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SUMMARY

Plant cell walls are essential for defining plant growth and development, providing structural support to the
main body and responding to abiotic and biotic cues. Cellulose, the main structural polymer of plant cell
walls, is synthesized at the plasma membrane by cellulose synthase complexes (CSCs). The construction
and transport of CSCs to and from the plasma membrane is poorly understood but is known to rely on the
coordinated activity of cellulose synthase-interactive protein 1 (CSI1), a key regulator of CSC trafficking. In
this study, we found that Trs85, a TRAPPIIl complex subunit, interacted with CSI1 in vitro. Using functional
genetics and live-cell imaging, we have shown that trs85-7 mutants have reduced cellulose content, stimu-
lated CSC delivery, an increased population of static CSCs and deficient clathrin-mediated endocytosis in
the primary cell wall. Overall, our findings suggest that Trs85 has a dual role in the trafficking of CSCs, by
negatively regulating the exocytosis and clathrin-mediated endocytosis of CSCs.

Keywords: cellulose synthase complex trafficking, TRAPPIIl complex, Trs85, live-cell imaging, exocytosis,

endocytosis.

INTRODUCTION

All plant cells are encased by a polysaccharide-rich primary
cell wall that consists of cellulose, hemicellulose and pectin
contained in an interlinking matrix. In contrast to hemicellu-
lose and pectin, which are synthesized in the Golgi, cellu-
lose is synthesized in situ at the plasma membrane by
hexameric cellulose synthase complexes (CSCs). CSCs con-
sist of 18-24 cellulose synthase proteins (CESAs) (Nixon
et al., 2016; Thomas et al., 2012; Vandavasi et al., 2016) that
are hypothesized to each synthesize a single glucan chain
that coalesce to form cellulose microfibrils (Morgan
et al., 2013; Purushotham et al., 2020). As CSCs move
through the plasma membrane, they extrude cellulose
microfibrils directly into the cell wall. As a result, the regula-
tion of cellulose synthesis is largely determined by the
dynamics and trafficking of CSCs to the plasma membrane.

The assembly of CESA proteins into CSCs occurs in
the endoplasmic reticulum (ER), or the Golgi, with the aid
of STELLO proteins, before they are delivered to the
plasma membrane (Zhang et al., 2016). CSCs are trans-
ported to sites on the plasma membrane that are marked
by CSI1 proteins attached to microtubules, where they
become inserted through coordinated interactions with
PATROL1 and the exocyst complex (Zhu et al., 2018). Once
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successfully inserted, CSCs synthesize cellulose microfi-
brils as they migrate along the plasma membrane in paral-
lel with underlying cortical microtubules (Li et al., 2016;
Paredez et al., 2006). CSCs undergo endocytosis into the
cytosol, where they are either transported for degradation,
or they are recycled back to the plasma membrane. CSCs
are largely internalized by clathrin-mediated endocytosis
(CME); however, CSCs are still internalized in CME
mutants, indicative of alternative endocytotic pathways (Li
et al., 2016).

Many of these proteins linked with CSC trafficking
were initially identified from gene co-expression analyses,
mutant screens, co-immunoprecipitation analyses and
yeast-2-hybrid assays (Gu et al., 2010; Polko et al., 2018;
Vellosillo et al., 2021; Zhang et al., 2016; Zhu et al., 2018).
Some of these proteins are homologous to trafficking pro-
teins, originally described in yeast and mammals, suggest-
ing that these pathways may be somewhat conserved in
CSC trafficking. For instance, components of CME, a domi-
nant form of endocytosis in mammals, are involved in CSC
endocytosis (Bashline et al., 2013, 2015) and the exocyst
complex, first described in budding yeast (Novick
et al., 1980) is important in delivering CSCs to ‘the lasma
membrane’ (Zhu et al., 2018).
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Another important protein complex essential for traf-
ficking in yeast and mammals is the TRAnsport Protein
Particle (TRAPP) complex. TRAPP complexes are guanine
exchange factors that switch on Rab GTPases by convert-
ing their bound GDP to GTP (Kim et al., 2016). Activated
Rab GTPases recruit tethers that attract vesicles in the
vicinity of their target membrane and subsequently pro-
mote fusion. TRAPP complexes were first identified in
yeast as a mediator of ER to Golgi trafficking (Sacher
et al., 1998). Since then, TRAPP complexes have been iden-
tified in many trafficking pathways in yeast, Drosophilia,
mammals and more recently, Arabidopsis.

The general consensus is that two types of TRAPP
complexes exist and function in vivo. TRAPPIl complexes
typically bind to Rab11 and mediate trafficking between
the Golgi, trans-Golgi network (TGN) and plasma mem-
brane (Thomas et al., 2019) and TRAPPIIl complexes acti-
vate Rab1 GTPases during autophagy and TGN trafficking
(Lynch-Day et al., 2010). Both types of TRAPP complexes
are comprised of the same core subunits: Trs20, Trs23,
Trs31, Trs33, Bet3 and Bet5, which can activate Rab
GTPases in vitro (Galindo et al., 2021). However, TRAPPII|
and TRAPPIII complexes require additional subunits in vivo
for correct functioning (Galindo et al.,, 2021; Riedel
et al., 2018). In multicellular organisms, TRAPPIl complexes
typically associate with two larger subunits, Trs120 and
Trs130, and TRAPPIIl complexes associate with four sub-
units, Trs65, Trs85, TRAPPC11 and TRAPPC12.

