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Abstract

The trans-Golgi network (TGN), a key compartment in endomembrane trafficking, participates in both secretion to and endocytosis from
the plasma membrane. Consequently, the TGN plays a key role in plant growth and development. Understanding how proteins are sorted
for secretion or endocytic recycling at the TGN is critical for elucidating mechanisms of plant development. We previously showed that
the protein ECHIDNA is essential for phytohormonal control of hypocotyl bending because it mediates secretion of cell wall components
and the auxin influx carrier AUXIN RESISTANT 1 (AUX1) from the TGN. Despite the critical role of ECHIDNA in TGN-mediated trafficking,
its mode of action remains unknown in Arabidopsis (Arabidopsis thaliana). We therefore performed a suppressor screen on the ech mutant.
Here, we report the identification of TGN-localized TYPHON 1 (TPN1) and TPN2 proteins. A single amino acid change in either TPN protein
causes dominant suppression of the ech mutant’s defects in growth and AUX1 secretion, while also restoring wild-type (WT)-like
ethylene-responsive hypocotyl bending. Importantly, genetic and cell biological evidence shows that TPN1 acts through RAS-
ASSOCIATED BINDING H1b (RABH1b), a TGN-localized RAB-GTPase. These results provide insights into ECHIDNA-mediated secretory
trafficking of cell wall and auxin carriers at the TGN, as well as its role in controlling plant growth.

Introduction displays defects in cell elongation that lead to stunted root, hypoco-
tyl, and rosette growth (Gendre et al. 2011). Importantly, formation
of the apical hook, a bend formed by differential cell elongation on
either side of the hypocotyl of germinating seeds, which is required
for soil emergence, is severely abrogated in ech (Boutté et al. 2013).
Loss of ECH results in mislocalization of a subset of TGN-localized
proteins such as SYNTAXIN OF PLANTS 61 (SYP61) or Vacuolar
H(+)-ATPase subunit a isoform 1 (VHAal) but has minimal effect
on other TGN proteins such as the clathrin heavy chain (CHC)
(Boutté et al. 2013), or the EPSIN N-terminal homology (ENTH)
proteins EPSIN1 and MODIFIED TRANSPORT TO THE VACUOLE1
(MTV1) which are involved in vacuolar trafficking (Heinze et al.

The trans-Golgl network (TGN) is a multifunctional organelle in the
plant endomembrane system that mediates secretion of newly syn-
thesized proteins to the plasma membrane (PM) and vacuole as well
as endocytic recycling (Viotti et al. 2010; Feraru et al. 2012; Rosquete
et al. 2018; Shimizu et al. 2021). To fully understand the mecha-
nisms of plant development and adaptation to environmental
signals, it is vital to understand how membrane trafficking is coor-
dinated in this compartment. Genetic and cell biological analyses of
the model plant Arabidopsis (Arabidopsis thaliana) have shown that
TGN-mediated secretion plays a major role in plant morphogenesis
by enabling the trafficking of key regulators of polar auxin transport 2020). Consistently, while trafficking of lytic vacuole-targeted
such as (PIN-FORMED) PIN and AUXIN RESISTANT/LIKE AUXIN  hroteing s unaffected in ech mutant (Gendre et al. 2011),
RESISTANT (AUX/LAX) proteins (Boutté et al. 2013; Tanaka et al. PM-targeted AUX1 and cargoes destined for the cell wall (e.g.
2013) as well as cell wall components such as pectin and xyloglu- xyloglucans) are mislocalized to vacuoles in ech (Boutté et al. 2013;
cans (Wangetal. 2017; Wilkop et al. 2019). We have previously iden- McFarlane et al. 2013). In spite of these key functions at the
tified the protein ECHIDNA (ECH) as a key mediator of the TGN’s TGN, the ECH-mediated molecular mechanisms of cargo sorting

secretory functions (Gendre et al. 2011). Loss of ECH causes dramat- at TGN remain elusive. Biochemical and genetic studies showed
ic defects in the TGN ultrastructure and defective secretion of the that ECH forms a complex with the YPT/RAB-GTPase interacting
cell wall components hemicellulose and pectin as well as the auxin proteins (YIPs) YIP4a and YIP4b, which localize to the TGN

transporter AUX1 (Boutté et al. 2013; Gendre et al. 2013). In keeping (Gendre et al. 2013). Moreover, the microtubule binding protein
with the key role of secretion in cell elongation, the ech mutant TGN-ASSOCIATED PROTEIN 1 (TGNap1) has been shown to interact
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both with YIP proteins and the RAB-GTPase RAS-ASSOCIATED
BINDING H1b (RABH1b) (Renna et al. 2018). Nonetheless, it is still
not clear how the TGN coordinates the sorting of proteins into di-
verse secretory pathways and how specificity in trafficking of
PM-localized proteins is achieved. Clarifying the function of ECH
could explain its role at the TGN and, importantly, help to unravel
the complexity of the TGN’s secretory pathways.

To better understand TGN function and the critical role of ECH,
we performed a suppressor screen of the ech mutant phenotype.
This revealed that a single amino acid substitution replacing gly-
cine with glutamic acid at position 163 in the evolutionarily con-
served protein TYPHON 1 (TPN1) creates a dominant suppressor
mutation that restores the defects in hook formation and secre-
tion caused by loss of ECH function. Additionally, this mutation
relieves the ECH dependency of the TGN localization of the
TPN1 protein. Furthermore, we demonstrate that the activity of
the Golgi/TGN-localized small GTPase RABH1b is crucial for
TPN1-mediated ech suppression, indicating that ECH acts via
RAB-GTPase localization/function at the TGN.

Results

A single amino acid substitution in the TYPHON1
protein can suppress the phenotypic defects of the
ech mutant

