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LARGE-SCALE BIOLOGY
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The plant endomembrane system facilitates the transport of polysaccharides, associated enzymes, and glycoproteins
through its dynamic pathways. Although enzymes involved in cell wall biosynthesis have been identified, little is known about
the endomembrane-based transport of glycan components. This is partially attributed to technical challenges in
biochemically determining polysaccharide cargo in specific vesicles. Here, we introduce a hybrid approach addressing
this limitation. By combining vesicle isolation with a large-scale carbohydrate antibody arraying technique, we charted an
initial large-scale map describing the glycome profile of the SYNTAXIN OF PLANTS61 (SYP61) trans-Golgi network
compartment in Arabidopsis (Arabidopsis thaliana). A library of antibodies recognizing specific noncellulosic carbohydrate
epitopes allowed us to identify a range of diverse glycans, including pectins, xyloglucans (XyGs), and arabinogalactan
proteins in isolated vesicles. Changes in XyG- and pectin-specific epitopes in the cell wall of an Arabidopsis SYP67 mutant
corroborate our findings. Our data provide evidence that SYP61 vesicles are involved in the transport and deposition of
structural polysaccharides and glycoproteins. Adaptation of our methodology can enable studies characterizing the glycome
profiles of various vesicle populations in plant and animal systems and their respective roles in glycan transport defined by
subcellular markers, developmental stages, or environmental stimuli.

INTRODUCTION studies have shown that different post-Golgi transport vesicle
populations contain distinct lipids (Wattelet-Boyer et al., 2016).
However, beyond lipids, neither the metabolome nor the glycome
profiles of specific plant endomembrane vesicles have been
determined. The latter is particularly important, since glycan
molecules are essential building blocks for the construction of the
plant cell wall.

The cell wall, acomplex macromolecular composite structure of
polysaccharides, structural proteins, and other molecules, sur-
rounds and protects plant cells and is essential for development,
signal transduction, and disease resistance. This structure also
plays an integral role in cell expansion, as its tensile resistance is
the primary balancing mechanism against internal turgor pres-
sure (Cosgrove, 2005, 2016). The structurally dynamic and
heterogeneous primary walls of young plant cells are pre-

The endomembrane system, a complex network of membrane-
surrounded compartments, facilitates the transport of proteins
and diverse cargo within a cell. In plants, the endomembrane
system is essential for a myriad of functions including signaling,
stress responses, cell wall formation, and plant growth and de-
velopment (Surpin and Raikhel, 2004). While much has been
accomplished in the discovery of protein cargo within endo-
membrane compartments (Parsons and Lilley, 2018), the eluci-
dation of nonprotein cargo is still at its infancy. Recent insightful
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dominantly composed of cellulose microfibrils embedded in
a matrix of pectin, hemicelluloses, and glycoproteins (McCann
etal., 1992; Somerville etal., 2004; Burton et al., 2010). Although
anumber of cell wall biosynthetic enzymes have been identified,
our understanding of how polysaccharide transport and as-
sembly are facilitated by the endomembrane system is still
elusive (Figure 1A).
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Background: Inside the plant cell, the endomembrane system, with its complex network of pathways, transports
polysaccharides and polysaccharide-decorated proteins via vesicles to their final destination. Given the tiny quantities
of polysaccharides contained in an individual vesicle and the significant challenges to isolate a specific class/type of
vesicle from the endomembrane system, very little is known about the specific pathways that polysaccharides take in
the cell and how these pathways are regulated. Polysaccharides are a principal component of the cell wall, which is
vital for plant development, homeostasis, and environmental responses; hence, a comprehensive understanding of
the transport mechanisms used for its construction is of profound utility.

Question: We wanted to know what types and forms of polysaccharides are carried in specific vesicle types in order
to understand how polysaccharides are transported and directed through the endomembrane system during cell wall
synthesis. We based our experimental strategy on our previous characterization of the protein content of such
vesicles.

Findings: Using the model organism Arabidopsis thaliana, we charted a map of diverse non-cellulosic glycans
present in the cargo of vesicles characterized by the SNARE protein SYP61, which is involved in vesicle fusion. This
vesicle population was previously implicated in cell wall component transport. We identified pectins, xyloglucans, and
arabinogalactan-glycoproteins in the isolated vesicles. Surprisingly, these polysaccharides were present in these
vesicles in their final form, as integrated in the cell wall, and in their intermediate biosynthetic stages. Our large-scale
identification of polysaccharides transported in the endomembrane system addresses a long-standing question about
processes and events in polysaccharide synthesis, their transport, and their deposition/modification in the cell wall.

Next steps: Our methodology can easily be extended to different vesicle populations in order to characterize the
entire spectrum of endomembrane pathways and more importantly, reflect developmental stages and environmental

conditions, providing a comprehensive understanding of the orchestration of polysaccharide and glycoprotein
transport in the cell.

Polysaccharides originate at distinct cellular locations; cellu-
lose and callose are synthesized at the plasma membrane (PM),
whereas the synthesis of hemicellulose and pectin and the
glycosylation of proteins take place in the Golgi apparatus and
the trans-Golgi Network (TGN; Atmodjo et al., 2013; Bashline
et al., 2014; McFarlane et al., 2014; Nguema-Ona et al., 2014;
Chou et al.,, 2015; Lund et al., 2015; Pauly and Keegstra,
2016; Lampugnani et al., 2018). Subsequently, cell wall poly-
saccharides, associated enzymes, and glycoproteins are carried
to specific cell wall deposition sites by vesicle transport path-
ways, which remain poorly resolved (Driouich et al., 2012;
Worden et al., 2012; Kim and Brandizzi, 2014; van de Meene
et al., 2017). The highly dynamic nature of the endomembrane
system makes it challenging to assign unequivocal roles to
specific vesicle populations in the synthesis and assembly of the
cell wall.

The TGN, the vesicle network on the trans-side of Golgi stacks,
is responsible for sorting and packaging of cargo molecules for
delivery to the PM and vacuoles (Roth et al., 1985; Griffiths and
Simons, 1986; Kang et al., 2011; Rosquete et al., 2018), and thus
represents a key intersection point of cell wall component sorting
and transport (Sinclair et al., 2018). The function of the TGN is
regulated by many molecular determinants including RAB
GTPases, soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs), tethers, and various structural and
accessory proteins/regulators of pH homeostasis (Rosquete
et al., 2018). SNARE proteins, including syntaxins, are required
for vesicle fusion with the target membrane (Bombardier and
Munson, 2015). Syntaxins are representing a subfamily of SNAREs
residing in different compartments of the endomembrane path-
way (Sanderfoot et al., 2000). Among these is the TGN-localized
SYNTAXIN OF PLANTS61 (SYP61), which is proposed to form

complexes with theVTI1-type v-SNARE VTI12 and either SYP41 or
SYP42 atthe TGN, and to play a key role in protein secretion to the
PM (Sanderfoot et al., 2001; Li et al., 2017).