Plant TRAPP complexes are hypothesized to resemble
mammalian TRAPP complexes more closely than yeast
since they are both multicellular, and the Arabidopsis
genome contains homologs to the metazoan TRAPPIII sub-
units, TRAPPC11 and TRAPPC12, not found in yeast (Thell-
mann et al., 2010). The TRAPPII complex in Arabidopsis
plays an important role in TGN/early endosome (EE) traf-
ficking, endocytosis, exocytosis and protein sorting during
cell plate formation in cytokinesis (Kalde et al., 2019; Ravi-
kumar et al., 2018; Rybak et al., 2014). Betb, a core TRAPP
subunit, is required for meristem formation and pollen
development (Zhang et al., 2018). The functional character-
ization of TRAPPIII subunits has also emerged in recent
years. Another TRAPPIII-specific subunit, TRAPPC11, has
been shown to have a role in TGN/EE integrity and the
localization of TGN/EE markers, such as SYP61 (Rosquete
et al., 2019). A TRAPPIlI-specific subunit, Trs85, has been
shown to modulate autophagy and virulence in Magna-
porthe oryzae and regulate gravitropic response and PIN
localization in Arabidopsis (Song et al., 2020; Wu
et al., 2023). All TRAPPIIl subunits have been identified in
the Golgi and the TGN/EE (Drakakaki et al., 2012), a central
hub for trafficking, including proteins involved with cellu-
lose synthesis (Allen et al., 2021).

In this study, we investigated the role of Trs85, a
TRAPPIIl-specific subunit in CSC trafficking. Several

subunits of the TRAPPIII complex were identified through
a co-immunoprecipitation study of CSI1 that successfully
revealed protein partners of CSC trafficking (Zhu
et al., 2018). The direct interaction between CSI1 and Trs85
was revealed by an in vitro pull-down assay. In trs85-1
mutants, YFP-CESA6 particles had reduced velocity,
increased density and increased delivery at the plasma
membrane, consistent with aberrant CSC trafficking. We
also found that the delivery of YFP-CESA6 particles
occurred more quickly after photobleaching and there was
an increase in static particles in trs85-1 mutants. CME
dynamics were also perturbed in trs85-1. Our data suggest
that Trs85 has a dual role in the trafficking of CSCs by
influencing both the endocytosis and exocytosis of CSCs.

RESULTS
CSI1 interacts with Trs85 in vitro

Many novel CSC trafficking proteins have been identified
through the co-immunoprecipitation of proteins that are
integral components of CSCs (CESA6) or are associated
with CSCs (CSI1). CSI1 is a central hub for CSC trafficking
by bridging the interactions between multiple CSC traffick-
ing proteins. A previous co-immunoprecipitation analysis
of GFP-CSI1, focusing on PATROL1T and the exocyst com-
plex that co-purified with CSI1, proved very fruitful in iden-
tifying new regulating partners of CSC trafficking (Zhu
et al., 2018). The TRAPP complex was also co-purified with
GFP-CSI1, but not with the negative IgG controls in three
biological replicates (Table S1). Specifically, three
TRAPPIIl-specific ~ subunits  (Trs85, TRAPPC11 and
TRAPPC12), and all of the core TRAPP subunits except
Betb were co-purified with GFP-CSI1 but not with the IgG
controls (Table S1). The TRAPPII-specific subunits, Trs120
and Trs130, were not identified in the analysis.

We tested whether any of the TRAPP subunits specifi-
cally interacted with CSI1 using an in vitro pull-down
assay. All TRAPP proteins that were identified in the co-
immunoprecipitation experiments were tagged with GST,
with the exception of Trs20 which could not be success-
fully cloned. GST-Trs85 successfully pulled down His-CSl1,
and not empty His-purified proteins (Figure 1; Figure S1),
further verifying the co-immunoprecipitation data and indi-
cating a direct interaction between Trs85 and CSI1
(Table S1). No interactions between His-CSI1 and the GST-
tagged proteins, Bet3, Trs23, Trs31, Trs33, Tcal7,
TRAPPC11 and TRAPPC12, were detected (Figure 1;
Figure S1).

Cellulose content is reduced in the trs85-1 primary
cell wall

Since Trs85 could successfully pull-down CSI1 in our in
vitro pull-downs, we decided to investigate whether Trs85
has a role in cellulose synthesis. A previous study reported
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Figure 1. In vitro interactions between CSI1 and TRAPPIIl complex proteins.

His-CSI1 was pulled down by GST-Trs85. No interactions were observed between His-CSI1 and GST-Bet3, GST-Trs23, GST-Trs31, GST-Trs33, GST-Tca17, GST-
TRAPPC11 (GST-TC11) and GST-TRAPPC12 (GST-TC12). Interactions were performed between elution’s of His-tagged proteins and GST-tagged proteins
attached to beads. Loading controls show the quantity of His-elution and GST-beads added to each interaction. Empty GST- and His-vectors were used as nega-
tive controls. Results from one out of two reproducible independent experiments is shown. See also Figure S1.
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Figure 2. trs85-1 knock-out mutants exhibit a cellulose deficient phenotype.
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(a) Hypocotyl length of 4-day-old etiolated seedlings. The scale bar indicates 2 mm. Asterisks indicate significance (****P < 0.0001) based on a t-test. Numbers
on bars indicate number of seedlings used. Bars show mean + standard deviation.
(b, c) Cellulose content of (b) 4-day-old etiolated seedlings and (c) 6-week-old stems. Results from one out of three reproducible independent experiments is

shown (a—c).