To identify the molecular components that act together with ECH to
regulate differential growth and apical hook formation, an ethyl
methanesulfonate (EMS) suppressor screen was performed on ech
seeds. We used deep sequencing and comparative SHORE mapping
(Schneeberger et al. 2009) of the F2 generation of twice backcrossed
(BC2F2) plants of one such suppressor named TYPHON1 (TPN1, after
Typhon, the consort of Echidna in Greek mythology). The causal mu-
tation that suppressed theroot, hypocotyl, and apical hook defects of
ech in the TPN1 suppressor was found to be located within the gene
At5g26740. Sequencing this locus in suppressed and nonsuppressed
BC2F2 plants revealed that the causal EMS mutation is a Gly to Glu
substitution at amino acid position 163 of the TPN1 protein. To verify
that this substitution is indeed the causal mutation, we transformed
ech plants with a construct expressing a mutated version of the TPN1
gene with this substitution (TPN19'**) from the TPN1 promoter.
Complete suppression of ech hook defects was observed both in
the twice backcrossed homozygous F3 generation (BC2F3) of
EMS-suppressed ech plants (referred to as ech®**P) and in 2 independ-
ent single insertion transformed lines (ech; TPN1,,,;TPN1°'*% Line-1
and Line-2; see Fig. 1A). Both the ech®"PP line and ech; TPN1,,:
TPN1°1%% lines exhibited similar suppression of the primary root
elongation (Supplementary Fig. SIA and B), hypocotyl elongation
(Supplementary Fig. S1C and D), rosette growth (Supplementary
Fig. S1E), flower bolt growth (Supplementary Fig. S1F), root hair for-
mation (Supplementary Fig. S1G), and seed coat mucilage secretion
(Supplementary Fig. S1H) defects of the ech mutant. In contrast, we
could not observe any suppression of the ech phenotypic defects by
transforming the WT version of TPN1 (TPN1,,,,TPN1"T) into the ech
mutant background (Supplementary Fig. S2). These observations es-
tablish that the Gly'®® to Glu substitution in TPN1 is the causal mu-
tation of the phenotypic suppression in ech mutant.

Importantly, the TPN1 gene has a close paralogue (At3g05940)
whose encoded protein has 85% amino acid sequence identity and
93% sequence similarity with TPN1 (Supplementary Fig. S3A and
B). We therefore named this second protein TYPHON2 (TPN2). The
Gly'®® residue that was mutated in TPN1 is conserved in TPN2.
Therefore, we investigated whether changing this conserved residue

in TPN2 (as in TPN1) could also suppress the ech phenotype. To
this end, we engineered a construct expressing a TPN2%'63E
protein from the TPN1 promoter and expressed it in the ech mutant.
ech plants transformed with the TPN1,,,;-TPN2'%*F construct showed
suppression of ech hook defects like TPN1%'%* lines (Supplementary
Fig. S4). The TPN1°?%*F and TPN2%'%%F proteins are thus functionally
interchangeablein terms of ech suppression. Altogether these results
demonstrate that TPN1 and its close paralogue TPN2 act as novel ge-
netic suppressors of the ech mutation when a conserved glycine res-
idue is mutated to glutamic acid.

TPN1 restores defective AUX1 secretion and
ethylene responsiveness in the ech mutant

ECH is required for secretion of the auxin transporter AUX1 from
the TGN to the PM. Reduced PM levels of Yellow Fluorescent
Protein-tagged AUX1 (AUX1-YFP) were therefore observed in an ear-
lier study in the ech mutant (Boutté et al. 2013). In contrast with the
parental ech mutant, PM levels of AUX1-YFP were restored to those
seen in the WT in ech; TPN1,,,;TPN1%"**% apical hooks (Fig. 1B and C).
To confirm these results, we isolated microsomal membrane frac-
tion from dark-grown whole seedlings expressing AUX1-YFP in
WT, ech or ech; TPN1,,,: TPN1%1%*F backgrounds. While we detected
a band of the expected size in WT, the intensity of that band
strongly decreased in the ech mutant background and was com-
pletely rescued by TPNS¢%F (Supplementary Fig. S5). In the ech mu-
tant, we detected a degraded form of AUX1-YFP that is consistent
with its vacuolar mislocalization in this genetic background
(Boutté et al. 2013). AUX1 is required for the ethylene response lead-
ing to differential growth during apical hook development.
Consequently, reduced levels of AUX1 cause ethylene insensitivity
in the apical hook in the ech mutant; whereas apical hook exagger-
ation is seen in WT seedlings upon treatment with the ethylene
precursor aminocyclopropane-1-carboxylate (ACC) (Fig. 1D; left,
middle), this is not observed in ACC-treated ech seedlings.
However, the WT-like behavior is observed in ech; TPN1¢**%E seed-
lings upon ACC treatment (Fig. 1D, right). These results indicate
that TPN1 suppresses secretory defects in ech, leading to the resto-
ration of AUX1 levels at the PM and the ethylene response in the ap-
ical hook.

TGN localization of TPN1%WT but not TPN1%163E
depends on ECH

The ECH protein localizes to the TGN, where it mediates secretion to
the PM. Since the TPN1 mutation suppresses secretory defects in the
ech mutant, we investigated the localization of the TPN1 protein by
generating fluorescently tagged (Venus) versions of TPN1%T and
TPN1°?%*F proteins expressed from the native TPN1 promoter and
transformed these into WT plants. TPN1"T-Venus localized to punc-
tate structures in epidermal cells in the apical hook region. These
TPN1WT-Venus structures showed good overlap with TGN markers
mCherry-Vesicle transport v-SNARE 12 (mCherry-VTI12) (Geldner
et al. 2009) (colocalization frequency: 76.6%) and monomeric
KusabiraOrange tagged Clathrin Light Chain (Ito et al. 2012) (mKO-
CLC), for which the colocalization frequency was 51% (Fig. 2A to C).
In contrast, the TPN1%-Venus signal exhibited only limited colocal-
ization with the Golgi marker mCherry-SYNTAXIN OF PLANTS 32
(mCherry-SYP32); (Supplementary Fig. S6, colocalization frequency
21%). The localization of TPN1%'%*E-Venus was similar, with 72%
and 56% overlap with mCherry-VTI12 and mKO-CLC, respectively
(Fig. 2D to F). These results indicate that TPN1, like ECH, localizes
to the TGN and that the Gly*®*Glu mutation in TPN1 that suppresses
the ech phenotype does not alter its TGN localization. However, since
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Figure 1. Point mutation in TPN1 gene suppresses hook defects of ech mutant. A) Time-lapse apical hook angle measurement in WT, ech, ech®“FP, and ech
transformed with TPN1%*%% construct (ech; TPN1,,,,TPN1!%, 2 independent lines), n= 20 seedlings/group. B) and C) Representative image (B) and

quantification (C) of AUX1-YFP signal in the apical hook region of WT, ech and ech; TPN1,,,;TPN1'*** seedlings. n=>50 cells from 5 seedlings. D) Apical
hook exaggeration in WT hooks treated with 10 uM ACC, (left) is abrogated in ech (middle) but is restored in ech; TPN1,,,; TPN1"**seedlings (right) n=20
seedlings/group. In A and D, error bars represent standard error of the mean. In G, error bars represent standard deviation. **P <0.001 (t-test). Scale bar

10 pm.