In our prior work, we established a vesicle immuno-isolation
method for the characterization of vesicles displaying the TGN-
localized SYP61 and determined their proteome (Drakakaki et al.,
2012). Among the vesicle cargo were proteins involved in cell wall
biosynthesis and metabolism, including cellulose synthases,
linking SYP61 to the transport of cell wall components (Drakakaki
et al., 2012). The study revealed the presence of TGN residents
ECHIDNA (ECH) and the YPT/RAB GTPase-interacting protein
(YIP) family members, which are implicated in the secretion of
pectin and xyloglucan (XyG; Gendre et al., 2011, 2013; McFarlane
etal.,2013). Taken together, these studies point to a critical role for
SYP61 in post-Golgi trafficking and potentially in cell wall
deposition.

Most of our current cell wall polysaccharide transport knowl-
edge is derived from immunohistochemical electron microscopy
analyses using a very limited number of antibodies (Abs) raised
against polysaccharide epitopes (Moore et al., 1986, 1991; Moore
and Staehelin, 1988; Lynch and Staehelin, 1992; McFarlane et al.,
2008; Young et al., 2008; Kang et al., 2011). A seminal study in
sycamore maple (Acer pseudoplatanus) cells points to an as-
sembly line model, consisting of the initial biosynthesis of the XyG
backbone followed by the addition of side chains in Golgi sub-
compartments, with the TGN largely exhibiting fully substituted
XyG glycans (Zhang and Staehelin, 1992). Similarly, synthesis of
the pectin backbone is thought to take place in the cis-medial
Golgi, with subsequent completion in the medial cisternae (Zhang
and Staehelin, 1992). However, in tobacco (Nicotiana tabacum)
BY-2 cells, XyG biosynthesis was postulated to start at the cis-
Golgi (Chevalier et al., 2010).
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Figure 1. Structural Polysaccharide Transport and Deposition, and Our Hybrid Methodology for Vesicle Glycomic Analysis.

(A) Schematic representation of structural polysaccharide synthesis, transport, and deposition.
The structural polysaccharides XyG and pectin are synthesized in the Golgi and transported via trans-Golgi-derived vesicles to the apoplast. The type of

vesicles carrying specific polysaccharide cargo to the cell wall is unknown.

(B) Schematic representation of vesicle isolation and glycome identification. Plant extracts derived from liquid-grown plantlets are sucrose (Suc) frac-
tionated. The enriched vesicles are isolated from the Golgi/trans-Golgi network—enriched Suc fractions with the aid of an Ab against a target protein. Green

ellipsoids represent the SYP61 bait protein.

(C) Vesicle cargo release and glycome analysis. Vesicle cargo is released by sonication for glycome analysis. An ELISA-based method of glycome detection
is used, and the resulting data are summarized in aheatmap for analysis. EE, early endosome; mADb, glycan-directed mAb; SV, secretory vesicle; TGN, trans-

Golgi network.

The type of vesicle used in polysaccharide transport varies with
species, tissue, and cell differentiation pattern; this adds an extra
layer of complexity to the dissection of polysaccharide transport
(Lynch and Staehelin, 1992; Toyooka et al., 2009; Wang et al.,
2017). So far, a limited number of subcellular markers have been
associated with this process. In Arabidopsis (Arabidopsis thali-
ana), the Rab GTPase RABA4B localizes to a TGN subdomain
containing fucosylated (FUC)-XyG and is overlapping with SYP61
(Kang et al., 2011). Based on immunostaining of tobacco BY-2
cells, the SECRETORY CARRIER MEMBRANE PROTEIN2 vesi-
cles are implicated in pectin transport (Toyooka et al., 2009).
Overall, following polysaccharide biosynthesis, Golgi secretory
vesicles are involved in polysaccharide transport; however, their
nature and cellular determinants remain largely unknown. This can
be partially attributed to technical challenges in biochemically
determining polysaccharide cargo in specific vesicles.

The development of methodologies that can allow large-scale
analysis of glycans in isolated vesicles will clarify polysaccharide
and glycoprotein transport. Numerous analytical approaches
for determining carbohydrate composition at the organismal
and organ scales are currently available (Nevins et al., 1967;
Selvendran and O’Neill, 1987; Foster et al., 2010; Pettolino et al.,

2012). These are often laborious and are unsuitable for analyzing
cell wall polymers in endomembrane vesicles. An alternative
technique, oligosaccharide mass profiling (OLIMP), utilizes spe-
cific glycosyl hydrolases to digest cell wall polysaccharides to
soluble oligosaccharides detectable by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (Obel
et al., 2009; Gunl et al., 2010; Voiniciuc et al., 2018). Analyzing
Arabidopsis Golgi-enriched microsomal fractions by OLIMP
showed that in the Golgi apparatus, XyG oligosaccharides with
a lower level of substitution are more abundant than XyG oligo-
saccharides with a higher degree of substitution (Obel et al., 2009;
Gunl et al., 2011). However, overall, this approach has limitations,
since it is not possible to separate contributions of the Golgi or the
endoplasmic reticulum (ER) from those of the TGN. The appli-
cation of OLIMP to characterize specific vesicle populations has
yet to be demonstrated. Fourier transform infrared spectroscopy
can provide information about the overall composition of the cell
walll, but it lacks the resolution to identify specific polymer types,
particularly at the subcellular level (McCann et al., 1992; Badhan
et al., 2017). Additionally, the fluorescent labeling and imaging
of sugars with azido-containing fluorophores by the click reac-
tion (Anderson et al., 2010, 2012; Wallace and Anderson, 2012;
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Hoogenboom et al., 2016; Wang et al., 2016) provides limited
information regarding the substitutions of the glycosyl chains.

To date, no suitable glycomic approaches capture both the
polysaccharide contents of specific vesicle populations and the
detailed polysaccharide structures therein beyond a rough, low-
resolution estimate. Cell wall glycan—directed Abs are an elegant
alternative for the identification of plant cell carbohydrates (Moller
et al., 2008; Pattathil et al., 2010; Pedersen et al., 2012). Mono-
clonal Abs (mAbs) can bind to their epitopes with high selectivity
and affinity (K4 ~10-6 M; Mller-Loennies et al., 2000; Bee et al.,
2013) and are therefore highly sensitive, specific, and efficient
probes. The latter aspect is of paramount importance when the
quantity of the sample is severely limited, such as in the caseof
endomembrane vesicles. In glycome profiling, Ab libraries are
paired with an automated large-scale ELISA approach, allowing
the fingerprinting of plant cell wall glycan samples with high
sensitivity and a lower detection limit, falling within the range of
~300 pg of crude carbohydrate material. The use of these Abs has
yielded important insights into the biosynthesis, structure, and
function of cell wall polymers and the spatiotemporal distribution
of carbohydrates in species ranging from algae to Arabidopsis to
biofuel feedstocks (Freshour et al., 1996; Willats et al., 1998;
McCartney et al., 2005; Marcus et al., 2008; Moller et al., 2008;
Pattathil et al., 2010, 2015a, 2015b; Ralet et al., 2010; Serensen
and Willats, 2011; Avci et al., 2012; Pedersen et al., 2012;
Cornuault et al., 2015; Leroux et al., 2015; Raimundo et al., 2016;
Peralta et al., 2017; Ruprecht et al., 2017) Thus, the exploitation of
a wide collection of polysaccharide-directed mAbs has great
utility in the dissection of polysaccharide transport and deposition
at the subcellular level.

