letters indicate statistically significant differences (P < 0.05, t-test). (D-1) Recycling of FM4-64 in root stele cells of WT (D-F)
and atnsf-1 (G-) seedlings. Seven-d-old seedlings were treated with 4 uM FM4-64 and immersed in water for 5 min (D, G) followed by treatment with 50 uM
BFA for 3 h (E, H), and washing in water for 2 h (F, ). White arrowheads represent agglomerated BFA bodies. Bars =10 um. (J) Statistical analysis of the
number of agglomerations in root stele cells in WT and atnsf-1 seedlings with or without BFA treatment and 2 h of washing. The data represent means + SD.
Different letters indicate statistically significant differences (P < 0.05, t-test, n > 47).

auxin response maxima are usually restricted to the tips of
initiating and growing teeth and are crucial for serration for-
mation (Bilsborough et al., 2011). To determine the distribution
of auxin response maxima in atnsf-1 leaves, we monitored
expression of the auxin-responsive effector DR5 fused with
GFP (DR5,¢,::GFP) in the atnsf-1 and wild-type background. In
developing leaves, GFP signal was located in the leaf tips and
tips of the teeth in both genotypes (Figure 7A-D), but in
atnsf-1, additional DRb5,,.;:GFP maxima were observed
between two outgrown teeth (Figure 7B, D, arrowheads).
Therefore, more serrations were marked by DR5,.,::GFP signal
in leaf tips in atnsf-1 than in wild-type (Figure 7E), which is
consistent with the enhanced leaf serration in the mutant.
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Polar auxin transport (PAT) mediated by PIN and P-
glycoprotein (PGP) is important for the formation of auxin
concentration gradients (Cho et al., 2007). To test whether
the atnsf-1 leaf phenotype is linked to PAT, we treated wild-
type and atnsf-1 seedlings with NPA, a PAT inhibitor. This
treatment led to smooth leaf margins in the wild-type, as was
also reported previously (Mattsson et al., 2003), and serration
was inhibited in the mutant in a manner similar to that in the
treated wild-type leaves (Figure 7F-l), suggesting that AINSF
regulates leaf serration in a PAT-dependent manner.

Auxin influx proteins and efflux carrier PIN proteins fa-
cilitate PAT, and PIN1-mediated auxin maxima is instructive
in leaf serration (Bilsborough et al., 2011). Considering the
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Figure 6. AtNSF regulates protein recycling of the PM-localized auxin efflux carrier PIN1

(A-F) Recycling of PIN1-GFP in wild-type (WT) (A-C) and atnsf-1 (D-F) root cells after CHX and BFA treatment. Seedlings were pre-treated with 50 uM CHX
for 1 h (A, D) and then treated with 50 uM CHX and 50 uM BFA for 3 h (B, E), and were then washed in water for 2 h (C, F). Bars = 10 pm. (G) Statistics for the
number of PIN1-GFP agglomerations in WT and atnsf-1 roots before and after BFA treatment. The data represent means + SD. Different letters indicate

statistically significant differences (P < 0.05, t-test, n > 36).

auxin response in the superfluous teeth margin regions
(Figure 7A-E) and the disturbed cycling of PIN1 (Figure 6) in
atnsf-1, we analyzed PIN1-GFP distribution in the seventh
leaf of wild-type and mutant plants. Confocal imaging in-
dicated a polar PIN1-GFP distribution in the PM and a
convergence point in the regions for outgrowth initiation in
the wild-type leaf (Figure 8A, B), whereas in the mutant, the
polar localization of PIN1 was disturbed and showed
clumped agglomerations in margin cells (Figure 8C-E),
which resembled those in root stele cells. Therefore, AtNSF
is required for PIN1 cycling, which generates PIN1 con-
vergence points that are necessary for localized auxin
maxima and for serration outgrowth.

To further determine the genetic relationship between
AINSF and PIN1, we first identified a new pin7 mutant
(GABI_051A10) from GABI-Kat with a T-DNA insertion in PINT.
This mutant, named pin7-8, produces an inflorescence mer-
istem that does not initiate flowers, similar to that of other pin1
mutants. We identified pin7-8 homozygous plants by PCR using
three different primers and generated the atnsf-1 pin1-8 double
mutant by crossing, and evaluated its phenotype. First, we
counted the number of teeth in different leaves. In contrast to
atnsf-1, which has more teeth than the wild-type, the atnsf-1
pin1-8 double mutant had fewer teeth than the wild-type and a
similar number to pin7-8 (Figure 8F, G). We then measured the
height and width of the teeth. In contrast to atnsf-1, which had
larger teeth than the wild-type, the atnsf-1 pin71-8 mutant had
smaller teeth, similar to those in pin1-8 (Figure 8H, I).
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These results suggest that PIN1-mediated polar auxin transport
functions downstream of AtINSF and is required for AtNSF
regulation of leaf serration.