TPN1suppresses the ech mutant phenotype, we investigated the ECH
dependence of TPN1 localization to TGN. In contrast to their very
similar localization in WT seedlings, the localization of
TPN1YT-Venus and TPN1°**E-Venus differed markedly in the ech
background. In ech, TPN1¥'-Venus was partially mislocalized in
larger membranous structures that were stained by acidic vacuolar
marker dye Lysotracker Red (Fig. 2G and Supplementary Fig. S7, ar-
rows). The mislocalization of TPN1 from the TGN to the vacuoles is
highly reminiscent of the previously reported mislocalization of var-
ious TGN-resident proteins in ech (Gendre et al. 2011).

In contrast, TPN1°***E.Venus maintained its punctate localiza-
tion in ech (Fig. 2G). We confirmed that TPN1%***-Venus localizes
to TGN in ech by monitoring its colocalization with the CHC, which
localizes to the TGN in an ECH-independent manner
(Supplementary Fig. S8). This indicates that the localization of
TPN1™T depends on ECH and that the single amino acid change

from TPN1 to TPN1°'®* is sufficient to restore localization of
TPN1°?%%E to punctate TGN structures even in the absence of ECH.
TPN1°*%%E thus restores both AUX1 levels at the PM and ethylene
sensitivity while it suppresses the hook defects of ech (Fig. 2H).
These results strongly support the hypothesis that the suppression
of the ech phenotype caused by a single amino acid change in TPN1
is due to restoration of the latter protein’s TGN localization.

tpn mutants display genetic interaction with ech

To determine the molecular functions of TPN proteins, we studied
loss of function T-DNA insertion mutants of TPN1 and the closely
related TPN2 wusing homozygous tpnl and tnp2 mutants
(Supplementary Fig. S9A to D) that lacked full-length TPN1 and
TPN2 mRNAs, respectively (Supplementary Fig. SOE). We found
that these mutants lacked apical hook defects (Fig. 3A). To rule out
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Figure 2. TPN1 is a TGN-localized protein. A) and B) Colocalization of TPN1"T-Venus with TGN-localized SNARE mCherry-VTI12 (A) and mKO-CLC (B)
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ech; TPN1Y"-Venus and ech; TPN1%'%% -Venus seedlings (n > 16 seedlings/group). Error bars represent the standard error of the mean. Scale bar: 10 um.

possible functional redundancy, we generated a tpnl tpn2 double
mutant by crossing the single mutants. However, the tpnl tpn2 mu-
tant also had no significant hook defects (Fig. 3A). We therefore used
an alternate approach to investigate genetic links between ECH and
TPN activity. Although the single tpnl mutant had no apical hook
phenotype, introducing tpnl or tpn2 into ech to form ech tpnl and
ech tpn2 double mutants significantly enhanced the hook defects of
the single ech mutant (Fig. 3B). Additionally, tpnl and tpn2 mutants
exacerbated the root growth defects of light-grown seedlings when
combined with ech (Supplementary Fig. S10A and B) as well as
the stature of soil-grown ech plants (Supplementary Fig. S10C).
Moreover, ech tpn2 tpn1*/~ plants had a severely stunted phenotype

(Supplementary Fig. S10C) and produced no seeds. These results sug-
gest a genetic relationship between ech and tpn1 or tpn2. The colocal-
ization of TPN1 and ECH proteins, the dependence of TPN1 on ECH
for TGN localization, and the enhancement of the ech phenotype
by single tpn1 or tpn2 mutants strongly suggest that the TPN proteins
mediate the ECH pathway at the TGN.

RABH1b is essential for TPN1%'3*E-mediated
suppression of ech phenotypes

ECH interacts with the YIP4A/YIP4B proteins to form a complex that
mediates secretion at the TGN (Gendre et al. 2013; McFarlane et al.
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2013). The Golgi/TGN-localized RAB-GTPase RABH1b (AtRAB6) was
recently identified as a downstream interactor of YIP4A/YIP4B pro-
teins (Renna et al. 2018). Importantly, we found that a rabhl1b loss
of function mutant had an apical hook defect (Supplementary Fig.
S11A). Single mutant of the other members of the RABH class did
not show any hook phenotype (Supplementary Fig. S11A) indicating
that despite the redundancy, RABH1b has a pivotal role during the
early seedling development of apical hook. Additionally, like ech,
the rabhlb mutant was ethylene-insensitive (Supplementary Fig.
S11B) and exhibited reduced PM levels of AUX-YFP relative to the
WT (Supplementary Fig. S11C and D). Also, the localization of
RABH1b was dependent on ECH because the punctate localization
of GFP-tagged RABH1b (GFP-RABH1b) in the apical hook region
epidermal cells of ech was markedly lower than in the WT (Fig. 4A
and B). In contrast, other TGN-localized RAB-GTPases (RABASd,
RABAle, and RABE1d) were not mislocalized in ech (Supplementary
Fig. S12). These results prompted us to investigate whether the ech
suppression by TPN1%'%** involves RABH1b. Interestingly, we found
thatin contrast with the mislocalization of RABH1b in the echmutant
(Fig. 4A and B), the punctate localization of GFP-RABH1b was
restored to WT levels in ech; TPN1°¢%F seedlings (Fig. 4A and B).
This restoration of GFP-RABH1b localization by TPN1%'6%E
prompted us to investigate the possible interaction between
RABH1b and TPN1 through bimolecular fluorescence complementa-
tion (BiFC) assay. Coexpression of TPN1WT or TPN1°1%%E fused with
the N terminus of yellow fluorescent protein (nYFP) and RABH1b
fused to the C terminus of yellow fluorescent protein (cYFP) in
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Arabidopsis protoplasts displayed YFP fluorescence in punctate
structures (Supplementary Fig. S13A and B, arrows) which were dis-
tinct from the cytosolic red fluorescence protein (RFP) signal that
served as transfection control. Under similar acquisition settings,
wedid not detect any YFP fluorescence in RFP-expressing protoplasts
transfected with a construct expressing only nYFP + cYFP or nYFP +
cYFP fused with RABH1b (Supplementary Fig. S13C and D).
Quantification of fluorescence intensities revealed a significantly
higher YFP/RFP fluorescence ratio in protoplasts expressing
TPN1VT-nYFP + cYFP-RABH1b and TPN1°'*** ~nYFP + cYFP-RABH1b
compared to protoplasts expressing nYFP+ cYFP-RABH1b or nYFP +
CYFP (Supplementary Fig. S13E). Additionally, we expressed TPN1,:
TPN1"T-mCherry or TPN1,,,, TPN1¢*.-mCherry construct together
with RABH1b,,,. GFP-RABH1b in Arabidopsis protoplasts and found
TPN1WT-mCherry and TPN1°***E-mCherry labeled punctate struc-
tures overlapped with GFP-RABH1b structures in dual transfected
protoplasts (Supplementary Fig. S14A and B) with similar colocaliza-
tion frequencies (Supplementary Fig. S14C). To further assess the
proximity between RABH1b and TPN1 as suggested by BiFC results,
we measured the average fluorescence lifetime of GFP (Rios et al.
2017) in protoplasts expressing only GFP-RABH1b or GFP-RABH1b
together with mCherry-tagged TPN1. There was a significant
reduction in GFP lifetime in the presence of TPN1"T-mCherry
or TPN1°"*:.mCherry compared to GFP-RABH1b alone
(Supplementary Fig. S14D). Such reduction of fluorescence lifetime
is indicative of Forster resonance energy transfer between GFP and
mCherry fluorophores suggesting close physical proximity and pre-
sumable interaction between RABH1b and TPN1VT or TPN1<1%%. To
further explore the involvement of RABH1b in TPN1°****-mediated
ech suppression, we introduced the rabhlb mutation in the ech;
TPN1“"%*F background. Loss of RABH1b completely eliminated the
ability of TPN1°'®*F to suppress the phenotypic defects of ech
(Fig. 4C and D and Supplementary Fig. S15). The resulting ech rabh1b;
TPN1°%%E triple mutant seedlings displayed hook defects that were
identical to those of ech seedings and somewhat more pronounced
than the defects of rabhlb (Fig. 4C). Similarly, the root length of
light-grown ech rabh1b; TPN1°'**F triple mutant seedlings and the
hypocotyl length of their dark-grown counterparts were more like
those of ech than the ech; TPN1°***F double mutant (Supplementary
Fig. S15A to D). Consistently, 3- and 6-wk-old soil-grown ech rabh1b;
TPN1,,,; TPN1'%% plants exhibited stunted growth like ech (Fig. 4D).
Finally, the apical hook phenotype of the rabhlb tpnl tpn2 triple
mutant is identical to the rabh1b single mutant (Supplementary Fig.
S16A). Importantly, the localization of TPN1,TPN1VT-Venus
or TPN1,,TPN1°'®*-Venus remains unaltered in rabhlb
(Supplementary Fig. S16B and C), which implies that the proper local-
ization of TPN, upon native expression, is directly dependent on ECH
rather than downstream RABH1b activity. Together with the failure of
TPN1%*E_Venus to suppress the hook phenotype of the rabhlb mu-
tant (Supplementary Fig. S16D), these results suggest that the ECH/
TPN1 module influences RABH1b localization and that RABH1b acts
downstream of the ECH/TPN1 module in the TGN.