that four independent T-DNA insertions lines of Trs85
(referred to as DQC [defective quiescent centrel) had
reduced gene expression of Trs85, and dgc seedlings
exhibited shorter and wavy roots (Song et al., 2020). We
found that dgc-2 and dqc-3 (referred to as trs85-1 and
trs85-2 in this study) had identical phenotypes including
shorter dark-grown hypocotyls, shorter roots in light-
grown seedlings, reduced root hair, smaller rosette leaves
and stunt adult plants (Figure S2). These mutant pheno-
types were recapitulated in a trs85-1 trs85-2 transheterozy-
gote, demonstrating that Trs85 is responsible for these
defects (Figure S2). Both trs85-1 and trs85-2 were shown to
have no expression of Trs85 (Song et al., 2020). We
selected trs85-1 for further analysis. To test whether the
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trs85-1 mutation impacts cellulose synthesis, we measured
the length and crystalline cellulose content of 4-day-old
dark-grown hypocotyls. trs85-1 mutants have significantly
shorter hypocotyls and a lower crystalline cellulose content
than the wild-type (Figure 2a,b). These are both pheno-
types indicative of perturbations to cellulose synthesis in
the primary cell wall. Since adult trs85-1 plants have a
smaller stature, we also quantified the cellulose content
using 3" of stem from the base of 6-week-old plant (mate-
rial containing mainly secondary cell walls). trs85-1
mutants exhibited no difference in cellulose content com-
pared to the wild-type (Figure 2c). These results indicate
that Trs85 may have a specific role in cellulose synthesis in
the primary cell wall.
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YFP-CESA6 dynamics are perturbed in trs85-1

To further investigate the role of Trs85 in cellulose syn-
thesis in the primary cell wall, we crossed a line expres-
sing a yellow fluorescent tagged CESA6 protein (YFP-
CESAB) in the homozygous CESA6 null mutant back-
ground, prc1-1, with trs85-1 (Figure S3). YFP-CESAG,
which complements the prc1-1 mutation, is a useful fluo-
rescent marker that is frequently used to assess the
dynamics, trafficking and regulation of CSCs at the
plasma membrane (Allen et al., 2021; Paredez et al.,
2006). We performed various live-cell imaging experi-
ments with YFP-CESAB, prc1-1 in the dark-grown hypo-
cotyl to track the activity of CSCs. Firstly, we quantified
the density of YFP-CESA6 particles at the plasma mem-
brane to determine whether the delivery, or removal of
CSCs, from the plasma membrane was perturbed in prci1-
1 trs85-1. The density of YFP-CESAG6 particles was signifi-
cantly increased by 14% in prc1-1 trs85-1 dark-grown
hypocotyls, compared to prc1-1 (Figure 3a,b). A higher
density of YFP-CESAG6 particles in prc1-1 trs85-1 indicates
a defect in CSC regulation that could either result from an
increase in CSC secretion, a decrease in CSC internaliza-
tion, or both.

Since cellulose content is reduced in trs85-1, we also
quantified the velocity of YFP-CESA6 particles at the
plasma membrane, a common proxy for the rate of cellu-
lose synthesis (Diotallevi & Mulder, 2007; Paredez
et al., 2006). The polymerization of cellulose is predicted
to propel CSCs through the plasma membrane (Diotallevi
& Mulder, 2007). The average velocity of YFP-CESAG par-
ticles in prc1-1 trs85-1 is 205.1 + 73.68 nm min~", which
is approximately 20% lower than in prc1-1 where YFP-
CESAG particles had an average velocity of 252.2 + 94.52
nm min~" (Figure 3c,d; Movie S1). Slower CESA6 migra-
tion in prc1-1 trs85-1 indicates that the reduced catalytic
activity of CSCs may be responsible for the reduction in
cellulose content (Figure 2b). Although a higher density
of YFP-CESAG6 at the plasma membrane may be expected
to cause an increase in cellulose content, these CSCs may
not be functional. Indeed, we observed a greater percent-
age of static YFP-CESA6 particles in prc1-1 trs85-1
(16.12%) than in prc1-1 (9.95%), which were excluded
from the velocity analysis (Figure 3e; Movie S2). This
population of immobile YFP-CESA6 particles may repre-
sent defective CSCs that have not successfully been
inserted into the plasma membrane in prci-1 trs85-1
(Figure 3e).

Trs85 is required for the delivery of CSCs to the plasma
membrane

TRAPPIII complexes have been shown to be involved in a
variety of pathways including autophagy (Lynch-Day
et al.,, 2010), Golgi and TGN/EE trafficking (Rosquete

et al., 2018; Thomas et al., 2019) and endocytosis (Song
et al., 2020). An altered density of YFP-CESA6 at the
plasma membrane in prc1-1 trs85-1 (Figure 3b), implicates
a role for Trs85 in either, exocytosis, endocytosis, or both.
CSI1 is an important protein for the docking of newly deliv-
ered CSCs to the plasma membrane during exocytosis
(Zhu et al., 2018). Due to the interaction between Trs85 and
CSI1 (Figure 1; Figure S1), we hypothesized that Trs85 may
have a role in exocytosis and so we initially focused on this
trafficking pathway. Additionally, trs85-1 mutants have a
root hair deficient phenotype (Figure S2) that is character-
istic of other exocytotic mutants (Hala et al., 2008; Wen
et al., 2005).