Facile methodologies allowing oligosaccharide analysis from
subcellular compartments can provide vital information for
charting individual transport routes controlling polysaccharide
and glycoprotein deposition into the cell wall. Yet, polysaccharide
profiles of specific isolated vesicle populations are not currently
available. This leaves unanswered, long-standing questions re-
garding the identities of distinct secretory pathways carrying
polysaccharides to the apoplast (Figure 1A). In our previous
studies, proteomic analysis of SYP61 vesicles revealed the
presence of cargo involved in cell wall biosynthesis and metab-
olism, including cellulose synthases, implicating SYP61 in cell wall
component transport (Drakakaki et al., 2012). The present study
represents the next step in our analysis, namely, the identification
of the polysaccharide cargo in Golgi/TGN-enriched fractions and
isolated SYP61 TGN vesicles.

By combining our vesicle isolation methodology with a large-
scale automated carbohydrate Ab arraying methodology using an
ELISA amplification step, we were able to chart an initial map
describing the glycome profile of the SYP61 TGN vesicles.
Screening of more than 155 carbohydrate epitopes revealed
trafficking and sorting of diverse glycans of pectins, XyGs, and
structural cell wall glycoproteins through this compartment. Our
findings were corroborated via changes in XyG- and pectin-
specific epitope labeling patterns in the Arabidopsis SYP61
mutant syp61/osm1 (osmotic stress-sensitive mutant1) versus
that of the wild type. Consolidation of these data allowed us to
formulate the hypothesis that SYP61 resides in a TGN com-
partment involved in the transport of structural polysaccharides.

While this approach was used to assay SYP61 vesicles in this
study, extending this methodology to other vesicle types and
subcellular compartments can contribute to a more compre-
hensive understanding of the highly dynamic, regulated transport
of carbohydrates and glycoproteins through the endomembrane
systemand of various vesicle populationsin plant as well as animal
systems.

RESULTS

Development of a Hybrid Method for Large-Scale Glycome
Analysis of Endomembrane Vesicles

The similar physicochemical properties and sizes of secretory
vesicles do not allow for a selective separation using standard Suc
gradients, a shortcoming that an immuno-isolation approach can
overcome with the aid of a bait protein on the vesicle surface
(Drakakaki et al., 2012). Furthermore, the currently used analytical
methods for carbohydrates are unsuitable for profiling vesicle
populations; thus, ELISA using carbohydrate Abs is a promising
method for overcoming this limitation (Pattathil et al., 2012).

In an effort to develop a high-resolution glycome profile of
a defined population of plant vesicles, we developed a hybrid
method taking advantage of two complementary approaches:
vesicle immuno-isolation and large-scale glycomic ELISA, using
a library of Abs recognizing specific noncellulosic carbohydrate
epitopes (Figures 1B and 1C). In our proof-of-concept study, we
used vesicles characterized by SYP61, based on the hypothesis
that the SYP61 pathway is involved in protein secretion and the
trafficking of cell wall components (Drakakaki et al., 2012; Li et al.,
2017). SYP61 vesicles were separated from Arabidopsis plants
expressing SYP61:CFP-SYP61 (cyan fluorescent protein) using
a two-step procedure comprising Suc gradient fractionation of
a Golgi/TGN-enriched fraction, followed by immuno-purification
with Abs against green fluorescent protein (GFP) that recognize
the CFP protein, as previously described in detail (Figure 1B;
Drakakaki et al., 2012; Park and Drakakaki, 2014).

We used two independent matrixes (magnetic and non-
magnetic agarose beads) for GFP-Ab coupling in our vesicle
isolation step (Figures 2 and 3; Supplemental Figures 1 to 3;
Supplemental Data Sets 1 and 2). In one approach, we used
magnetic agarose beads coupled to anti- GFP Abs (GFP-Trap_
MA, ChromoTek) and compared the three replicates of immuno-
isolated SYP61 vesicles against three independent types of
negative controls to demonstrate the reproducibility of the SYP61
vesicle glycome profiling. Wild type Col-0 and CFP-SYP61
seedlings were subjected to all steps of isolation, while an ad-
ditional set of controls using non-Ab—coupled beads (immuno-
precipitation [IP] control; Figure 2; Supplemental Data Set 1B) was
used to address and rule out potential unspecific vesicle binding.
Cumulatively, these controls included (1) the wild type Col-0 TGN/
Golgi-enriched Suc gradient fractions immuno-purified against
GFP-Trap_MA (Figure 2B, Col-0 isolates) and (controls 2 and 3)
CFP-SYP61 and the wild type Col-0 TGN/Golgi-enriched fractions
immuno-isolated against magnetic agarose beads not coupled to
GFP Abs (IP control; Figure 2B). Each of these preparations was
performed in triplicate (Figure 2; Supplemental Data Set 1B). The
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Figure 2. Glycome Profiles of Golgi/TGN-Enriched Fraction and SYP61 Isolated Vesicles.

(A) and (B) Glycome profiling of Golgi/TGN-enriched fractions of CFP-SYP61 and wild type Col-0 (A) and the SYP61 isolated vesicles (B). Interrogation with
155 plant cell wall glycan-directed mAbs of the Golgi/TGN Suc fraction prior to vesicle immuno-isolation (A), and the isolated SYP61 vesicles and negative
controls (B). White-to-red scales indicate signal intensity in the ELISAs, with white corresponding to no binding and red to strong binding. Enlarge on screen
to view mAbs IDs within each Ab cluster. Heatmaps are a visual representation of the Ab binding intensities represented in Supplemental Data Set 1.
(A) Glycome profiles for the Golgi/TGN fractions of CFP-SYP61 and wild type Col-0 plants.

(B) Glycome analysis of SYP61 vesicles compared with negative controls. Three types of negative controls were included to verify the significance of the
results.

SYP61 vesicles, vesicles isolated with the aid of GFP-magnetic agarose beads from CFP-SYP61 Golgi/TGN fractions. Negative controls of vesicle isolation:
SYP61 IP control, vesiclesisolated from CFP-SYP61 TGN/Golgi fraction with non-Ab-coupled magnetic agarose beads. Col-0isolates, isolates with the aid
of GFP-magnetic agarose beads from the wild type Col-0 Golgi/TGN fractions. Col-0 IP control, isolates from the wild type Col-0 TGN/Golgi fraction with
non-Ab-coupled magnetic agarose beads. Rep, biological replicates of independently grown seedling sets.

The cross symbols in (B) adjacent to the heatmap indicate statistically significant enrichment of glycans in isolated vesicles compared with the negative
controls as shown in Supplemental Data Set 3. The list of mAbs is enlarged to the right.
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Figure 3. Glycome Profiles of TGN, Isolated SYP61 Vesicles, and CFP-SYP61 Cell Walls.

(A) to (C) Interrogation of CFP-SYP61 Golgi/TGN (A), isolated CFP-SYP61 vesicles (B), and Arabidopsis CFP-SYP61 seedling cell walls (C) with 155 plant
cell wall glycan-directed mAbs.The mean of three biological replicates is shown.

Data in (B) represent differential heatmaps, with background from all negative control vesicles subtracted to demonstrate polysaccharide enrichment in
vesicles. Galactosylated XyG epitopes (XLXG, XXLG, and XLLG) recognized by the mAbs CCRC-M87, CCRC-M88, CCRC-M93, CCRC-M95, CCRC-M101,
and CCRC-M104 are indicated by circles. Statistical significance of each Ab binding compared with all the negative controls is shown in Supplemental Data
Set 3.