Discussion

The plant TGN is the hub where secretion, vacuolar transport, en-
docytosis, and recycling pathways intersect (Gendre et al. 2015).
How the TGN regulates and balances these distinct processes re-
mains unclear (Rosquete et al. 2018; Renna and Brandizzi 2020).
Recent studies have revealed distinct subdomains within the
TGN that are involved in vesicular trafficking to the PM or the va-
cuole (Fuji et al. 2016; Shimizu et al. 2021). Additionally, it has
been established that unique regulators govern the secretion of
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Figure 4. RABH1b is required for ech suppression by TPN1***£_ A) Localization of GFP-RABH1b in epidermal cells in apical hook regions of dark-grown
WT, ech and ech; TPN1,,,;TPN1***seedlings. B) Quantification of number of GFP-RABH1b compartments in WT, ech and ech; TPN1,,,,,TPN1'¢* seedlings,
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TPN1,,,: TPN1'***and ech rabh1b; TPN1,,,:TPN1°'***plants. Scale bar: 10 um fo

specific cargoes by the systems responsible for TGN to PM
trafficking. For example, the loss of TGN-localized ENTH proteins
inhibited the secretion of seed coat mucilage without affecting the
apoplastic secretion of a fluorescent reporter protein (Heinze et al.
2020). Complementarily to proteins, the lipid composition of mem-
branes is an essential regulator of protein sorting at TGN. The
acyl-chain length of sphingolipids is involved in the sorting of
PIN2 at TGN through a mechanism that consumes the anionic lipid
phosphatidylinositol-4-phosphate (PI4P) (Wattelet-Boyer et al. 2016;
Ito et al. 2021). Interestingly, while this sphingolipid/PI4P coupling
mechanism targets the secretion of the auxin transporter PIN2
but not that of PIN1, PIN7, or AUX1, loss of ECH specifically affected
secretion of AUX1 but not of PIN2, PIN3, or LAX3 (Gendre et al. 2011;
Boutté et al. 2013; Wattelet-Boyer et al. 2016), and loss of ech func-
tion caused mislocalization of a subset of key TGN-resident traffick-
ing regulators (Gendre et al. 2011; Jonsson et al. 2017). The
observation of specific defects in AUX1 secretion together with nor-
mal secretion of PINs to the PM could be due to dysregulation of a
subset of TGN-localized proteins. In accordance with this hypothe-
sis, the ech suppressor identified in this work, TPN, displayed an
ECH-dependent localization pattern. Single and double tpn mutants
have no detectable phenotype, which makes the suppression of se-
vere secretory and growth defects in ech by a single amino acid
change in TPN intriguing. TPN“***F is a dominant suppressor muta-
tion, and importantly, this mutation results in retention of TPN6%E

r A and 2 cm for D.

at TGN even in the absence of ECH. The fact that TPN“**** remains
at TGN in the ech mutant rather than being mislocalized like TPN'WT
shows thatin the absence of ECH, TPN is able to restore a functional
TGN-secretion. Despite this, there is strong evidence that ECH and
TPNs act in a common pathway based on the TGN localization of
TPN1, its mislocalization in ech, and the genetic interaction of
TPNs with ECH that causes mutations in either tpn1 or tpn2 to mas-
sively enhance the ech phenotype. Thus, these results suggest that
TPNs more likely to act as facilitators of ECH function rather than
directly being essential executors of ECH function.