CUC2 is required for the regulation of leaf serration by
AtNSF
The growth repressor CUC2 also plays an essential role in
regulating the extent of leaf serration and is regulated by the
expression of MIR164A (Nikovics et al., 2006). CUC2 in-
tegrates into PIN1-mediated auxin flux to operate a feedback
loop that defines regions of growth promotion and re-
tardation (Bilsborough et al., 2011). To determine the regu-
latory relationship between AtNSF and CUC2 during serration
development, we first evaluated CUC2 expression in atnsf-1
by gRT-PCR. In atnsf-1 leaves, CUC2 expression was sig-
nificantly higher than that in wild-type leaves, whereas it was
lower than that in wild-type in the atnsf-1 complementation
line that overexpressed AtNSF (Figure 9A). Consistent with
this result, histochemical staining of GUS in atnsf-1 that ex-
pressed GUS driven by the CUC2 promoter (CUC2,,,::GUS)
indicated areas of increased CUC2 expression in leaves
(Figure 9B, C). Elevated CUC2 levels were also observed with
the CUC2-VENUS reporter marker in atnsf-1 (Figure S9).
These results indicate that AtNSF inhibits the expression of
CUC2 in leaves.

We further investigated the genetic relationship between
AtNSF and CUC2 by crossing the single mutants atnsf-1 and
cuc2-3. In contrast to atnsf-1, which had more teeth than
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(A, B) DR5,.,::GFP expression in the seventh leaf (L7) in WT and atnsf-1 plants. Bars =200 pm. (C, D) DR5,.,::GFP expression in the eighth leaf (L8) of WT
and atnsf-1 plants. Arrowheads in (B) and (D) indicate the restriction of green fluorescent protein (GFP) signal to the tip of secondary teeth formed between
two outgrown teeth. Bars =200 pm. (E) The number of serrations marked by DR5,,::GFP expression in the seventh leaf (L7) and the eight leaf (L8). Error
bars represent SD (n > 25). Asterisks indicate significant differences compared with the WT (P < 0.001, t-test). (F-I) The serration phenotype of the seventh
leaf of WT (F, G) and atnsf-1 (H, I) plants with 1 uM NPA (G, I) or without NPA (F, H) treatment. Bars =0.3 cm.

wild-type, the atnsf-1 cuc2-3 double mutant had fewer teeth,
similar to the number in the cuc2-3 single mutant (Figure 9D, E).
Moreover, in contrast to atnsf-1, which had larger teeth than the
wild-type, the atnsf-1 cuc2-3 mutant had smaller teeth than
wild-type, similar to those in cuc2-3 (Figure 9F, G) (Hasson
et al., 2011). These results indicate that the leaf serration phe-
notype of atnsf-1 was suppressed when CUC2 function is
abolished. Taken together, these results show that CUC2 is
required for AtNSF-mediated regulation of leaf serration and
they both regulate leaf serration in the same pathway, in which
AINSF functions upstream of CUC2 and inhibits its expression.

DISCUSSION

The NSF protein is a member of the AAA+ATPase family and
plays a key function in intracellular membrane fusion events
(Hanson and Whiteheart, 2005; Baker and Hughson, 2016).
Although NSF has been well studied in mammals and yeast,
the physiological function of NSF in plants remains unclear.
In this study, we characterized the role of AtNSF in leaf ser-
ration formation and root development in Arabidopsis using a
reverse genetic approach.

The function of AtNSF is conserved among eukaryotes
In Arabidopsis, we identified a single AtNSF gene that encodes
a highly conserved NSF protein, and analyzed the character-
istics and physiological function of AtNSF. AINSF contains
conserved AAA+ATPase domains and ATPase activity (Figure
1A, B) and rescued the yeast NSF-deletion mutant (Figure 1C).
In yeast, NSF plays a role in membrane trafficking. The sec18-1
mutant displays defects in ER morphology and vesicle fusion at
restrictive temperature (Mittenbihler and Holzer, 1991). The
mammalian NSF regulates vesicle transport and the E329Q
mutant has defects in Golgi function and causes cell death
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(Dalal et al., 2004). Furthermore, the zebrafish NSF-defective
mutants show intracellular membrane aggregation (Kurrasch
et al., 2009). Consistent with the functions of these NSF or-
thologs, AtNSF also plays an essential role in membrane traf-
ficking. The AtNSF protein is localized to the Golgi apparatus,
endosome, and cell plate, and its mutation caused pleiotropic
Golgi defects (Figures 4B, C, S6; Tanabashi et al., 2018),
suggesting it is critically involved in vesicle trafficking between
endomembranes. Defects in Golgi morphology in atnsf-1 were
also revealed by TEM images (Figure S6). Consistent with this,
the knock-down mutant atnsf-7 showed impaired endocytosis
and exocytosis (Figures 5A-C, S7) and disrupted PIN1 cycling
and polar localization (Figures 6, 8A-E). Another PIN protein,
PIN2, was also internalized into the intracellular compartment in
normal conditions (1/2 MS medium) when AtNSF was knocked
down (Figure S8). This demonstrates that the trafficking defect
in atnsf-1 is not PIN1 specific and may result from the general
defects in the Golgi apparatus observed in atnsf-1, which may
affect other endocytic cargoes, such as PM ATPase. Collec-
tively, these data confirm the conserved role of NSF in the
Golgi apparatus and vesicle trafficking. We attempted to
identify additional AtNSF knock-down or knock-out alleles;
however, we failed to isolate a homozygous atnsf-3 T-DNA line
and, similar to in mammals, the abolition of AtINSF is potentially
embryo lethal in Arabidopsis. Therefore, the effect of T-DNA
insertions upstream of the AtNSF ATG start codon on AtNSF
expression remains inconclusive. Taken together, our results
show that AtNSF is a highly conserved plant NSF protein that
functions in membrane trafficking and is critical for plant de-
velopment.