A common method for assessing the delivery of CSCs
to the plasma membrane is Fluorescent Recovery After
Photobleaching (FRAP). After photobleaching a specified
region of the cell, the secretion of newly synthesized YFP-
CESA6 particles to the plasma membrane can be easily
observed and quantified over a time-lapse movie (Bashline
et al., 2013; Zhu et al., 2018). We performed FRAP on
YFP-CESAB, prc1-1 and YFP-CESAG, prci1-1 trs85-1 and
determined the delivery rate of YFP-CESA6 to the plasma
membrane over a period of 5 min. Unexpectedly, we
noticed the appearance of many YFP-CESA6 particles in
prc1-1 trs85-1, between 0 and 55 sec after photobleaching
(Figure 4a,b; Movie S3), when they typically start to appear
after 60 sec (Zhu et al., 2018). In prc1-1 trs85-1, approxi-
mately 33% of newly delivered YFP-CESA6 particles
appeared within the first 55 sec after photobleaching,
which is more than triple the percentage observed in con-
trol lines (10% in YFP-CESAG6 prc1-1) (Figure 4b). On aver-
age, YFP-CESA6 particles appeared at the plasma
membrane 43 sec earlier in prc1-1 trs85-1 hypocotyls com-
pared to prc1-1 (Figure 4b).

Overall, the delivery rate of CSCs to the plasma mem-
brane is five-fold higher in prc1-1 trs85-1 compared to
prc1-1 (Figure 4c). Furthermore, a greater number of YFP-
CESAG particles can be observed at the plasma membrane
in prc1-1 trs85-1 after 5 min (Figure 4a; Movie S3), indica-
tive of enhanced delivery. We defined a successful CSC
delivery event as a YFP-CESAG6 particle that paused for
80 + 30 sec, before moving along a straight trajectory, as
observed previously (Gutierrez et al., 2009; Zhu et al.,
2018). We found that approximately 16% of YFP-CESAG6
particles in prc1-1 trs85-1, remained static for over 110 sec,
whereas only 9% of YFP-CESA6 particles in prc1-1 exhib-
ited an abnormally long pause phase (Figure 4d). A small
fraction of YFP-CESAG particles in prc1-1 trs85-1, remained
static for almost the entire length of the movie (Figure 4d),
suggesting more YFP-CESAG6 particles exhibit abnormal
dynamics in prc1-1 trs85-1. YFP-CESA6 particles with
pause phases over 110 sec may reflect unsuccessful inser-
tion events or insertions of dysfunctional CSCs into the
plasma membrane.
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Figure 3. YFP-CESA6 dynamics are disrupted in (a)
trs85-1.
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(a) Representative raw (top panel) and analysed
(bottom panel) images of YFP-CESAGB at the plasma
membrane in 2.5-day-old dark-grown hypocotyls.
Plasma membrane particles are highlighted by cyan
circles and cytosolic particles are shown in orange.
The scale bars indicate 10 pm.

(b) YFP-CESA6 density. Asterisks indicate signifi-
cance based on a t-test (*P<0.05). Numbers on
bars indicate number of images analysed. Bars
show mean =+ standard deviation.

(c) Representative kymographs from 5-min films
taken at 5 sec intervals.

(d) Histogram of YFP-CESAG velocity. Average velo-
cities = YFP-CESAGS, prci1-1. 252.2 + 94.52
SD nm min~" (n = 3268, 11 films), YFP-CESAS6, prci-
1 trs85-1: 205.1 + 73.68 SD nm min~" (n = 3370, 10
films). The final bin represents bins 500-750 sec.

(e) Frequency of static YFP-CESA6 particles detect-
ing during the velocity analysis. Frequency was cal-
culated as the number of static particles divided by
the total number of particles detected in the velocity
analysis. Absolute frequencies = YFP-CESA6, prc1-
1: 361 (n=3269), YFP-CESA6, prci1-1 trs85-1. 648
(n = 4018).
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Clathrin light chain dynamics are altered in trs85-1

We sought to investigate whether defective endocytosis
may contribute to the increase in static YFP-CESAG6 parti-
cles at the plasma membrane in prc1-1 trs85-1 observed in
the velocity and delivery analyses (Figures 3e and 4d),
since exocytosis and endocytosis may be linked as a self-
regulating feedback loop (Allen et al., 2021). Furthermore,
a previous study demonstrated that Trs85 has a role in

© 2024 The Authors.

endocytosis in the Arabidopsis root, through reduced inter-
nalization of FM4-64 (Song et al., 2020). FM4-64 is an
amphiphilic tracer that instantly stains the plasma mem-
brane and then becomes internalized via endocytotic vesi-
cles and, therefore, can be used to trace endocytosis from
the plasma membrane (Rigal et al., 2015). After 1 h of treat-
ment with FM4-64, no labelling of endocytotic compart-
ments was observed in trs85-1 (referred to as dgc-2) in
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(a) YFP-CESAS, prc1-1

Figure 4. YFP-CESAG delivery to the plasma mem-
brane is increased in trs85-1.

(a) Snapshots of cells at different time points during
CSC delivery after FRAP. 0 =sec before photo-
bleaching, B = time of photobleaching, and 40, 60,
300 = sec after bleaching. Yellow boxes indicate
photobleached area and orange arrowheads repre-
sent the appearance of new YFP-CESAG particles.
The scale bar indicates 10 um.

(b) Time needed for YFP-CESAG particles to appear
after photobleaching in seconds. Average is indi-
cated by a red line=YFP-CESA6, prci-T:
138 sec + 55.79 SD (n=83), YFP-CESA6, prci-1
trs85-1: 95 sec + 59.46 SD (n = 392).

(c) Delivery rate of CSCs to the plasma membrane.
Average delivery rate = YFP-CESA6 prc1-1: 1.11 + 2
(n=29), YFP-CESA6 prc1-1 trs85-1: 6.12 + 2 (n = 8).
Asterisks indicate significance based on a t-test
(*P=0.014). Bars show mean + standard
deviation.