TPN1 belongs to the evolutionarily conserved transmembrane
organic solute transporter alpha (OSTA) family. OSTA-1, the homo-
log of TPN1 in Caenorhabditis elegans, localizes to endocytic and
secretory compartments and regulates the dynamics of RAB5
GTPases (Olivier-Mason et al. 2013). Interestingly, our biochemical
and genetic studies identified the YIPs YIP4a and YIP4b as interac-
tors of ECH (McFarlane et al. 2013). YIP proteins are reported to in-
teract with and regulate the activity of RAB-GTPases in yeast and
mammalian systems (Sivars et al. 2003; Kranjc et al. 2017).
RAB-GTPases perform diverse secretory functions in processes in-
cluding vesicle budding and transport, docking, tethering, and fu-
sion with the destination membrane (Zheng et al. 2015; Pfeffer
2017). The secretory defects of ech and yip4a yip4b mutants may
therefore stem from mislocalization/dysregulation of downstream
RAB-GTPases. Several RAB-GTPases belonging to the clades RABA,
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RABB, RABD, RABE, RABG, and RABH localize to the TGN (Chow
et al. 2008; Drakakaki et al. 2012; Qi and Zheng 2013). Amongst
these, RABH1b has been demonstrated to interact with YIP4 pro-
teins (Renna et al. 2018) and therefore is a likely molecular effector
acting downstream of YIP4 and ECH. In support of this hypothesis,
we found that the number of GFP-RABH1b-labelled compartments
is dramatically reduced in the ech mutant. We previously found
that the localization of RAB-GTPase RABA2a was not altered in ech
(Gendre et al. 2011). Additionally, we showed that the Golgi/TGN lo-
calization of YFP-RABAle (Asaoka et al. 2013), RFP-RABE1d (Speth
et al. 2009), and mCherry-RABASd (Geldner et al. 2009) were
unchanged in ech. These results suggest that ECH interacts specifi-
cally with RABH1b rather than the multitude of other Golgi/
TGN-localized RAB-GTPases. RABH1b has been shown to mediate
the secretion of cellulose synthase complex 6 and to regulate the hy-
pocotyllength of dark-grown seedlings (He et al. 2018). However, the
effects of the rabhlb mutant on differential growth and apical hook
formation have not been explored. We found the rabh1b mutant has
ethylene-insensitive hook formation defects and reduced PM levels
of AUX1 like the ech mutant.

Although TPN1'®*E restored the punctate localization of
GFP-RABH1bD in ech, our BiFC and fluorescence lifetime measure-
ment observations indicate that the putative interaction with
RABH1b is not a unique feature of TPN1** since TPN1%7 protein
interacts with RABH1b as well. Therefore, restoration of RABH1b
localization in ech by TPN1%'%F possibly stems from the ability of
this mutated version of TPN1 to retain its TGN localization in the
absence of ECH, unlike the TPN1"T protein.

The finding that loss of RABH1b eliminated TPN1°***E-mediated
suppression of ech, suggests that RABH1b plays a key role down-
stream of ECH/TPN module. This hypothesis is further supported
by the observation that unlike the ech mutant, TPN1 “'¢%F fails to
suppress the apical hook formation defects of the rabhlb mutant.
Moreover, the hook phenotype of the rabhlb tpnl tpn2 triple mutant
is identical to the single rabhlb mutant, further supporting that
RABH1b acts downstream of TPN. While the phenotypic defects of
the rabh1b mutant are less severe than those of ech, this effect could
be due to potential functional redundancy between the five mem-
bers of the RABH clade (Vernoud et al. 2003). In the RABH clade,
RABH1b is however the most prominently active member as single
mutants of other members of the RABH clade do not display an ap-
ical hook defect. Given that RABH1b has been shown previously to
be an effector of ECH-interacting proteins YIPs (Renna et al. 2018),
we do believe that TPN is a new actor in the ECH/YIP/RABH secre-
tory regulatory module at TGN.

In summary, we identified a module involving the proteins TPN1
and TPN2 that acts in ECH-mediated secretion at the TGN. Further
investigations will be needed to determine how and why a single
amino acid change enables the mutant TPN1 protein to be retained
at the TGN in an ECH-independent manner unlike the WT TPN1
protein, but this mutation presumably suppresses ech defects by
ensuring that other important secretory proteins such as RABH1b
areretained at TGN and thereby restoring secretion. Recent advan-
ces in live super-resolution microscopy have provided unique in-
sights into plant TGN organization. It is proposed that a TGN
domain marked by the SNARE VESICLE-ASSOCIATED MEMBRANE
PROTEIN 721 (VAMP721), the adapter AP1, and clathrin regulates
TGN to PM transport while another domain marked by the
SNARE VAMP727 and adapter AP4 regulate TGN to vacuole cargo
transport (Shimizu et al. 2021). Interestingly, previous studies
have found that a domain within the TGN marked by the SNARE
SYP61 is also involved in TGN to PM transport (Boutté et al. 2013;
Wattelet-Boyer et al. 2016). Proteomic characterization of
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immunopurified SYP61 vesicles identified both ECH and RABH1b
as part of this domain of TGN (Drakakaki et al. 2012) and the loss
of ECH specifically affected this domain of the TGN but not the do-
main containing clathrin-coated vesicles (Boutté et al. 2013). These
results suggest a high complexity in TGN subdomain delineation.
The specificity of ECH in regulating TGN to PM transport provides
an essential molecular handle to dissect the dynamic interrelation
of specialized TGN subdomains. Our results provide new insights
into the complexity of the TGN’s secretory functions and reveal
previously uncharacterized components acting in the ECH path-
way. A future survey of candidate protein localization and func-
tionality in the single ech mutant and the double ech; TPN1¢%F
mutant will shed further light on the organization of the unique
ECH-dependent secretory machinery of the TGN.

Materials and methods

Plant materials and growth condition

The following A. thaliana mutant and transgenic lines have been de-
scribed previously: ech (Gendre et al. 2011), UBQ10,,,;mCherry-VTI12,
UBQ10p,,;mCherry-RABASD and UBQ10,,,;mCherry-SYP32 (Geldner
et al. 2009), CLC2,,mKO-CLC (Ito et al. 2012), 35S,.. YFP-
MEMBRIN12 (Zhang et al. 2011), RABAle,,:YFP-RABAle (Asacka
et al. 2013), 35S,,:GFP-RABE1d (Speth et al. 2009), AUXLp:
AUX1-YFP (Swarup et al. 2004). Ecotype Col-O was used as WT control
in all experiments.

To identify knockout mutants of TPN1 and TPN2, we ordered all
available T-DNA insertion mutants from the Nottingham
Arabidopsis Stock Centre, UK. However, we detected t-DNA insertion
only in one line each for TPN1 and TPN2. Homozygous tpnl
(GABI_299D08) and tnp2 (GABI_010G07) mutants were genotyped us-
ing the primers listed in Supplementary Table S1. The knockout
mutants of RABHla (GABI_461_D10), RABH1b (SAIL_91 _H10),
RABH1c (WiscDsLox451C07), RABH1d (SALK_134578), and RABH1e
(SALK_119886) were obtained from the Arabidopsis Biological
Resource Centre, USA. GoTaq DNA Polymerase (Promega) was
used for PCR genotyping.