AINSF regulates polar auxin transport and PIN1
protein trafficking

The PIN1 auxin efflux carrier exhibits polar PM localization
and cycles between the endosome and the PM. PIN proteins
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Figure 8. PIN1-mediated auxin polar transport is required for the AtINSF-mediated regulation of leaf serration

(A-D) Confocal micrographs of PIN1-GFP expression in the margins of the seventh leaf in WT (A, B) and atnsf-1 (C, D) plants. (B) and (D) represent
the magnification of the areas framed in (A) and (C), respectively. The arrowheads in (B) and (D) indicate the impaired PIN1-GFP localization in the
leaf margin. Bars =50 pm. (E) Relative fluorescence intensity of intracellular PIN1-GFP in leaf margin cells. Error bars represent the SD (n > 20).
Asterisks indicate significant differences compared with the WT (P < 0.001, t-test). (F) of a series of rosette leaves in WT, atnsf-1, pin1-8, and atnsf-1
pin1-8 plants. Bars = 1 cm. (G) Statistics for the number of serrations at various stages of leaf development in WT, atnsf-1, pin1-8, and atnsf-1 pin1-8
plants. Error bars represent means + SD (n > 20). (H, 1) Relative tooth height (tooth height/leaf length) (H) and width (tooth width/leaf length) (1) of
secondary teeth in the seventh leaves. Error bars represent SD. Different letters indicate statistically significant differences (P <0.05,
t-test, n = 30).

are internalized via clathrin-mediated endocytosis, and the the molecular mechanism that underlies PIN1 trafficking
establishment of PIN1 basal polarity by the GNL1/GNOM- remains unknown. Arabidopsis BEX1/ARF1A1C, a small
mediated early secretory pathway is essential for plant de- GTP-binding protein of the ARF family, is important for PIN1
velopment (Geldner et al., 2003; Doyle et al., 2015). However, recruitment to the PM. Treatment of the bex7 mutant with a
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Figure 9. The regulation of leaf serration by AtNSF requires CUC2

(A) Relative transcript level of CUC2 determined by quantitative real-time polymerase chain reaction (QRT-PCR). Wild-type, atnsf-1, and AtNSF-overexpressing
atnsf-1 plants were grown on half-strength Murashige-Skoog (1/2 MS) medium for 14 d and true leaves were collected for gene expression analysis. Error bars
represent means + SD. Asterisks indicate significant differences compared with the wild-type (WT) (*P < 0.05; **P < 0.01, t-test). (B, C) GUS expression in the
margins of the seventh rosette leaf of WT (B) and atnsf-7 (C) plants expressing CUC2,,,::GUS. Arrowheads indicate restriction of GUS expression in the sinus.
Bars =200 pm. (D) Silhouettes of a series of rosette leaves showing the serration phenotype of WT, atnsf-1, cuc2-3, and atnsf-1 cuc2-3 plants. Bars=1cm.
(E) Summary of leaf tooth number at various leaf developmental stages of WT, atnsf-1, cuc2-3, and atnsf-1 cuc2-3 plants. The data represent means + SD (n >
30). (F, G) Relative tooth height (tooth height/leaf length) (F) and width (tooth width/leaf length) (G) of secondary teeth in the seventh leaf in WT, atnsf-1, cuc2-3,
and atnsf-1 cuc2-3 plants. Error bars represent SD. Different letters indicate statistically significant differences (P < 0.05, t-test, n > 20).

low concentration of BFA resulted in PIN1-GFP aggregation
in intracellular compartments and reduced its PM localization
(Tanaka et al., 2014). By contrast, in the wild-type, PIN1-GFP
mainly localized to the PM. The BEX5/RabA1b protein, a
member of the large RabA GTPase class, regulates PIN1
trafficking from a trans-Golgi network/early endosome
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(TGN/EE) compartment to the PM (Feraru et al., 2012). The
bex5 mutant exhibits altered PIN1-GFP endocytic recycling,
due to impaired exocytosis and transcytosis (Feraru et al.,
2012). By contrast, BEN7 encodes an ARF GEF vesicle traf-
ficking regulator from the functionally uncharacterized BIG
class. The ben1 mutant showed diminished internalization
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and agglomeration of PIN1-GFP after BFA treatment (Tanaka
et al., 2009). These data suggest that PIN1 trafficking is
mediated via the conserved membrane secretion system in
which SNAREs and related proteins play an essential role.