(d) Frequency of YFP-CESA6 particle pause phase
lengths in seconds.
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contrast to the wild-type that displayed clear punctate
labelling of endocytotic vesicles (Song et al., 2020). We
found that this difference in FM4-64 internalization was
observable after just 5 min of FM4-64 treatment in the mer-
istematic region of root epidermal cells (Figure S4).

While FM4-64 is a useful tool to study endocytosis in
general, it is difficult to track individual CME events. Stud-
ies have revealed that the internalization of CSCs occurs
via CME (Bashline et al., 2013, 2015). To study CME events
in more detail, we crossed a red fluorescent tagged cla-
thrin light chain protein (CLC-mOrange) with trs85-1. CLCs
are required for the formation of clathrin-coated vesicles
during CME (Konopka et al., 2008). Punctate CLC-mQrange
particles appear at the plasma membrane and then disap-
pear shortly afterwards. The appearance of CLC-mOrange
particles is thought to represent the formation of clathrin-
coated pits and the disappearance coincides with the scis-
sion of clathrin-coated vesicles (Bashline et al., 2015;
Konopka et al., 2008). We found that the density of CLC-

mOrange particles was 10% lower in trs85-1 compared to
the wild-type (Figure 5a,b), which is suggestive of fewer
CME events. We also found that the lifetime of CLC-
mOrange particles was on average 1 sec longer than in the
wild-type (Figure 5c; Movie S4). A decrease in the density
of CLC-mOrange particles coupled with an increase in aver-
age CLC-mOrange lifetime is suggestive of slower and less
frequent endocytotic events in trs85-1. Furthermore, abnor-
mally long CLC lifetimes over 30 sec are more common in
trs85-1, consistent with CME deficiencies (Table S2). There-
fore, we hypothesize that defective endocytosis may be
partially responsible for the large increase in static YFP-
CESAG particles at the plasma membrane in trs85-1.

DISCUSSION

TRAPP complexes are known to be highly important for
mediating protein transport between major organelles in
yeast, metazoans (Barrowman et al., 2010; Kim et al., 2016)
and more recently, plants (Ravikumar et al., 2018; Rosquete
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Figure 5. Clathrin-mediated endocytosis is reduced in trs85-1.

(a) Representative images of CLC-mOrange at the plasma membrane in 2.5-day-old dark-grown hypocotyls. Punctate CLC-mOrange labeled dots at the plasma
membrane are circled in green and cytosolic particles are shaded in purple. The scale bars indicate 5 um.

(b) CLC-mOrange density. Average density: CLC-mOrange, Col-0 = 0.44 and, CLC-mOrange, trs85-1= 0.40. Asterisks indicate significance based on a t-test
(****P < 0.0001). Numbers on bars indicate number of images analysed. Bars show mean + standard deviation.

(c) Average CLC-mOrange particle lifetimes: CLC-mOrange, Col-0 = 11 + 3 sec (n = 11 695, eight films) and CLC-mOrange, trs85-1= 12 + 3 sec (n = 10 130, five
films). Each circle represents an individual data point. Asterisks indicate significance based on a t-test (****P < 0.0001).

et al., 2019; Rybak et al., 2014). The trafficking of CSCs has
often been found to rely on proteins involved in major traf-
ficking pathways described in eukaryotes, such as compo-
nents of CME (Bashline et al., 2013, 2015), the exocyst
complex (Zhu et al., 2018), Rab GTPases (He et al., 2018)
and syntaxins (Drakakaki et al., 2012). Since the formation
of the cell wall is an integral part of plant development, it
is perhaps unsurprising that CSC regulation is dependent
on these major trafficking pathways. In this study, we have
found that Trs85, a subunit of the TRAPPIIl complex in
plants also plays a role in both the delivery and endocyto-
sis of CSCs from the plasma membrane.

CSC delivery is enhanced in trs85-1

Populations of CSCs at the plasma membrane are regu-
lated by a balance between endocytosis and exocytosis,
so deviances from the expected density of CESA proteins
imply that one, or both, of these pathways could be com-
promised. In prc1-1 trs85-1, we found that a higher density
of YFP-CESAG is caused by defects in both exocytosis and
endocytosis. The delivery rate of YFP-CESA6 particles to
the plasma membrane was almost five-fold higher in prc1-
1 trs85-1 than in prc1-1 (Figure 4). Furthermore, YFP-
CESAG tended to be delivered 50 sec earlier in prc1-1 tr85-
1 suggesting an enhanced rate of delivery. Although we
removed YFP-CESAG particles that had an abnormal pause
phase, it is likely that some atypical CSC insertion events
remained in our analysis and contributed to the increased
delivery rate in prc1-1 trs85-1. Many proteins have been
reported to positively regulate CSC exocytosis, including
STELLO, SEC5, PATROL1 and TRANVIA (Vellosillo
et al., 2021; Zhang et al., 2016; Zhu et al., 2018). So far,
only SHOU4 has been shown to negatively regulate CSC

© 2024 The Authors.

delivery (Polko et al., 2018), potentially through direct
binding with CESA proteins. Whilst shou4 and shou4-I
mutants exhibited an increased density of CESA proteins
at the plasma membrane, they did not exhibit a simulta-
neous increase in crystalline cellulose content, similar to
trs85-1 (Figures 2b and 3b). Increased density of CSCs is
not always indicative of increased cellulose content, possi-
bly because the density of CSCs is not a limiting factor for
cellulose synthesis and increased density may even cause
reduced synthesis. For instance, crowded CSCs may not
be able to form cellulose microfibrils as efficiently in pri-
mary cell walls. In secondary cell walls, cellulose microfi-
brils tend to be highly bundled and this aggregation is
directly related to the density of CSCs (Li et al., 2016).
However, in primary cell walls, microfibrils tend to be less
aggregated and CSCs are more sparsely distributed. This
is likely to facilitate the sliding of microfibrils during
growth (Cosgrove, 2022). Therefore, in primary cell walls,
increased CSCs density may disrupt sparse cellulose
microfibril deposition and hinder growth. Furthermore,
there may be a higher density of defective CSCs at the
membrane in trs85-1 mutants that have not been sent for
degradation. Trs85 is known to be important during autop-
hagy in yeast (Lynch-Day et al.,, 2010) and rice (Wu
et al., 2023) and so may also be involved in CSC degrada-
tion in Arabidopsis.