Plants were grown on soil in walk-in chambers under 16/8 h
light/dark (150 umol/m? light intensity) and 22 °C/18 °C tempera-
ture regimes. For apical hook experiments, seeds were sterilized
for 5 min in 90% (v/v) ethanol + 10% (v/v) bleach, washed with 95%
(v/v) ethanol for 2 min, and dried before sowing on the surface of
agar plates (one-half Murashige and Skoog medium, pH 5.8, 1%
[w/v] sucrose, 2.5 mm morpholinoethanesulfonic acid, 1% [w/v]
plant agar, Duchefa Biochemie). After 3 d of stratification at 4 °C
and 6 h light exposure to induce germination, seedlings were grown
on vertical platesin the dark at 21 °C. For confocal microscopy, seed-
lings were imaged 24 h post germination. Light-grown plants were
grown vertically under 16/8 h light/dark for the indicated durations.
For membrane extraction experiments, seedlings were grown in the
dark in liquid one-half Murashige and Skoog medium with 1% (w/v)
sucrose and 2.5 mm morpholinoethanesulfonic acid (pH 5.8) for 7 d.

Time-lapse analysis of apical hook development

Seedlings were grown vertically on plates in a dark room at 21 °C.
Seedlings were photographed at 4 h intervals using a Canon D50
camera without an infrared filter under illumination by an infra-
red light-emitting diode light source (850 nm). Captured images
were opened as sequences in Fiji/Image], and apical hook was
measured using the angle measurement tool. Conventionally,
fully closed and fully open hooks are considered to have angles
of 180° and 0°, respectively (Boutté et al. 2013). Thus, the values
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of 180° measured hook angle were plotted against time to gener-
ate kinematics graphs of apical hook development. At least 16
plants were measured/grouped. Error bars in the graphs represent
the standard error of mean.

EMS seed mutagenesis

About 10,000 ech VHAa1-GFP seeds (180 mg) were soaked over-
night in distilled water before adding EMS at a final concentration
of 0.3% (v/v). After 11 h of incubation on a rotator, the seeds were
washed 6 times with water, suspended in 0.1% (w/v) agar, and
stored for 3d at 4 °C before being sown (~12 seeds/pot). Plants
were harvested in batches of 25 individuals (M1).

Suppressor mutant screening

600 seeds from each M1 batch were screened for hypocotyl length
and seedlings with an increased hypocotyl length compared to ech
were selected. Subsequently, all dark-grown seedlings were trans-
ferred to light for 3d and screened for root hair restoration.
Seedlings showing improved hypocotyl growth and root hair density
were transferred to the soil. Seeds were individually harvested from
each plant (M2). Seedlings germinated from M2 seeds were further
screened for improved hypocotyl growth, hook formation, improved
root growth, and root hair restoration. These seedlings were trans-
ferred to soil to produce M3 seeds. After screening the progenies of
M3 seeds, a suppressor line exhibiting consistent improvement rel-
ative to the ech phenotype was chosen for further analysis. This line
was backcrossed twice with the parental ech VHAa1-GFP line to re-
duce background mutations before sequencing.

SHORE mapping and mutation identification

We used mapping-by-sequencing/SHORE mapping (Schneeberger
et al. 2009) of BC2F2 plants to find the causal mutation in the
EMS-suppressed ech line. 800 BC2F2 seeds were sown on MS plates
and after 7 d growth, 400 WT-like seedlings were transferred onto
soil together with 100 ech-like seedlings. Rosette leaves from these
plants were harvested and flash-frozen. Leaf materials from plants
that produced homozygous WT-like progeny were used for nuclear
DNA extraction as described previously (Lutz et al. 2011). Nuclear
DNA extracted from rosette leaves of ech-like BC2F2 plants was
used as a sequencing control to eliminate background mutations.
DNA concentrations were determined using a NanoDrop 2000c
UV-Vis spectrophotometer (Thermo Fisher). 5 ug of freeze—dried
DNA per sample was sent to IGA Technologies (Uden, Italy) for
[llumina sequencing. Sequencing results were analyzed using the
SHOREmap software package (https:/1001genomes.org/software/
shoremap.html), revealing the TPN1°*¢*F mutation (G488A substi-
tution in At5g26740 ORF).

cDNA synthesis and reverse transcription-PCR
mMRNA was extracted from 7-d-old light-grown seedlings using the
Spectrum Plant Total RNA Kit (Sigma-Aldrich). Following genomic
DNA removal using the DNA-free DNA Removal Kit (Thermo
Fisher), the mRNA was converted to cDNA using the SuperScript
IV First-Strand Synthesis System (Thermo Fisher). Expression of
TPN1, TPN2, and Tublin Alpha 3 (TUA3) was verified using the indi-
cated primers (Supplementary Table S1) and Phusion DNA
Polymerase (Thermo Fisher).

Cloning and generating transgenic lines

For cloning TPN1,,,;TPN1"T/TPN1%'%** constructs, the 1.8-kb pro-
moter region of TPN1 gene was amplified from Col-O genomic
DNA using the primers TPN1 promoter FWD (BamHI) and TPN1

promoter REV (Ascl). Separately, a 2.3-kb genomic DNA fragment
containing the TPN1 gene was amplified using the primers TPN1 5’
UTR-FWD/1F and TPN1 3’ UTR-REV/1R from either Col-0 genomic
DNA (For TPN1™T) or homozygous ech®"PP plants (for TPN1163F),
The TPN1 coding region (from start to stop codon) was amplified
using primers TPN1 FWD (Pacl) and TPN1 REV (Spel). The TPN1
promoter was cloned in the BamHI and Ascl digested plasmid
pSL34 (Ikeda et al. 2009) to generate plasmid pSL34-TPN1,,. The
resulting plasmid was digested with Pacl and Spel to ligate the
TPN1YT or TPN1'®3F coding region to generate the constructs
PSL34-TPN1,,,: TPN1"T or pSL34-TPN1,, TPN1°*®*F. For Venus/
mCherry-tagged versions of TPN1, TPN1WT, or TPN1¢'% coding
regions were amplified without a stop codon using the primer
TPN1 FWD (Pacl) + TPN1 no stop REV (Spel) and cloned upstream
of the Venus/mCherry coding sequence of pSL34-Venus or
pSL34-mCherry (Ikeda et al. 2009) using Pacl and Spel digestion.
The TPN1,,:TPN1-Venus/mCherry cassettes were transferred
from pSL34 to pGreenll0179 using BamHI and Notl.