The function of SNAREs depends on the NSF-mediated
disassembly of SNARE complex subunits (Kim and Brandizzi,
2012; Baker and Hughson, 2016). Therefore, we queried
whether PIN1 trafficking is mediated by an AtNSF-dependent
pathway. The phenotype of atnsf-1 resembled an auxin-
defective phenotype and included more sites of DR5-GFP
maxima and increased leaf serration (Figures 2B-F, 7A-E),
indicating that AtNSF regulates the distribution of auxin re-
sponse maxima. Furthermore, atnsf-1 exhibited defective PIN1
trafficking from endosomes to the PM, which further altered
polar PIN localization in the leaf margin (Figures 6, 8A-E),
suggesting that AtINSF affects auxin polar transport by regu-
lating intracellular PIN1 trafficking. Treatment with the PAT
inhibitor NPA disrupted the polar localization of PIN1 and led
to wild-type leaves with a smooth margin (Figure 7F, G).
However, trafficking of PIN1 in atnsf-1 was defective, but the
expression of other regulators such as CUC2 was elevated
(Figure 9A). The mechanism that regulates leaf serration is
complex and the importance of the role of AtNSF is for PIN1
localization and polarity in leaf development remains to be
elucidated. This could be performed by expressing AtNSF
from the PINT promoter. Besides, PIN2 also accumulated in
the intracellular compartment in normal conditions in atnsf-1
(Figure S8), demonstrating that AINSF may also be involved in
the trafficking of other PIN proteins and further affect auxin-
related phenotypes. An appropriate root gravitropic response
involves correct PIN2 polarity. Although the mechanism of this
response is complex, it has been reported to involve endo-
cytosis and exocytosis and the ubiquitination-dependent
degradation of PIN2 in the PM (Abas et al., 2006;
Kleine-Vehn et al., 2011). The defects in PIN2 trafficking may
contribute to delayed bending in atnsf-1 (Figure 3H, I). How-
ever, this phenotype might also be influenced by other proc-
esses; therefore, it remains to be determined which trafficking
processes or which pathways contribute most to the bending
defect in response to gravity in atnsf-71. In primary root de-
velopment, the distal auxin response maximum regulates
pattern formation and the initiation of lateral root primordia is
also associated with changes in auxin transport (Blilou et al.,
2005; Olatuniji et al., 2017; Du and Scheres, 2018). Here, we
observed a decreased meristem length and supernumerary
lateral roots in atnsf-1 (Figures 3A-G, S4). Further studies to
demonstrate that AtNSF regulates PIN1-mediated auxin
transport for meristem maintenance and lateral root develop-
ment need to be considered.

The hypersensitivity of atnsf-7 to BFA observed here re-
sembles the previously reported responses of bex7 and bex5
(Feraru et al., 2012; Tanaka et al., 2014). BEX1/ARF1A1C and
BEX5/RabA1b localize to the trans-Golgi network/early endo-
some and function in BFA-sensitive PIN trafficking. Further
investigation into the relationships between AtNSF, BEX1, and
BEX5 might reveal the mechanism of trafficking from the Golgi

www.jipb.net

AtNSF regulates PIN1 intracellular trafficking

network to the PM or endosomes. Therefore, whether BEX1
and BEX5 are involved in leaf serration or function together
with AtNSF in this process needs to be elucidated further.
Collectively, the data here reveal that PIN1 trafficking is
regulated by the conserved membrane secretion machinery
via an AtNSF-dependent pathway.

AtNSF interferes with the balance of the PIN1 and
CUC2-mediated feedback loop for leaf serration