CME is reduced in trs85-1

Additionally, increased CSC density could represent a
larger population of non-functioning CSCs that are under-
going slower endocytosis. Low crystalline cellulose content
coupled with a dense population of CSCs at the plasma
membrane is typically a strong indicator of defective CSC
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endocytosis (Bashline et al., 2015). Mutations in Trs85 are
known to cause defects in general endocytosis (Song
et al., 2020), but it was not clear whether Trs85 impacts
CME events. We observed both a decrease in CLC density
and an increase in CLC lifetime at the plasma membrane in
trs85-1, indicative of reduced and slower CME events (Fig-
ure 5). Although, CLC lifetimes are only 1 sec longer on
average in trs85-1, abnormally long CLC lifetimes over
30 sec are more common in trs85-1, suggesting a tendency
towards longer, potentially abortive endocytotic events
(Table S2). Lesions in CME components such as AP2M and
TWD40-2 led to the overaccumulation of CESA at the
plasma membrane (Bashline et al., 2015), and this is con-
sistent with the higher density of CSC in trs85-1. Although
Trs85 does not co-precipitate with CLC proteins (Heard
et al., 2015), it remains to be tested whether Trs85 impacts
CME via other CME components.

Increase in static population of YFP-CESAG particles in
trs85-1

In our velocity analysis, we detected more static YFP-
CESAG particles in prc1-1 trs85-1 than prc1-1 (Figure 3e).
We also found that after photobleaching, YFP-CESA6 parti-
cles with an atypical pause phase of over 110 sec were
almost 50% more abundant in prc1-1 trs85-1 than prci1-1
(Figure 4d). CESA6 particles that remain static at the
plasma membrane have also been reported in exocytosis
mutants (Zhu et al., 2018), endocytotic mutants (Bashline
et al., 2015) and transgenic lines that have point mutations
in the catalytic domain of YFP-CESA6 (Huang, 2022). These
static particles likely represent unsuccessful insertion
events, delayed endocytotic events, or the insertion of
functionally inactive CSCs. Reductions in CME coupled
with unsuccessful insertions during enhanced YFP-CESA6
delivery are likely responsible for the abundance of static
particles in trs85-1.

It is likely that a combination of endocytosis and exo-
cytosis defects is responsible for the increased YFP-CESA6
density at the plasma membrane and the appearance of
atypical, static YFP-CESAG particles. Since endocytosis and
exocytosis are interdependent processes that feedback on
each other, it is hardly surprising that there are genes con-
tributing to both trafficking pathways. For instance, CSI1 is
known to have roles in both the successful delivery and
removal of CSCs from the plasma membrane (Lei
et al., 2015; Zhu et al., 2018). In yeast, Trs85 has been
implicated in both pathways, in addition to its role in
autophagy. Knock-out trs85A yeast mutants exhibit
increased secretion of an ER resident protein, Kar2, outside
of the cell compared to the wild-type (Thomas et al., 2018)
and, Snc1, a reporter that recycles between the EEs and
plasma membrane via the Golgi, accumulates in the cyto-
sol in trs85A (Montpetit & Conibear, 2009).

What is the role of Trs85 in trafficking in Arabidopsis?

Previous studies in plants have shown that TRAPPIIl com-
plexes associate with the TGN/EE. Trs85 and TRAPPC11,
another large TRAPPIIl-specific component, co-purify with
SYP61, a key marker of the TGN/EE (Drakakaki et al., 2012).
Mutations in these genes’ compromises TGN/EE integrity
and the localization of TGN/EE markers: SYP61, SYP41,
RABD2a (Rosquete et al., 2018; Song et al., 2020). Trs85
has also been identified in the membrane fraction of affin-
ity purified RAB-D2a/ARA5 fraction representing the Golgi,
TGN/EE and post-Golgi secretory vesicles, and RABG3f that
represents the multi-secretory body and tonoplast secre-
tory vesicles (Heard et al., 2015). The appearance of Trs85
in many different organelles reinforces the idea that Trs85
is important in multiple stages of the CSC trafficking
pathway.