To clone the TPN1,,,;TPN2°1%%F construct, a 2.1-kb genomic DNA
fragment containing the TPN2 gene was amplified using the primers
TPN2 5 UTR-FWD/2F and TPN2 3' UTR-REV/2R from Col-0 genomic
DNA. To introduce the G'*°E point mutation, 2 separate fragments
were amplified using the primer pairs TPN2 FWD (Ascl) + TPN2 SDM
REV and TPN2 SDM FWD +TPN2 REV (Notl). The fragments were
fused by PCR and cloned in the plasmid pSL34-TPN1,,, (described
above) by Ascl and Notl digestion. FastDigest restriction enzymes
and T4 DNA ligase (Thermo Fisher) were used for the cloning.

For RABH1D,,,:GFP-RABh1b, the relevant genomic fragment (1.0 kb
of the 5’-flanking sequence and 1.1 kb of the 3'-flanking sequence of
RABH1b) was amplified using primers RABH1b genomic-FWD and
RABH1b genomic-REV and subcloned into the pENTER™Y/
D-TOPO™ entry vector (Thermo Fisher Scientific). The cDNA encod-
ing GFP was inserted in front of the start codon of RABH1B using the
In-Fusion HD Cloning Kit (Clontech), and then recombined into the
destination vector pHGW (Karimi et al. 2002) using the Gateway LR
Clonase-II enzyme mix (Thermo Fisher Scientific).

For cloning BiFC constructs, genomic sequences of TPN1%T or
TPN1°?%E without the stop codon were amplified from the plasmids
PSL34-TPN1,,,;TPN1¥T or pSL34-TPN1,,,-TPN1%'%** respectively, us-
ing primers TPN1-attB3-FWD + TPN1-attB2-REV. The resulting am-
plicons were cloned in the plasmid pDONR221-P3P2 (Thermo
Fisher) using Gateway™ BP clonase-II enzyme mix (Thermo
Fisher). RABH1b genomic sequence (with stop codon) was cloned
from the plasmid pHGW-RABH1b,,:GFP-RABhlb using primers
RABH1-attB1-FWD + RABH1-attB4-REV and the amplicon was
cloned in the plasmid pDONR221-P1P4 (Thermo Fisher) using BP
clonase-II enzyme. The pDONR221 plasmids containing RABH1b
and TPN1WT/TPN1%1%%E were combined in pBiFCt-2 in 1-CN plasmid
(Grefen and Blatt 2012) using LR Clonase-II Plus Enzyme Mix
(Thermo Fisher). In the final construct N-terminal half of YFP
(nYFP) was cloned in-frame downstream to TPN1"T/TPN1¢'%%E and
C-terminal half of YFP (cYFP) was cloned in-frame upstream to
RABH1b. The vector contains separate cassette coding RFP, which
can be used to identify transfected protoplasts. RABH1b was cloned
alone in pBiFCt-2 in 1-CN to be used as a negative control.

The binary vectors were introduced into Agrobacterium tumefa-
clens strain GV3101-pMP90-pSoup by electroporation. Arabidopsis
Col-0 plants were transformed using the floral dip method
(Clough and Bent 1998). The presence of the TPN1°63E/TPN2C163E
mutations was verified by PCR using derived cleaved-amplified pol-
ymorphic sequence (dCAPS) primers (http:/helix.wustl.edu/dcaps/
dcaps.html) followed by Pdml digestion. All cloning and genotyping
primers are listed in Supplementary Table S1.
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Protoplast transfection

Protoplasts were generated from Arabidopsis suspension cell culture
(Fulop et al. 2005) and transfected following previously published
methods (Mathur and Koncz 1998). Briefly, 4-d-old suspension-
cultured cells were digested with 1% (w/v) cellulase (Onozuka R-10,
Serva catalogue no: 16419) and 0.2% (w/v) macerozyme (Onozuka
R-10, Serva catalogue no: 28302) dissolved in Gamborgs B5 medium
PH 5.8, supplemented with 340 mwm glucose + 340 mm mannitol for
4 hin dark to generate protoplasts. Protoplasts were enriched by flo-
tation on Gamborg’s BS medium, pH 5.8 supplemented with 280 mwm
sucrose. Totransfect protoplasts, 5-ug plasmid DNA was added to 5 x
10° protoplasts (in 50 x4l volume) following the addition of 150 ul of
transfection reagent (25% polyethylene glycol 6000, 450 mm manni-
tol, and 100 mwm calcium nitrate). For the BiFC experiments 5 ug of
PBiFCt-TPN1WT/TPN1%'%*F — nYFP + cYFP-RABH1b was used and
5 ug of pBiIFCt-nYFP + cYFP-RABH1b or pBiFCt-2in 1-CN (empty plas-
mid) were used as negative controls. For colocalization experiments
2.5 ug each of pHGW-RABH1by,,,:GFP-RABh1b and pGreen-TPN1p:
TPN1WT/TPN1°1%3E.mCherry were used. After 30 min of incubation,
the protoplasts were washed twice with 275 mu calcium nitrate
and finallyincubated in Gamborgs B5 medium pH 5.8, supplemented
with 340 mm glucose + 340 mm mannitol and 100 ug/ml ampicillin.
Protoplasts wereimaged 30 h post transfection. For BiFC experiment
only RFP-positive protoplasts were imaged. For YFP/RFP fluores-
cence ratio calculation, fluorescent intensity was measured from
maximum intensity Z projection of protoplasts in YFP and RFP chan-
nels using Fiji/Image].

Fluorescence lifetime measurement

Fluorescence lifetime of GFP was measured by microscopy coupled
with time-correlated single photon counting (TCSPC). Protoplasts
expressing RABH1by,,:GFP-RABh1b, RABH1by,,:GFP-RABh1b +
TPN1,oTPN1V -mCherry  and  RABH1b,,,:GFP-RABh1b+TPN1,,,:
TPN1°1%E.mCherry were imaged with Zeiss LSM880 confocal micro-
scope coupled with a FLIM Upgrade Kit for laser scanning miscro-
scopy (PicoQuant GmbH, Germany), including PicoQuant pulsed
diode lasers and HyD single-molecule detectors for photon detection
and counting. Fluorescence lifetime parameters were extracted
from whole protoplasts using the SymPhoTime 64 software (SPT64,
PicoQuant GmbH, Germany). Fluorescencelifetime fittingon the life-
time decay curves revealed that the best fits could be obtained using
3 exponentials. Laser repetition rate was set to 40 MHz, and images
were taken with 16.2 us per pixel. A series of at least 10 frames
were merged into one image and further analyzed.