Leaf serration involves the CUC2 transcription factor, whose
activity is negatively regulated by microRNA164A (Nikovics
et al., 2006), and the cuc2-3 mutant has smooth leaf margins
(Nikovics et al., 2006). Our findings indicate that CUC2 ex-
pression was up-regulated in the atnsf-1 mutant, and mutation
of CUC2 completely suppressed the atnsf-1 phenotype (Figure
9D-G). These results demonstrate that AtNSF regulates leaf
serration through the CUC2 pathway. Leaf margin develop-
ment is regulated by CUC2 and PIN1, which form a feedback
loop (Bilsborough et al., 2011). The first loop regulates auxin
transport by the PIN1 efflux transporter. In a second loop,
CUC2 promotes the generation of PIN1-mediated auxin
maxima while auxin represses CUC2 expression. The bal-
anced activity of the feedback loop establishes stable serra-
tion patterns in the leaf margin (Figure 10C; Bilsborough et al.,
2011). The data here improve our understanding of this regu-
latory loop by elucidating the role of AtNSF. First, AINSF di-
rectly influences local auxin concentrations by controlling PIN1
vesicle trafficking. Knock-down of AtNSF disrupts the polar
localization of PIN1 in leaf margins and disperses or internal-
izes PIN1 in more leaf margin cells (Figure 10A-C). Ultimately,
more auxin maxima are generated in the leaf margin, which
lead to increased serrations. Second, AtNSF knock-down in-
creases CUC2 expression, which alters the balance of the
PIN1/CUC2 feedback loop (Figure 10C). We hypothesize
that AtNSF regulates CUC2 expression in two potential
ways: AtNSF either indirectly suppresses CUC2 expression
by PIN1-mediated auxin distribution, or AtNSF represses
CUC2 expression in a PIN1-independent manner, and
these hypotheses need to be addressed in future studies
(Figure 10C). In conclusion, AtNSF is required for the PIN1/
CUC2 feedback loop in the regulation of leaf serration. The
ligand-receptor pair, EPFL2 and ERECTA, promote leaf tooth
growth by forming a feedback loop between the peptide-
receptor system and auxin response (Tameshige et al., 2016).
Thus, a potential relationship between the AtNSF pathway and
the EPFL2-ERECTA machinery is intriguing. Whether the se-
creted peptide EPFL2 is regulated by the AINSF membrane
secretion pathway is a topic that deserves further study.

MATERIALS AND METHODS

Plant materials and growth conditions

Arabidopsis thaliana wild-type ecotype Columbia-0 (Col-0)
was used in this study. The T-DNA insertion lines
Salk_038536 (atnsf-1), Salk_138721 (atnsf-2), Sail_1155_C06
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(atnsf-3), and GABI_051A10 (pin1-8) were obtained from the
Nottingham Arabidopsis Stock Centre. Some plant materials
used in this study have been previously described: DR5,e,::
GFP (Benkova et al., 2008), PINT,.::PINT1-GFP (PIN1-GFP)
(Benkova et al., 2003), CUC2,,,::GUS (Nikovics et al., 2006),
CUC2-VENUS (Bilsborough et al., 2011), cuc2-3 (Nikovics
et al., 2006), ARAG-GFP (Furutani et al., 2007), KNOLLE-GFP
(Touihri et al., 2011) and secGFP (Leucci et al., 2007).

Journal of Integrative Plant Biology

Surface-sterilized seeds were sown on plates con-
taining 1/2 MS medium supplemented with 1% sucrose
and 1.2% agar, and were stratified at 4°C in the dark for
2d, and grown at 22°C in a 16 h:8 h (light:dark) cycle and a
light intensity of approximately 100 pmolm=2s~'. Seed-
lings were transferred to soil between 8 and 12d after
germination and were grown under the same conditions in
a phytochamber.
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Figure 10. Hypothesis for the regulation of AtNSF-mediated serration

(A) AtNSF-mediated cycling of the auxin efflux carrier PIN1 in wild-type (WT) cells. PIN1 is transported from the trans-Golgi network (TGN) to endosomes
and from endosomes to the PM in an AtNSF-dependent manner, and ultimately localize to the basal membrane and establish the polar direction of auxin
transport. Yellow boxes represent PIN1 protein and large blue diamonds represent AtNSF expression. The arrow to the right shows the downward flux of
auxin. (B) AtNSF-mediated PIN1 transport and cycling in atnsf-1 mutant cells. When AtNSF is knocked-down, the cycling of PIN1 between endosomes and
the PM is disrupted, which leads to more PIN1-dense vesicles in the intracellular compartment. Thus, the basal polar localization of PIN1 and further auxin
transport is disturbed. Yellow boxes represent PIN1 protein and the small blue diamonds represent knocked-down levels of AtNSF. The direction of the
arrows shows the disturbed auxin flux. (C) An hypothesis for AINSF-, PIN1-, and CUC2-mediated leaf serration regulation based on Bilsborough et al.
(2011). We have added the function of AtNSF in the regulation of the PIN1 and CUC2-mediated feedback loop to this model. Serration development is
based on the previously published computational model (Bilsborough et al., 2011). Auxin transport by PIN1 (polarly localized in red) leads to the formation
of an auxin maximum (the yellow oval), which generates a new serration. CUC2 (blue boxes) drives this mechanism and promotes the establishment of PIN1
convergence. Auxin, in turn, inhibits CUC2 to stabilize the position of the auxin maximum (large and small blue boxes represent high and low expression of
CUC?2 in different zones, respectively). These interactions generate a pattern of auxin maxima interspersed with CUC2 expression along the leaf margin and
a new serration is formed in the area of the auxin maxima. In this feedback loop, AtNSF (orange box) contributes to PIN1 cycling to establish PIN1 polar
localization. AtNSF inhibits CUC2 expression to further regulate the balance between the loops. The solid lines in this schematic diagram represent direct
regulation that has been reported or demonstrated in this study, the dotted line from AtNSF to CUC2 represents potential regulation that may involve other
proteins and/or an indirect pathway that needs to be elucidated.