The function of Trs85 during trafficking is likely medi-
ated through its activation of Rab1 GTPases. In yeast,
Trs85 is required for binding Ypt1 both in vivo and in vitro
and Ypt1 exhibits mis-localization to the Golgi in trs85A
mutants (Thomas et al., 2018). Trs85 has a conserved
amphiphatic helix in its C-terminal that is essential for both
securing TRAPPIII complexes to the membrane and activat-
ing Ypt1 (Joiner et al., 2021). In multicellular organisms,
Trs85 contains an additional 600 residues at the C-terminal
that are not present in yeast (Galindo et al., 2021), suggest-
ing that perhaps it has a unique function. A cryo-EM recon-
struction of the TRAPPIIl complex in Drosophilia predicted
that this C-terminal ‘arm’ of Trs85 operates as a part of
flexible gating system to regulate access of Rab1 to the
active site because the C-terminal arm of Trs85 contacts
Rab1 molecules in vitro (Galindo et al., 2021). Since
Ypt1/Rab1 recruits vesicle tethering factors to initiate mem-
brane fusion (Lipatova et al., 2012; Suvorova et al., 2002),
insufficient activation of Rab1 homologs in trs85-1 mutants
may prevent the fusion of CSCs with the plasma mem-
brane, producing a population of static, uninserted CSCs.
Likewise, reduced Rab GTPase activation in the tonoplast
and TGN/EE, where Trs85 has been identified (Drakakaki
et al., 2012; Heard et al., 2015), may disrupt the trafficking
of endocytosed CSCs for degradation or recycling. Inevita-
bly this would need to be studied in further detail as the
RabD family in Arabidopsis, which is homologous to
Ypt1/Rab1, has not yet been associated with CSC traffick-
ing. So far only RabH1b has been described in CSC traffick-
ing, though rabh1b mutants exhibit similar defects to
trs85-1 including reduced CESA6 motility, reduced cellu-
lose content and reduced endocytosis (He et al., 2018).

TRAPPIlI complexes in Arabidopsis differ from mam-
mals as they require an additional subunit, TRIPP, to func-
tion (Garcia et al., 2020) and the same may be true for
TRAPPIIl complexes. It could also be possible that Trs85
works in isolation in Arabidopsis or part of a subcomplex.

© 2024 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), doi: 10.1111/tpj.16688

95U SUOLILIOD 9AIERID 9|0edl|dde sy Ag peussnob ae sajoilie YO 9sn JO Sajn. Joj Akeiqi]auluo AS[IA UO (SUONIPUOD-PUe-SWLB)/WOY A8 | 1M Aleid U1 |UO//:SA1Y) SUOTIPUOD pUe SWB | 841 89S " [1202/20/52] Uo Akeiqi]auljuo AS[IM ‘8899T [y TTTT 0T/I0p/Wi0d Ao IM AJelq 1jpul|uoy/:Sdiy Wo.j pepeoumoq ‘0 ‘XETESIET



Regardless of its role as part of a TRAPP complex, Trs85 is
clearly important in mediating the endocytosis and exocy-
tosis of CSCs in Arabidopsis.

EXPERIMENTAL PROCEDURES
Growth conditions

Arabidopsis thaliana seeds were sterilized with 30% bleach (v/v),
rinsed thoroughly with autoclaved water and cold-stratified at 4°C
in the dark for a minimum of 3 days. Stratified seeds were grown
vertically on plates containing 1/2 Murashige and Skoog (MS)
media, 0.05% MES and 0.8% agar (w/v) (pH 5.7). Dark-grown seed-
lings were grown at 22°C for 2-4 days depending on the experi-
ment. Light-grown seedlings were grown on MS plates
supplemented with 1% sucrose at 22°C under a 16-h light/8-h dark
cycle for 7-10 days. For analyses on adult plants, 10-day-old seed-
lings were transplanted to soil and grown under the same light
conditions as light-grown seedlings, for 6-8 weeks.

Plant material

The T-DNA insertion lines trs85-1 (SALK_208572) and trs85-2
(SALK_130580) were obtained from the Arabidopsis Biological
Resource Center. YFP-CESA6 prci-1 (Paredez et al., 2006), CLC-
mOrange (Konopka et al., 2008) and prc1-1 (Desnos et al., 1996),
were previously described. YFP-CESA6 prc1-1, and CLC-mOrange
was crossed into the trs85-1 background. Homozygous genotypes
for trs85-1 were confirmed by PCR, and for prc1-1 a PCR was used
followed by a restriction digestion with HpyCH4V (Table S3;
Figure S3).

Live-cell imaging and analysis

For all live-cell imaging experiments, 2 to 2.5-day-old etiolated
seedlings were mounted with ddH,0 and positioned between two
coverslips for imaging. All images and movies were taken from
the epidermal cells approximately 2 mm below the apical hook.
Imaging was performed on a Yokogawa CSUX1 spinning-disk sys-
tem as previously described (Li et al., 2012). A three-line laser
merger with 445, 488 and 561 nm lasers was used with band-pass
filters for emission filtering. Images were captured with an expo-
sure time of 300 msec and laser intensity of 10% in the 488 nm
channel or 15% in the 561 nm channel. Images were captured
using Metamorph (Molecular Devices), and later analysed with
either Fiji (ImageJ software, San Jose, CA, USA) (version
2.3.0/1.53q) or the Python-based program, Dot Scanner
(https://github.com/bdavis222/dotscanner). All analyses were per-
formed on raw, unmanipulated data and the contrast of the
images was increased only during the production of the figures
for display purposes, unless otherwise specified.

All density analyses were quantified using the Python-based
program, Dot Scanner (https://github.com/bdavis222/dotscanner).
In brief, fluorescent particles were detected in images if they had
signal within a square area of three pixels wide and three pixels
tall for YFP-CESA6 particles and a square seven pixels wide and
seven pixels tall for CLC-mOrange particles which was selected to
more accurately capture particles. The program also detected the
area of cytosolic labelled particles. A region was selected for
the analysis and all cytosolic labelled areas were subtracted from
the total area of density calculated and the density was measured
as the number of particles per px? that was then converted to umz
using a scale factor of 149 nm per pixel. For YFP-CESA6 density
calculations, 32 images were analysed from 13 YFP-CESA6 prc1-1
seedlings and 25 images were analysed from 13 YFP-CESAG trs85-
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1 prc1-1 seedlings. For CLC-mOrange density calculations, 20
images were analysed from nine CLC-mOrange, wild-type seed-
lings and 13 images were analysed from six CLC-mOrange trs85-1
seedlings.