(C) Glycome profiling of CFP-SYP61 seedling cell walls. Sequentially extracted cell wall material derived from wild type Col-0 plants expressing CFP-SYP61
was analyzed using glycome profiling with the glycan-directed mAbs. Bars at the top indicate milligrams per gram of cell wall AIR. In each lane, 0.3 ng of Glc
equivalent amounts of polysaccharides was applied. Labels at the bottom specify the different fractions assayed. Accompanied data are presented in
Supplemental Data Set 4.

White-to-red scales indicate signal intensity in the ELISAs, with white corresponding to no binding and red to strong binding. Enlarge on screen to view mAbs
IDs within each Ab cluster.The list of mAbs is enlarged to the right.


http://www.plantcell.org/cgi/content/full/tpc.18.00854/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00854/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00854/DC1

purity of the isolated vesicles was verified using the ER marker, the
prevacuolar compartment marker SYP21, and the PM H*ATPase,
detecting for possible ER, prevacuolar compartment, and PM
contaminants that can potentially be present in the TGN/Golgi
Suc-enriched fraction (Supplemental Figure 1). These con-
taminants were eliminated in the isolated vesicles (Supplemental
Figure 1), as previously shown (Drakakaki et al., 2012), which is
amajor advantage of immuno-isolation over a simple general Suc
gradient that has been commonly used for organelle purification of
Golgi/TGN.

The Glycan Profile of the SYP61 Isolated Vesicles and the
Robustness of the Approach

Toidentify the glycans that are presentin SYP61 isolated vesicles,
we used an ELISA-based glycome assay using a comprehensive
set of 155 cell wall mAbs directed against diverse noncellulosic
polysaccharide epitopes. With this approach, we charted the
extensive glycome profiles of Golgi/TGN-enriched fractions and
the isolated vesicles (Figures 2A and 2B; Supplemental Data Sets
1A and 1B). The heatmaps in Figure 2 are a visual representation of
the ELISA intensities of polysaccharide Ab binding; the numerical
values are provided in Supplemental Data Set 1. The mAbs were
grouped in 32 distinct clusters, with each group representing
epitopes within a particular polysaccharide class that are shared
by that group of mAbs, as indicated by a color code on the right
side of each heatmap (Pattathil et al., 2010, 2012). As shown in
Figure 2A, adiverse array of polysaccharide glycans are presentin
the Suc gradient-enriched Golgi/TGN fractions, including highly
substituted and less substituted XyGs, pectins, arabinogalactan
proteins (AGPs), and to a lesser extent xylans and galactomannans.
Comparison of the glycomes between the CFP-SYP61 and
Col-0 Golgi/TGN Suc fractions using linear regression analysis
illustrated the robustness of the TGN/Golgi isolation and glycan
profiling procedure, and it further confirmed that the CFP-SYP61
fusion protein does not affect the glycan profiles (Figure 2A;
Supplemental Figure 4A).

The sensitivity of the ELISA/glycome approach allowed us to
chart the profile of the isolated SYP61 vesicles. Interestingly, the
isolated SYP61 vesicles included a diverse array of both structural
polysaccharides, namely, XyGs and pectins, as well as those of
AGP glycans. Notably, FUC-XyG, as well as non-FUC, less
substituted epitopes of XyG, were present in the SYP61 vesicle
population (Figure 2B; Supplemental Data Set 1B) and are rep-
resented by different mAb clusters in the heatmap. In addition,
pectin epitopes, including homogalacturonan (HG) backbones
and a diverse array of complex glycans, represented by rham-
nogalacturonan | (RG-l)/ arabinogalactan (AG) mAb clusters were
detected in the isolated vesicles (Figure 2B; Supplemental Data
Set 1B). To address the statistical significance of the identified
glycans in the isolated SYP61 vesicles, we analyzed the intensity
values of Ab binding in the isolated vesicles compared with all of
the negative controls (nine repeats) using one-way analysis of
variance. Statistically significant enrichment information (reported
as P-values)is shown for each mAb binding in the isolated vesicles
(Supplemental Data Set 3). In total, ~70% of the Abs showed
glycan enrichment in the isolated SYP61 vesicles compared with
the controls. In order to contextualize the nascent glycans
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synthesized in the Golgi apparatus with those transported in
SYP61 vesicles and the cell wall, the glycome profile of theisolated
vesicles (Figure 3B) is shown in comparison with that of the Golgi/
TGN (Figure 3A) and the cell wall of whole Arabidopsis CFP-SYP61
seedlings (Figure 3C). Qualitative interrogation of the carbo-
hydrate profiles across the Golgi/TGN-enriched fractions
(Supplemental Data Set 1A), the isolated SYP61 vesicles
(Supplemental Data Sets 1B and 3), and the total cell wall (Figure 3;
Supplemental Data Set 4) affords insights into the progression and
modification of polysaccharides during biosynthesis, transport,
and integration into the cell wall. Interestingly, many of the glycans
present in the isolated vesicles correspond to those found in the
cell wall, suggesting that they are already in their final form during
transport in the SYP61 vesicles.

In an independent set of experiments, we used an agarose-
based matrix coupled with GFP Abs for vesicle isolation, as pre-
viously described (Drakakaki et al., 2012; Park and Drakakaki, 2014).
Polyclonal IgG-coated agarose beads were used as a control ac-
cording to established methods (Kumar et al., 1997; Bonifacino et al.,
2001), to allow for broad unspecific binding, which can be subtracted
from the GFP-isolated fraction (Drakakaki et al., 2012; Park and
Drakakaki, 2014). The overall glycome profile of the isolated SYP61
vesicles using this methodology closely mirrored that of the mag-
netic beads (GFP-Trap_MA) isolation (Supplemental Figures 2 and 3;
Supplemental Data Set 2), demonstrating the robustness of the ap-
proach. Regression analysis between the two sets of experiments
further confirmed this observation (P < 0.001; Supplemental
Figure 4B), suggesting that the GFP-Ab—coupled matrix does not
interfere with the vesicle isolation procedure and that the ap-
proach can be potentially adapted for other isolation matrixes.

Diverse Xyloglucan Epitopes Are Present in SYP61 Vesicles

The SYP61 vesicle glycome contained XyG epitopes with different
degrees of modification (Supplemental Data Set 3). Several
epitopes of FUC-XyG were significantly enriched in the isolated
fraction (Figures 2 and 3; Supplemental Figures 2 and 3; see the
FUC-XG cluster, detected by four different Abs), an observa-
tion supported by previous electron microscopy studies with
CCRC-M1 (Zhang and Staehelin, 1992; Kang et al., 2011). This
demonstrates that fully substituted XyG (constituting the major
substitution of XyG in the cell wall; Figures 3B and 3C) is
transported through SYP61 vesicles already in its final form
before it is deposited to the apoplast and assembled into the
cell wall.