750  April 2021 | Volume 63 Issue 4 | 737-754 www.jipb.net



Journal of Integrative Plant Biology

AtNSF alignment analysis

The Arabidopsis thaliana (At4g04910), human (Homo sapiens,
BAH12933.1), and yeast (Saccharomyces cerevisiae,
AJP85518.1) NSF protein sequences were aligned using
ClustalW as implemented in BioEdit. Sequence identity of
100% was highlighted in dark gray. Identity or similarity be-
tween 50% and 100% was highlighted in light gray. The
conserved domains were marked with boxes as explained
in Figure 1A.

Plasmid construction and plant transformation

The AtNSF coding sequence was amplified from clone
RAFL09-22-D11 (R22030; RIKEN) with AtNSF-CDS-F and
AtNSF-CDS-R primers (Table S1). The corresponding PCR
fragment was recombined into the pDONR207 entry vector
using attB x attP (BP) in a recombination reaction according
to the manufacturer's instructions (Invitrogen). After se-
quence confirmation, the AtNSF coding sequence was
transferred into the GATEWAY recombination sites of
pMDC32 by attL x attR (LR) recombination reactions using
LR clonase (Invitrogen), resulting in the 35S,,,::AtNSF con-
struct. To construct the native promoter-driven gene (the
AINSF,..::AtNSF construct), the AINSF promoter was am-
plified from the Arabidopsis genome with primers AtNSF-P3
and AtNSF-P4 (Table S1), and the 35S, of the 35S,,,::
AINSF construct was replaced with AtNSF,, using Pmel and
Kpnl sites. To create the AINSF,,,,::GUS construct, the native
promoter was amplified from Arabidopsis seedling genomic
DNA with primers AtNSF-P1 and AtNSF-P2 (Table S1). The
PCR product was recombined into the pDONR207 vector
and transferred into gateway vector pMDC162 to generate
the AINSF,,,::GUS construct. The resulting binary vectors
were introduced into Agrobacterium tumefaciens strain
GV3101 and plants were transformed via the floral-dip
method.

Phenotypic analysis

Leaf clearing was performed by incubating leaves in excess
7:1 ethanol:acetic acid solution overnight at room temper-
ature. Leaves were then transferred to chloral hydrate solution
(chloral hydrate:water:glycerol = 8:3:1) and mounted on slides
with clean solution before imaging with dark-field microscopy.

For root length analysis, seedlings were scanned and
measured using Image J software (https:/fiji.sc). For No-
marski imaging of roots, seedlings were fixed and mounted in
chloral hydrate solution (chloral hydrate:water:glycerol =
8:3:1) and images were captured by an AxioVision micro-
scope (Carl Zeiss). The root apical meristem size was quan-
tified by Image J, based on the region between the quiescent
center and the first elongating cell in the cortex.

To measure root gravity responses, vertical plates on
which seedlings had grown for 6 d were rotated by 90° and
photographs were taken at 1, 2, 6, 8, 12 h after reorientation.
The degree of root curvature was measured using Image J.

For TEM, wild-type and atnsf-1 seedlings were fixed with
2.5% glutaraldehyde and 1% osmium tetroxide for 12 h at
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4°C, then washed five times by phosphate-buffered saline
(PBS; pH 7.2) and subjected to an ethanol gradient for de-
hydration. Seedlings were then transferred to propylene ep-
oxide and gradually infiltrated with acrylic resin. Ultrathin
sections of the samples were cut with a diamond knife and
images were record by a transmission electron microscope
(JEM-1400Plus).

The T-DNA insertions within AtNSF in Salk_038536,
Salk_138721, and Sail_1155_C06 and in PINT of
GABI_051A10 were validated by PCR-based genotyping
(http://signal.salk.edu/). The primers used are listed in
Table S1.

Yeast complementation

The yeast mutant strain sec78-1, NY1691 (MAT«a ura3-52
leu2-3, 112 trp1 his3A200 SEC1::SECTMYC3URAS3 sec18-1)
was obtained from Dr. Peter J. Novick. The open reading
frame of AtNSF was cloned into the yeast expression vector
pDR196. The resulting construct and empty vector were then
transformed into the yeast NY1691 mutant strain. Two pos-
itive clones from each transformation procedure were se-
lected for culture on yeast peptone dextrose medium con-
taining 1% vyeast extract, 2% Bacto peptone, and 2%
glucose at 24°C for 72 h. The cultures were diluted in water
and cultured on a plate at 33°C to assess the ability of the
clone to grow.