Velocity analyses were quantified in Fiji ImageJ using
methods described previously (Zhu et al., 2018). For the velocity
analyses, the contrast of all images was enhanced by 0.3% and
the plugin ‘WalkingAverage’ (frames = 3) was used to help reduce
some of the noise. All particles with a velocity of 0 nm min~"
were removed from the calculation of average velocity. Frequency
of static particles was calculated as the number of particles with a
velocity of 0 nm min~" divided by the total number of particles
detected in the velocity analysis. Particles were analysed from 11
YFP-CESA6 prci1-1 films and 10 YFP-CESA6 prc1-1 trs85-1 films.
For CLC-mOrange lifetimes, 2-min movies were taken at 1 sec
intervals. All particle lifetime analyses were quantified using
the Python-based program, Dot Scanner (https://github.com/
bdavis222/dotscanner). In brief, lifetimes were calculated as the
number of consecutive frames a single CLC-mOrange particle
remained in a square area of seven pixels wide and seven pixels
tall. We also allowed for particles to be ‘missing’ from up to three
frames between detected particles in the same square region
since confocal imaging is prone to shifts that cause particles to
come in and out of focus. We removed all particles with a lifetime
of 1 sec from our analysis as we felt these were unlikely to repre-
sent true endocytotic events (Col-0 = 4910/16605 and trs85-
1= 3533/13663).

For FRAP experiments, a region of 200 x 80 px? was pre-
selected for photobleaching using the iLAS? system (Roper Scien-
tific). After filming for 10 sec at 2 sec intervals, the defined region
was photobleached, and subsequent images were taken at 5 sec
intervals for a total of 5 min. The time of particle appearance fol-
lowing photobleaching and the length of the pause phase of
newly delivered particles were calculated using the Python-based
program, Dot Scanner (https:/github.com/bdavis222/dotscanner).
A single CSC insertion event was defined as a YFP-CESAG particle
that paused within a square area of five pixels tall and five pixels
wide region for 80 4 30 sec, before moving along a straight tra-
jectory, in accordance with previous studies (Gutierrez et al., 2009;
Zhu et al., 2018). All YFP-CESAG® particles with a pause phase out-
side of this range were removed from the analysis. Particles with
a pause phase of 80 + 30 sec were manually screened to see if
they showed a straight trajectory. We also allowed for particles to
be ‘missing’ from up to two frames between detected particles in
the same square region, to account for shifts in the focal plane.
For the delivery rate, the number of single CSC insertion events in
a user-specified region was calculated over 5 min. The delivery
rate was analysed in nine films from eight YFP-CESA6 prci1-1
seedlings and eight films from seven YFP-CESA6 prc1-1 trs85-1
seedlings..

Drug treatments

For FM4-64 labelling, 5-day-old light-grown seedlings were incu-
bated with 1 um FM4-64 dissolved in %> MS liquid media with 1%
sucrose for 5 min on a rocker. Stained seedlings were then
mounted with % MS liquid media between two coverslips and
then the epidermal cells of the meristematic zone of the roots
were immediately imaged with a Yokogawa CSUX1 spinning-disk
system as described above.

In vitro pull-downs

Full-length coding sequences of every TRAPP gene were amplified
using gene-specific primers (Table S3) and cloned into the pGEX-
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KG vector backbone by In-Fusion Cloning (Takara Bio). An empty
pGEX-KG vector was used for the GST control. Correct plasmids
were transformed into BL21-DE3 Escherichia coli cells. Fifty millili-
ters of cultures were incubated at 37°C until the ODgyy was
between 0.6 and 0.8 and then were induced at 18°C for 4 h follow-
ing 1 mm isopropyl B-b-1-thiogalactopyranosid application. His-
CSI1 was cloned and induced at 15°C as described previously
(Zhu et al., 2018). The empty His-tag vector is pCold-TF (TaKaRa,
Kusatsu, Shiga, Japan). Induced proteins were purified using glu-
tathione beads for GST-tagged proteins and Ni-charged beads for
His-tagged proteins. Soluble His-tagged proteins were subse-
quently eluted with 50 mm NaH,PO,, 300 mm NaCl and 250 mm
imidazole (pH 8.0). Pull-downs were performed as described previ-
ously (Zhu et al., 2018), except that each interaction consisted of
2 ug eluted His-tagged proteins incubated with 2 ug of GST-
tagged proteins conjugated to glutathione beads. Protein was
extracted from the glutathione beads and subsequently analysed
using SDS-PAGE gels and Western blotting. Coomassie-stained
SDS-page gels were also performed side by side as a loading con-
trol. His-tagged protein signal was determined on film by chemilu-
minescence with a horseradish peroxidase-conjugated His
antibody (1:10 000 dilution in TBST) and SuperSignal West Femto
substrate (ThermoFisher Scientific).

Crystalline cellulose content

For assessing cellulose content in the primary cell wall, cell
walls were extracted from 4-day-old etiolated Arabidopsis seed-
lings with 70% ethanol, and ground into a fine powder with a
ball mill. Cellulose content was measured by the Updegraff
method in at least five technical replicates for each genotype, as
described previously (Bashline et al., 2015). Secondary cell wall
cellulose content was assessed from three-inch long stem mate-
rial taken from the base of 6-weeks-old plants according to
Kumar and Turner (2015), in five independent adult plants for
each genotype.
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