Notably, our study also provided unexpected insights into XyG
transit to the apoplast. Non-FUC-XyG epitopes were detected by
four mADb clusters in SYP61 vesicles (Figure 3B; Supplemental
Figures 2 and 3; Supplemental Data Set 3). In these clusters, some
prominent Abs (CCRC-M87, CCRC-M88, CCRC-M93, CCRC-
M95, CCRC-M101, and CCRC-M104; Figure 3B, indicated by
circles on the left side of the heatmap) bind to galactosylated
XyG epitopes (XLXG, XXLG, and XLLG; Dallabernardina et al.,
2017). These galactosylated XyG epitopes were also present in
the biosynthetic compartment (Golgi/TGN-enriched fraction;
Figure 3A; Supplemental Data Set 1A) and cell wall extracts
(Figure 3C; Supplemental Data Set 4). The consistent presence
of galactosylated XyG epitopes across all compartments
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analyzed suggests that following biosynthesis in the Golgi
apparatus, they are transported to the apoplast through SYP61
vesicles. This is reasonable, given that non-FUC-XyG con-
stitutes a major portion of the synthesized polymer in the Golgi
(Figure 3A; Obel et al., 2009; Glinl et al., 2011) and is present in
the cell wall (Figure 3C), and thus it is transported in the same
form to the apoplast.

Altogether, our findings provide interesting insights into the
diversity of XyG glycans transported to the apoplast via TGN-
derived vesicles such as SYP61. This underscores the value of the
large-scale aspect of our methodology in identifying diverse
glycan populations transported through specific vesicle traffick-
ing pathways. With detailed knowledge of the forms that cell wall
polysaccharides are in as they leave the Golgi apparatus, and
equipped with a tool to dissect the transit pathways and detect
a wide variety of epitopes, we can begin to ask precise questions
about where and how cell wall polysaccharide constituents are
made and modified. This will help to clarify long-standing ques-
tions about what occurs between polysaccharide synthesis and
their transport and deposition/modification in the cell wall.

Interestingly, the xylan clusters showed relatively low enrich-
ment, with no statistical significance, for half of the Abs tested
against the isolated vesicles (Figure 3B; Supplemental Data Set 3,
see xylan clusters). Similarly, galactomannans were not signifi-
cantly enriched in the isolated SYP61 vesicles. This likely reflects
the low abundance of xylan and galactomannan glycans in the
TGN/Golgi-enriched Suc gradient fractions compared to other
structural polysaccharides (Figure 3A).

Pectin Epitopes Are Present in SYP61 Isolated Vesicles

The SYP61 vesicular glycome contained pectin epitopes with
various degrees of substitution that were significantly enriched for
39 mAbs (Figure 3B; Supplemental Data Set 3, see pectin clus-
ters). This observation complements earlier reports of RG-I
components in the TGN (Zhang and Staehelin, 1992; McFarlane
etal., 2008) based on a limited number of Abs (CCRC-M2, CCRC-
M7, CCRC-M36, and JIM7) and identifies a wide range of epitope
configurations of the pectin polymer that are transported via
SYP61 vesicles. Both HG and diverse RG-I/AG (pectic-AG)
epitopes, detected by a broad cluster of Abs against RG-I/AG and
methyl-esterified HG backbones, were enriched in the SYP61
vesicles (Figures 2B and 3B; Supplemental Figures 2 and 3;
Supplemental Data Set 3). RG-I/AG epitopes were identified in the
Golgi/TGN fraction (Figure 3A), the isolated SYP61 vesicles
(Figure 3B; Supplemental Figures 2 and 3), and the cell wall
fraction (Figure 3C). This demonstrates that pectin backbone and
pectic-AG glycans are transported from the point of synthesis
(Golgi/TGN), through a SYP61 pathway to the cell wall.

Further mining of the pectin glycome of SYP61 isolated vesicles
lead to interesting observations and generated hypotheses on
pectin modification and transport. Both methyl-esterified and de-
esterified/partially esterified pectin glycans were detected in the
SYP61 isolated vesicles with the aid of CCRC-M131, CCRC-M38,
JIM5, JIM7, and JIM136 Abs (Figure 3B; Supplemental Data Set 3,
clusters HG-backbone 1, 2). To verify this result, we imaged pectin
in double immunofluorescently labeled sections of high-pressure
frozen and freeze-substituted Arabidopsis CFP-SYP61 roots. We

used JIM5, one of the three mAbs (JIM5, CCRC-M38, and CCRC-
M131) recognizing low-esterified HG, in SYP61 isolated vesicles
(Figure 3B). Colocalization of CFP-SYP61 with JIM5 epitopes
indicates transport of these glycans via SYP61 vesicles
(Supplemental Figure 5). Given that JIM5 also binds strongly to the
isolated cell wall extracts (Figure 3C; Supplemental Data Set 4)
and that its epitope is also present in the Golgi/TGN-enriched
fraction (Figure 3A; Supplemental Data Set 1A), this further
demonstrates that a portion of partially esterified pectin is
present in the Golgi/TGN and is transported through endo-
membrane vesicles to the cell wall. Interestingly, minimal or no
significant enhancement of RG-I backbone epitopes was ob-
servedintheisolated vesicles (Figure 3B; Supplemental Figure 3;
Supplemental Data Set 3), presumably due to their low con-
centration levels in the Golgi/TGN-enriched fraction prior to the
vesicle isolation step (Figures 2A and 3A). Furthermore, the
binding of only one Ab in the mucilage-type pectin mAb cluster
was significantly enriched in the SYP61 vesicles (Figure 3B;
Supplemental Data Set 3), suggesting there might be selective
transport of this epitope in SYP61 vesicles.

Notably, a significant enrichment was observed for AG epito-
pes, which were highly abundant throughout the Golgi/TGN-
enriched fraction (Figures 2A and 3A), the SYP61 vesicles (Figures
2B and 3B; Supplemental Data Set 3), and the cell wall (Figure 3C).
The binding of 23 mAbs was enriched in the AG clusters. Interesting,
the binding intensities of some mAbs recognizing AGPs, namely,
MAC207, JIM14, and JIM133 (Pennell et al., 1989; Knox et al., 1991;
Ruprecht et al., 2017), were enriched in the isolated SYP61 vesicles.
This is indicative of an AGP trafficking route through the Golgi, via
SYP61/TGN vesicles to the cell wall. Altogether, our data show the
presence of a diverse population of pectic glycan and AGP epitopes
in SYP61 TGN vesicles and indicate what may be a common
polysaccharide transport pathway to the apoplast.

Pectin and XyG Deposition Is Altered in the syp61/osm1
Mutant, Validating the Glycome Profile Analysis

Analysis of the glycome profiles of the SYP61 vesicle cargo
established that these vesicles carry diverse XyG and pectin
glycans. To corroborate the effect of the SYP61 pathway on
polysaccharide transport, we examined the pattern of poly-
saccharide deposition in the syp61/osm1 mutant. The osm1
mutant features a T-DNA insertion in SYP67 that results in an
aberrant transcript altering SYP61 function, leading to osmotic
stress hypersensitivity and trafficking defects of the PM aquaporin
PIP2a;7 (Zhuetal.,2002; Hachez et al.,2014). Given that no SYP61
knockout mutant has thus far been characterized, most likely due
to lethality, we reasoned that syp61/osm1 is currently the best tool
to provide some insights into the impact of the SYP61 com-
partment on polysaccharide deposition. We hypothesized that the
trafficking defects in syp61/osm1 also ultimately lead to poly-
saccharide changes in the cell wall.