Measurement of ATPase enzyme activity

The full-length coding sequences of AtNSF and SNAP« were
obtained by PCR amplification from the cDNA clones
RAFL09-22-D11 and RALF19-63-FO8 (RIKEN), using the
primer pairs AtNSF-F/AtNSF-R and SNAP-F/SNAP-R, re-
spectively. The primer sequences are shown in Table S1. The
PCR product was digested with Sacl and Notl and ligated
into the protein expression vector pET28a (Novagen). AtNSF
and SNAPa were expressed in E. coli BL21 and purified with
Ni-NTA resin (Thermo Fisher Scientific). ATPase activity was
analyzed with the ATPase assay kit (Innova Biosciences)
following the manufacturer's instructions.

Histochemical analysis

GUS staining was performed as previously described (Yu
et al., 2013). An AxioVision microscope (Carl Zeiss imager A1)
was used for high-magnification imaging of stained samples
and an AxioVision stereomicroscope (SteREO Discovery.V20)
coupled to an AxioCam MRc digital camera (Carl Zeiss
Microimaging) was used for low-magnification imaging.

RNA isolation, RT-PCR, and qRT-PCR

Total RNA was extracted from different organs, including
roots, leaves, shoots, flowers, and siliques, and from 10 d-old
wild-type or atnsf-1 true leaves using the RNeasy plant mini
kit (Qiagen) and was digested with TURBO DNase (Ambion).
The extracted RNA was reverse transcribed into cDNA using
the High Capacity cDNA reverse-transcription kit (Applied
Biosystems). Reverse transcription-PCR was used to analyze
AtNSF expression in T-DNA insertion mutants. TUBULIN
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(At5g62690) served as a control to confirm equal amounts of
cDNA in each reaction. Quantitative RT-PCR was performed
with a SYBR green kit (Applied Biosystems) to detect AtNSF
and CUC?2 transcripts. Amplified samples were normalized
against TUBULIN (At5g62690) transcript levels. All primer
pairs used are listed in Table S1 online.

AtNSF antibody generation

To generate AtNSF-specific polyclonal antibodies, the two
primers Anti-P1 and Anti-P2 were used to clone the AtINSF
cDNA region of 1,219-1,680 bp, which corresponds to amino
acids 407-560, into the EcoRI/Notl sites of pET28a
(Novagen). After expression in E. coli strain BL21 golden star,
the recombinant protein containing the 6xHis-tag was affinity
purified according to the manufacturers’ instructions (Qiagen)
and evaluated by sodium dodecylsulfate-polyacrylamide gel
electrophoresis. The antigen peptide was used to immunize
rabbits (Eurogentec). The polyclonal antiserum was affinity
purified against the recombinant AtNSF peptide.

Immunolocalization

Plants were fixed with 4% paraformaldehyde in PBS (pH 7.3)
and used for whole-mount in situ immunolocalization in roots
as previously described (Friml et al., 2002). AINSF was de-
tected using a rabbit anti-AtNSF polyclonal antibody (1:100),
and KNOLLE-GFP and ARA6-GFP were detected with a
mouse anti-GFP monoclonal antibody (Roche) (1:500). After
washing out the primary antibodies, the samples were in-
cubated with the secondary antibodies (Alexa Fluor 555 goat
anti-rabbit, and Alexa Fluor 488 goat anti-mouse, re-
spectively, from Invitrogen; all at a 1:500 dilution).

For PIN2 immunolocalization, PIN2 was detected using a
guinea pig anti-PIN2 antibody (1:500) (a gift from J. Friml),
and the Alexa Fluor 555 goat anti-guinea pig was used as the
secondary antibody (1:500, Invitrogen).

Pharmacological treatment

The FM4-64 treatment was performed as described pre-
viously (Feng et al., 2017). A4 mM FM4-64 stock solution was
firstly prepared in dimethyl sulfoxide (DMSO). For the FM4-64
internalization assay, 7-d-old seedlings were incubated with
4 uM FM4-64 for 3 min and then rinsed twice with water for 5
min, 15 min, and 30 min for short-term analysis.

For the BFA treatment to observe the trafficking in root
cells, 7-d-old seedlings were immersed in 50 uM BFA and
50 uM CHX for 3 h (pretreated with 50 uM CHX for 1 h to
block new protein synthesis) and BFA bodies were ob-
served by confocal laser scanning microscopy (Zeiss LSM
880). To observe the FM4-64-stained cells, seedlings
were first incubated with 4 uM FM4-64 for 3 min and
washed in water for 5 min, followed by 50 uM BFA for 3 h.
In the washout experiments, the BFA-treated seedlings
were incubated in water for 2h and the BFA agglomer-
ation was imaged by confocal microscopy (Zeiss LSM
880) and the number of BFA bodies per cell was analyzed
by statistically.
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For the long-term BFA treatment to analyze root growth,
gravitropic bending, and the lateral root phenotype, seedlings
were grown on 1/2 MS medium with or without 1 uM BFA for
different numbers of days as indicated.