CHC immunostaining

Fluorescent immunostaining was performed using whole mounts
of roots from 5-d-old Arabidopsis light-grown seedlings following
the method described by Pasternak et al. (2015) using 2% (v/v) form-
aldehyde fixation. Rabbit anti-CHC (Agrisera, catalogue no:
AS10690) and DyLight 633 coupled donkey anti-rabbit (Jackson
ImmunoResearch, catalogue no: NBP1-75638) were used in 1:500
and 1:1,000 dilutions, respectively. Nuclei of the cells were stained
with 1ug/ml solution of 4',6-diamidino-2-phenylindole (DAPI) in
distilled water. Samples were mounted in Citiflour AF1 antifade
solution.

Ruthenium red staining of seed coat

Seed coat staining was performed following the method described
by McFarlane et al. (2013). About 50 dry seeds/genotype were hy-
drated in deionized water containing 50 mu ethylenediaminetetra-
acetic acid pH 7.0 at room temperature for 1 h with gentle shaking
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(60 rpm). The solution was then aspirated and seeds were incubated
in an 0.01% (w/v) aqueous solution of ruthenium red
(Sigma-Aldrich) for 1 h After the incubation, the seeds were washed
once in distilled water, mounted on glass slides and imaged using a
Leica MZ9.5 stereomicroscope with Leica DC300 camera.

Confocal laser scanning microscopy

Samples were mounted in liquid one-half Murashige and Skoog me-
dia and imaged using a Zeiss 880 confocal microscope (40x water
objective, numerical aperture 1.4). GFP, Venus, and DyLight633
were excited using 488, 514, and 633 nm laser lines, and their re-
spective fluorescence were collected in the ranges of 495 to 540,
520 to 560, and 640 to 670 nm, respectively. mKO, RFP, & mCherry
were excited using a 561-nm laser line and the emission of mKO
was collected in the range of 570 to 640 nm, and that of RFP and
mCherry in the range of 590 to 650 nm. A pinhole diameter of 1
airy unit, and system-optimized zoom settings were used for
imaging.

Quantification of colocalization

Colocalization analysis for endomembrane compartments was
done by optical section at the midplane of the cell. Colocalization
analysis was performed using the centroid distance-based method
as described previously (Boutté et al. 2013). Punctate structures in
individual fluorescence channels were identified by the (2D/3D) par-
ticle tracker tool of ImageJ/Fiji and their centroid coordinates were
recorded. Two particles were considered colocalized if their cent-
roids were within the optical resolution limit (0.64/N.A), where A is
the wavelength of the longer emission fluorophore and N.A is the
numerical aperture of the objective.

Quantification of RAB-GTPase compartments

For quantification of GFP-RABH1b/YFP-RABAle/mCherry-RABASd/
RFP-RABE1d compartments, optical sections at the midplane of
the cells were analyzed. Particles 10 to 20 pixels in diameter and
in the upper 20th intensity percentile were counted using the par-
ticle tracker plugin of Fiji/Image].

Total membrane fraction extraction and western
blot analysis for AUX1-YFP
Seedlings expressing AUX1-YFP in WT, ech and ech;
TPN1,,,, TPN1°'**E backgrounds as well as nontransgenic Col-0 and
YFP-MEMBRIN12 were grown in the dark in liquid half Murashige
and Skoog medium with 1% (w/v) sucrose and 2.5 mm morpholinoe-
thanesulfonic acid (pH 5.8) for 7 d. Dark-grown seedlings were
ground in extraction buffer (0.45 m sucrose, 5 mm MgCl2, 1 mum di-
thiothreitol, and 0.5% (w/v) Polyvinylpyrrolidone dissolved in
50 mwm HEPES of pH 7.5), according to the protocol described in Ito
etal. (2021). The supernatant was deposited on a 38% (w/v) sucrose
cushion and then ultra-centrifuged for 2 h at 27,000 rpm. The mem-
brane fraction floating at the interface of the sucrose cushion and
supernatant was transferred in a new tube and diluted into 2 vol-
umes of 50mm HEPES (pH 7.5). After ultra-centrifugation at
27,000 rpm for 2 h, the supernatant was discarded and the pellet re-
suspended in 200 uL of Wash Buffer (0.25 m sucrose, 1.5 mm MgCl2,
0.2 mwm EDTA, and 150 mwm NaCl dissolved in 50 mm HEPES of pH
7.5) with the addition of 1 mwm Phenylmethylsulfonyl Fluoride and
protease inhibitor cocktail (Sigma-Aldrich), as described in Ito
et al. (2021).

Total protein concentration in isolated membrane fractions
was measured using the Bicinchronic Acid method. Before loading
the gel, the samples were resuspended in Laemmli buffer and
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incubated at 37 °C for 1 h. A total of 30 ug of protein was loaded per
well of a 10% Mini-PROTEAN TGX Stain-Free polyacrylamide gel
(BioRad). After migration, the gel was imaged under ultraviolet
light to ensure equal loading of the fractions. Proteins were then
electrophoretically transferred to a polyvinylidene difluoride
membrane. The membrane was probed with rabbit anti-GFP
(Merck catalogue no 11814460001, 1:1,000 dilution) as a proxy
for AUX1-YFP and horse radish peroxidase-conjugated goat anti-
rabbit IgG (BioRad catalogue no: 1706516, 1:3,000 dilution). Band
intensities were quantified using ImageJ.

Statistical analysis

Statistical analysis was performed using RStudio software. The
normality of the data was checked by Kolmogorov-Smirnov test
and equality of variance was checked by Levene’s test. Data
were compared either by two-tailed t-test or one-way ANOVA fol-
lowed by post hoc Tukey’s test. For nonnormal datasets, groups of
data were compared using the Kruskal-Wallis H test followed by
the post hoc Mann-Whitney U test with Bonferroni correction.
Details of statistical analysis, number of quantified entities (n),
and measures of dispersion are mentioned in the figure legends.
Statistical data are provided in Supplementary Data Set 1.

Accession numbers

Sequence data from this article can be found in the Arabidopsis
Genome Initiative or GenBank/EMBL databases under the follow-
ing accession numbers: TPN1 (At5g26740), TPN2 (At3g05940), ECH
(At1g09330), RABH1a (At5g64990), RABH1b (At2g44610), RABH1C
(At4g39890), RABH1d (At2g22290), RABHle (At5g10260) VTI12
(At1g26670), CLC2 (At2g40060), AUX1 (At2g38120), RABASA
(At2g31680), RABAle (At4g18430), RABE1d (At5g03520), SYP32
(At3g24350), MEMBRIN12 (At5g50440), and TUA3 (At5g19770).
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