We first examined the cell wall profile of the syp61/osm1 mutant
compared with the wild type parental line C24. Cell wall analysis of
the Arabidopsis syp61/osm1 mutant showed a reduction in pectin
content and polymer diversity compared with the wild type C24
(Figures 4A and 4B; Supplemental Data Set 5A, cell wall content
and Supplemental Data Set 5B, ratio of osm1/C24 cell wall
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Figure 4. Distinct Cell Wall Glycome Profiles and Patterns between Wild Type and the syp671/osm1 Mutants.

(A) and (B) Cell wall glycome profiling of wild type C24 (A) and of mutant seedlings (B). Sequentially extracted cell wall material was analyzed using glycome
profiling with the glycan-directed mAbs as described in Figure 3C. A white-to-red scale indicates signal intensity in the ELISA heatmap as described before.
Black bars at the top indicate milligram per gram of cell wall AIR. Ineach lane, 0.3 g of Glc equivalent amounts of polysaccharides was applied. The heatmap
is a visual representation of Supplemental Data Set 5.

(C) Pectin backbone labeling with CCRC-M131 in the C24 wild type background. CCRC-M131 labeling showed a distinct three-way junction pattern (arrow)
in the C24 control. Insets show a close-up view of a three-way junction pattern. Green indicates staining with CCRC-M131, and blue represents cellulose
staining with calcofluor white.

(D) Pectin backbone labeling with CCRC-M131 in syp61/osm1 roots. Labeling with CCRC-M131 in the syp61/osm1 mutant displays mostly afilled junction
pattern (arrow) forming a different outline compared with the control. Insets show afilled junction in cell corners. Green indicates staining with CCRC-M131,
and blue represents cellulose staining with calcofluor white. Images in (C) and (D) represent transverse root tip sections. Bars = 10 um.

(E) Quantification of three-way junction labeling versus filled junction by CCRC-M131. The percentage of total analyzed cell corners displaying a three-way
junction labeled by CCRC-M131 is reduced in the syp61/0sm1 mutant compared with the wild type control C24 (t test, **P < 0.001). The percentage of total
cell corners displaying a filled junction pattern labeled by CCRC-M131 is significantly higher in the syp671/osm1 compared with the wild type control C24
(t test, **P < 0.001). Thin bars represent sk.


http://www.plantcell.org/cgi/content/full/tpc.18.00854/DC1

636 The Plant Cell

glycomes; see oxalate and carbonate cell wall fractions). AG
epitope detection was also reduced in the syp61/osm1 cell wall
extracts compared with C24 (Figures 4A and 4B; Supplemental
Data Sets 5A and 5B, clusters RG-I/AG through AG-4), cor-
roborating the finding from our vesicle cargo analysis that these
glycans are packaged into SYP61 vesicles en route to the
cell wall.

Furthermore, as proof of concept, we examined pectin de-
position in Arabidopsis roots using the CCRC-M131 mAb;
this mAb recognizes a de-esterified HG backbone epitope, an
epitope significantly enriched in the SYP61 vesicle glycome
(Supplemental Data Set 3). Our analysis of cell corners of labeled
transverse root sections revealed a pattern in the syp61/osm1
mutant that differed from that of the C24 control (Figures 4C and
4D). In the C24 wild type control, CCRC-M131 discretely labeled
the corners of three-way junctions (Figure 4C). By contrast,
contiguous labeling of the corners was observed at the inter-
connections of osm1 root cells (Figure 4D). Quantitative analysis of
the three-way junction labeling as a percentage of analyzed
corners (C24 versus osm1) showed a significant reduction in the
number of organized three-way labeling patterns in mutant cell
corners and an increased number of aberrant, filled junction la-
beling (P < 0.001; (Figure 4E; Supplemental Table), suggesting an
altered pectin deposition and assembly pattern as defined by
CCRC-M131. Altogether, the data demonstrate that the SYP61
compartment plays a role in the targeted delivery of pectins and
that interfering with this pathway alters the pectin deposition
pattern into the cell wall.

Given that SYP61 vesicles also carry XyG (Figures 2 and 3B), we
expected to observe a modified glycome profile of XyG in the
syp61/osm1 mutant’s cell wall fraction. We detected an increased
signal for XyG mAbs in the oxalate and carbonate extracts fromthe
syp61/osm1 mutant compared with the same extracts from the
wild type C24 control (XG clusters, Figure 4B). The increase in
the levels of XyG glycans compared with other polysaccharides
(pectins and AGPs) might result from a compensatory mechanism
that feeds back in response to cell wall modifications and traf-
ficking defects. As a case study, we further validated cell wall-
changes using two selected Abs from the XyG clusters via
immunocytochemistry of transverse root sections. Labeling with
CCRC-M1 (Figures 5A and 5B), detecting FUC-XyG epitopes
and CCRC-M88, detecting galactosylated XyG epitopes
(Figures 5D and 5E; Puhlmann et al., 1994; Freshouretal., 1996;
Dallabernardina et al., 2017), showed an increase in fluores-
cence signals in the epidermis of syp61/osm1 mutant roots com-
pared with the C24 control. Quantitative analysis determined
that the increase in CCRC-M1 and CCRC-M88 labeling in the
syp61/osm1 mutant was statistically significant (P < 0.001; Figures
5C and 5F; Supplemental Table). The overall root tip morphology,
visualized with propidium iodine staining (Supplemental Fig-
ure 6), did not show any discernible morphological differences
forsyp61/osm1compared with the wild type C24, demonstrating
that the observed differences were truly due to changes in
polysaccharide deposition patterns and not an indirect effect of
changes in root morphology. Nonetheless, further detailed
analysis of root development in this mutant is required to ex-
amine possible phenotypic changes in syp61/osm1 that may
have not been detected in the current assay. Overall, the

agreement between the immunostaining analysis and the cell
wall glycome profile clearly demonstrates that interfering with
the SYP61 pathway affects XyG deposition into the cell wall.

DISCUSSION

Given the critical role of the endomembrane system in poly-
saccharide and glycoprotein biosynthesis and deposition, the
identification of cargo through the various dynamic transport
routes is vital for a comprehensive understanding of these pro-
cesses during plant development and stress responses. Here, we
show that with our hybrid approach, it is possible to identify the
large-scale glycan content from a selected population of specific
vesicles separated by immuno-isolation. The large-scale aspectis
only limited by the number of mAbs present in the collection and
can be expanded with the availability of new Abs. In mammalian
systems, the use of lectin arrays has been explored to identify
surface glycoproteins in extracellular vesicles (Saito et al., 2018;
Williams et al., 2018), but this work did not make use of a large-
scale polysaccharide Ab array. Given the high specificity of mAbs
compared with lectins (Cummings and Etzler, 2009), our hybrid
approach is very promising for detecting specific glycan pop-
ulations in isolated vesicles. Furthermore, with the versatility and
robustness of our approach, the method can be adapted for
different forms of purification matrices, a field that can be further
explored in the future.

The identified glycome of SYP61 vesicles revealed a diverse
population of glycans including pectins, XyGs, and AGPs, sug-
gesting that a constitutive pathway exists for polysaccharide and
glycoprotein secretion in plant cells. Earlier studies of XyG and
pectin epitope colocalization in transport vesicles of red clover
(Trifolium pratense) root tips (Lynch and Staehelin, 1992) indicated
such a scenario, corroborating our findings. This provides a fresh
perspective on matrix polysaccharide transport, which now can
be investigated in depth by glycome analysis of different vesi-
cle types and immunocytochemistry using the mAbs showing
modulated binding in this study.