For the NPA treatment, wild-type and atnsf-1 seedlings
were grown in 1/2 MS medium with or without 1 uM NPA for
10d, and leaves were then imaged to observe the degree of
margin serration.

Confocal microscopy

DAPI was excited with a 405 nm laser and collected using a
420-480 nm band-pass filter. For GFP, VENUS, and Alexa
Fluor 488, the 488 nm laser line was used for excitation, and
emission was detected at 505-550 nm. For Alexa Fluor 555,
we used a 543 nm laser excitation and 590-635 nm emission.
Images were captured by a Zeiss LSM 880 confocal micro-
scope. ZEN 2009 (Carl Zeiss Microimaging) was used to
process and extract the images.
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Figure S1. Leaf serration phenotype of atnsf-1 and anti-NSF (N-
ethylmaleimide-sensitive factor) antibody characterization

(A) Number of teeth (serrations) in growing leaves of wild-type (WT)
and atnsf-1 plants. n > 20. (B) Quantification of AtNSF expression in
the WT and atnsf-1. Total RNA was isolated from 10-d-old seedlings
grown on half-strength Murashige-Skoog (1/2 MS) medium and an-
alyzed by reverse transcription polymerase chain reaction (RT-PCR)
based on 25 cycles of amplification. TUBULIN was used as a control
to show the equal amount of cDNA in each reaction. (C) The induction
of prokaryotic expression of AtNSF in E. coli. AtNSF protein (81.62
kDa) was induced by 1 mM isopropylthio-3-galactoside (IPTG) for 6 h.
Total protein from IPTG-induced E. coli was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by Coomassie blue staining (left panel). Purified AtNSF protein
from E. coli was subjected to immunoblotting with anti-AtNSF anti-
body (right panel).

Figure S2. Leaf phenotype of the complementation line using the native
AtNSF promoter

Four-week-old seedlings of the wild-type, atnsf-7, and the com-
plementation line. Bar=1cm

Figure S3. Identification of the atnsf-2 mutant

(A, B) Leaf phenotype of the wild-type (WT) (A) and atnsf-2 (B). Bars =1 cm.
(C) Genotyping of the atnsf-2 mutant. (D) Expression level of AtNSF in WT
and atnsf-2 plants determined by reverse transcription polymerase chain
reaction (RT-PCR) using 5-week-old plants. TUBULIN was used as a
control.

Figure S4. Lateral root phenotype of the atnsf-1 mutant

(A) Root phenotype of wild-type (WT) and atnsf-1 plants grown in half-
strength Murashige-Skoog (1/2 MS) medium with or without 1 uM BFA.
(B) Statistical analysis of the lateral root number as in (A). Error bars
represent the SD of biological replicates (n>20). Asterisks indicate
significant differences compared with the WT (*P <0.05; **P <0.01;
t-test). Bar=1cm.

Figure S5. AtNSF is strongly expressed in leaf serrations

(A) Relative transcript levels of AtNSF in the root, rosette leaf, cauline leaf,
shoot, flower, and silique determined by quantitative real-time polymerase
chain reaction (qRT-PCR). The data represent means for three
independent experiments per sample and three replicates per experiment.
(B) The dynamic expression pattern of AtNSF,,::GUS in the seventh
leaf throughout development. 1, the youngest leaf; 7, the oldest leaf.
Figure S6. The Golgi apparatus is defective in the atnsf-1 mutant
Transmission electron microscopy images of the wild-type (A) and the
atnsf-1 mutant (B, C). Images show the Golgi apparatus phenotype. Bars
=200 nm.

Figure S7. Short-term internalization of FM4-64 in wild-type (WT) and
atnsf-1 plants

(A-F) Internalization of FM4-64 in WT (A-C) and atnsf-1 (D-F) plants.
Images were taken at 5 min (A, D), 15 min (B, E), and 30 min (C, F) after
FM4-64 staining. Bars =10 um. (G) Statistical analysis of the number
of agglomerations per cell in WT and atnsf-1 plants for 5, 15, and 30
min. The data represent the means + SD (n>10 cells). Asterisks in-
dicate significant differences compared with the WT (**P <0.001;
t-test).

Figure S8. Immunolocalization of PIN2 in wild-type (WT) and atnsf-1 epi-
dermal cells

Seedlings were grown on half-strength Murashige-Skoog (1/2 MS) medium
for 7d and PIN2 localization in root epidermal cells was observed by an
immunoassay. Arrows represent internalized PIN2 protein in the atnsf-1
mutant. Bars =5um

Figure S§9. CUC2-VENUS expression in atnsf-1. CUC2-VENUS expression
in the seventh rosette leaf margins of wild-type (WT)

(A) and atnsf-1 (B) plants. Arrowheads indicate the restriction of VENUS
expression to the sinus. Bars =200 pm.

Table S1. Primers used for quantitative real-time polymerase chain re-
action (QRT-PCR) and expression constructs
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