Many important insights were gained by this large-scale
analysis, although the data have not been exhaustively ana-
lyzed. The SYP61 vesicles contained several XyG epitopes, in-
cluding both FUC and non-FUC types. In an earlier study, low
substituted XyG oligosaccharides were identified in enriched
Golgi microsomes compared with the cell wall (Obel et al., 2009;
Gunl et al., 2011), indicating incomplete stages of the polymer in
the Golgi-enriched fraction. Since both FUC and non-FUC XyG
epitopes are present in the Arabidopsis cell wall (Figure 3C; Obel
etal., 2009), we propose that these diverse glycans are generated
in Golgi/TGN and are transported as such to the apoplast in their
final form for assembly. This is supported by the higher order
complexes that reside in Golgi/TGN (Chou et al., 2012; Lund et al.,
2015), producing a diverse set of XyG substitutions. The mAbs that
bind to these glycans can be interrogated in depth using immu-
nocytochemistry and genetics to pinpoint the transitions from the
point of synthesis to the assembled cell wall. Given the absence of
the FUCOSYLTRANSFERASE1 in the SYP61 proteome, it is
unlikely that any XyG fucosylation takes place en route to the
apoplast (Drakakaki et al., 2012). Presumably, these subtly dif-
ferent versions of XyG are also modified during their transport and
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Figure 5. Xyloglucan Staining Is Enhanced in the Root Epidermis of the syp61/osm1 Mutant.

(A) and (B) Labeling with CCRC-M1 detecting FUC-XyG in transverse root sections of wild type C24 and syp61/osm1. More pronounced labeling is observed
in the epidermis of the syp61/osm1 mutant (B) compared with the wild type C24 (A).
(C) Quantitative analysis of fluorescence in the epidermis shows increased labeling with CCRC-M1 in the syp61/0osm1 mutant compared with the wild type

C24 control (t test, ***P < 0.001). Thin bars represent skt.

(D) and (E) Labeling with CCRC-M88 detecting non—-FUC-XyG in root sections of wild type C24 and syp61/osm1. More pronounced labeling is observed in
the syp61/0osm1 mutant (E) compared with the wild type C24 (D). Images in (A), (B), (D), and (E) represent transverse root sections. Bars = 20 um.
(F) Quantitative fluorescence analysis in the epidermis shows increased labeling with CCRC-M88 in the syp61/0osm1 mutant compared with the wild type

C24 control (t test, ***P < 0.001). Thin bars represent st.

incorporation into the cell wall. Glycosidases such as apoplastic
fucosidases and other apoplastic enzymes contribute to the
modification of polysaccharides during cell wall assembly and the
final structural composition into the cell wall, creating structural
cell wall diversity (Gunl etal., 2011; Frankova and Fry, 2013; Pauly
and Keegstra, 2016).

Todate, little is known about the biochemistry behind the vesicle
transport pathways of pectin polysaccharides. Our study
identified a wide range of pectin glycans, including the pectin
backbone as well as Ara- and Gal-containing RG-I in the cargo
of SYP61 vesicles. This suggests that both HG domains, along
with RG-I-containing AG side chains (pectic-AG), are being
sorted in the TGN and transported through a common vesicle
pathway to their cell wall deposition sites. Interestingly, both
methyl-esterified pectin and the partially esterified pectin HG
backbone were identified in the isolated SYP61 compartment,

in contrast to the current belief that pectins are secreted in
a highly methylesterified form (Caffall and Mohnen, 2009). This
suggests that both forms of pectin may exist throughout the
endomembrane system.

The overall involvement of the SYP61 pathway in structural
polysaccharide transport and deposition is supported both by our
biochemical and genetic data, evidenced by changes in the cell
wall profile and pectin and XyG patterns using our in situ cell wall
labeling of the syp61/osm1 mutant. The differences observed
using in situ labeling in the syp61/osm1 mutant may be a con-
sequence of impaired TGN vesicle delivery due to the malfunction
of the SNARE SYP61, leading to changes in the deposition and
distribution of the epitope. As such, this can cause changes in
CCRC-M131 labeling of de-esterified pectin, resulting in the loss
of the distinct three-way pattern in cell junctions. An alternative
hypothesis is that other polymers masking the CCRC-M131
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epitope in the central area of the cell corners are structurally al-
tered due to overall cell wall modifications. As a result, the full cell
junctions might be exposed to CCRC-M131, leading to a loss of
the organized three-way labeling. The structural modification of
polysaccharides, rather than their abundance, can affect secre-
tory trafficking, as was previously shown for the galactosyl-
transferase mur3-3 mutant (Kong et al., 2015). Hence, feedback
mechanisms involving cell wall modifications can further affect
the overall endomembrane system pathways and their poly-
saccharide cargo. This, in turn, can affect the polysaccharide
distribution in the cell wall.

The proteome cargo of SYP61 vesicles includes PECTIN
METHYLESTERASE1, which has also been identified in several
TGN proteomes (Drakakaki et al., 2012; Nikolovski et al., 2012;
Groen et al., 2014; Heard et al., 2015). A plausible hypothesis is
that the trafficking of PECTIN METHYLESTERASET is altered in
syp61/osm1, thus leading to localized cell wall changes in pectin
modification and assembly.

While our data provide strong evidence for the role of the SYP61
pathway in the transport of structural polysaccharides, we do not
yetknow how many additional pathways are involved in the same
process. Mutants of proteins identified in the SYP61 vesicle
proteome, including ECH and the YIP family of RAB GTPase-
interacting proteins, also display defects in pectin and XyG
secretion (Gendre et al., 2011, 2013; McFarlane et al., 2013).
Furthermore, in Arabidopsis, the Rab GTPase RABA4B localizes
to a TGN subdomain containing FUC-XyG and overlaps with
SYP61 (Kang et al., 2011). This leads us to put forward the
hypothesis that SYP61, together with RABA4B, ECH, and YIP4s,
reside in a TGN subdomain involved in structural polysaccharide
transport. The SYP42/SYP43 SNARES are also part of the SYP61
proteome and regulate TGN-mediated trafficking (Uemura
et al., 2012). It would be informative to investigate poly-
saccharide secretion in mutants or corresponding vesicles for
other proteinsidentified inthe SYP61 vesicles, such as SYP4 or
RABA4B, to deepen our understanding of these trafficking
pathways. Such analysis will determine whether the SYP61
pathway specifically functions in polysaccharide transport or if
other pathways carry the same function. Scaling up vesicle
glycomics in different vesicle types using different marker
proteins of exocytic and endocytic pathways can provide in-
sights into how different pathways are involved in poly-
saccharide transport and deposition and how the division of
labor takes place.

The cell wall proteome includes glycoproteins such as AGPs,
whose underlying secretion mechanisms into the apoplast are
not wellunderstood (Tanetal.,2012; vande Meeneetal.,2017).
The detection of AGP glycan structures in the SYP61 glycome
and their altered profile in the syp67 mutant cell wall demon-
stratetheinvolvement of SYP61in AGP trafficking. Thisisinline
with the notion that AGPs are glycosylated in the Golgi ap-
paratus and thus should follow a Golgi-mediated pathway
(van de Meene et al., 2017). A Golgi-independent secretion
pathway has also been implicated for AGP glycosylation
(Wang et al., 2010; Poulsen et al., 2014; Davis et al., 2016).
However, this requires further investigation, since both the
glycosyltransferases and the AGP protein core are not lead-
erless proteins and are expected to follow canonical secretory

pathways (van de Meene et al., 2017). Given that glycosylated
proteins at the cell wall serve many functions, including sig-
naling and responses to biotic and abiotic stress (Cantu et al.,
2008; Chaliha et al., 2018; Lamport et al., 2018; Novakovic
et al., 2018), understanding the mechanisms regulating their
secretion under different stimuli is critical for determining their
functions. The approach presented here provides supporting
evidence for a TGN-mediated pathway for extracellular gly-
coproteins and an alternative means to conventional pro-
teomics toward dissecting their delivery pathways via the
endomembrane system.

In summary, our study delivers crucial evidence and maps
out diverse glycans of XyGs, pectins, and glycoproteins in
TGN vesicles isolated with the aid of the syntaxin SYP61. The
large-scale data set of glycans in SYP61 isolated vesicles
obtained in this study can be interrogated from different
perspectives (i.e., in comparison with other glycomes of
vesicles, membrane compartments, or cell walls and glycan
profiles from different species or treatments) and generate
new hypotheses for both polysaccharide and glycoprotein
transport through the endomembrane system. Ab binding
patterns in different clusters can be used to generate hy-
potheses for each epitope represented in a cluster. The
predicted Ab binding behavior can then be investigated by
biochemical andin situanalyses. This information can be used
to test individual mutants and other vesicle populations for
key factors involved in the biosynthesis, transport, and de-
position of specific glycan cargo. Moreover, exploration of our
large-scale glycan data sets in enriched Golgi/TGN and the
Arabidopsis seedling cell wall can provide a holistic per-
spective directing research in genetic, biochemical, and cell
biology studies of cell wall build up.

Future adaptation of this methodology could facilitate the
characterization of additional vesicle glycome profiles using dif-
ferent subcellular markers, contributing to a more comprehensive
understanding of how dynamic cargo shapes the endomembrane
system. Identifying specific polysaccharide cargoes in different
vesicle types and/or during different developmental stages, or
biotic and abiotic stress responses, will aid in the construction of
cell wall assembly models, incorporating information about how
plants are able to adapt to specific environments and growth
conditions.

Studies have underlined the role of the TGN and potentially
unconventional vesicle trafficking, such as through exosomal
compartments, in the plant pathogen response; however, these
studies have mainly focused on the roles of proteins or RNA
cargo under biotic stress (LaMontagne and Heese, 2017; Rutter
and Innes, 2017; Yun and Kwon, 2017; Cai et al., 2018). Exo-
somal cargo has received a lot of attention with respect to the
roles of protein and nucleic acid cargo in human disease (Bae
et al., 2018); analysis of their glycomic cargo might provide
further valuable insights (Saito et al., 2018; Williams et al., 2018).
The current study lays the foundation for dissecting cellular
pathways in both plants and animal systems by extending our
proteomics perspective with a glycomic perspective. In toto, our
methodology can lead to a more comprehensive understanding
of how the endomembrane system and its polysaccharide cargo
shape cell biology.



METHODS

Plant Material

The Arabidopsis (Arabidopsis thaliana) Col-0, C24 wild type plants; the
transgenic line CFP-SYP61 (Robert et al., 2008); and the SYP61 mutant
osm1 (Zhu et al., 2002) were used in this study. Plants were grown in
temperature- and photoperiod-controlled environments, set to long-day
(16-h-light/8-h-dark cycle) conditions, using fluorescent light (100 to
150 pmol quanta PAR m=2 s™1) at 22 to 24°C.

Vesicle Isolation

Vesicle isolation was performed using CFP-SYP61 seedlings as previously
described (Drakakaki et al., 2012; Park and Drakakaki, 2014). Briefly,
seedling cultures were grown in liquid Murashige and Skoog (MS) medium
for 12 to 14 d, and Golgi/TGN vesicles were isolated by Suc gradient
centrifugation. SYP61 TGN-enriched fractions were used for IP with the aid
of a GFP Ab that recognizes CFP (A11122; Invitrogen) and a rabbit IgG (sc-
2027; Santa Cruz Biotechnology) as control, both coupled to Protein A
Agarose beads (Invitrogen).

Alternatively, CFP-SYP61 and the wild type Col-0 Golgi/TGN-enriched
fractions were subjected to immuno-isolation using magnetic agarose
beads coupled to anti-GFP Abs (GFP-Trap_MA; ChromoTek) and non-
coupled magnetic agarose beads as controls. Immunoblot analysis was
performed using standard procedures as previously described (Drakakaki
et al., 2006a). The isolated SYP61 vesicles did not show contamination of
ER and PM or prevacuolar compartments, as described in previous studies
(Supplemental Figure 1; Drakakaki et al., 2012; Park and Drakakaki, 2014;
Wattelet-Boyer et al., 2016).

Glycome Analysis

Isolated vesicles were diluted to a total of 8 mL with double distilled water
and sonicated using a Branson sonicator on ice. The process was re-
peated three times to ensure complete disruption of vesicles. Sub-
sequently, the samples were centrifuged for 15 min at 4000 rpm, and the
resulting supernatants were immobilized onto 384-well ELISA plates and
screened using cell wall glycan-directed Abs (Pattathil et al., 2010). The
ELISA responses of these Abs to each vesicle isolate were compiled into
a heatmap using a modified version of the R-Console software (R De-
velopment Core Team, 2006). Plant cell wall glycan-directed mAbs were
obtained from laboratory stocks (CCRC, JIM, and MAC series) at the
Complex Carbohydrate Research Center (available through Carbo-
Source Services; http://www.carbosource.net) or were procured from
BioSupplies (BG1, LAMP). Additionalinformation about these Abs can be
obtained from the online database WallMabDB (http://www.wallmabdb.
net).

Tissue Fixation, Embedding, and Sectioning

Five-day-old Arabidopsis seedlings were grown vertically in 1/4 MS salts
(4.4 g L7'; Sigma-Aldrich), 0.8% agar [w/v], pH 5.7 medium. Root tip
segments of C24 and syp61/osm1 were embedded in 1% (w/v) agarose
and were fixed in glutaraldehyde (0.5% [v/v]), formaldehyde (3% [v/V]) in
microtubule-stabilizing buffer as previously described (Park et al., 2014).
Root tip segments of CFP-SYP61 were high-pressure frozen and freeze
substituted as previously described (Kang, 2010). Sections were then
infiltrated with London Resin White as previously described by Drakakaki
et al. (2006b). Transverse semithin root sections were used for immuno-
fluorescence imaging with polysaccharide-specific Abs.
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Immunocytochemistry

Resin-embedded sections were rinsed with 1X phosphate buffer saline
solution containing 0.1% (v/v) Tween 20 (1 X PBST) three times for 10 min at
room temperature. Then, 3% (w/v) BSA was applied to the sections for 1 h.
Following three rinses with 1X PBST, the sections were incubated with
primary polysaccharide Abs diluted 1:10 in 1X PBST. After overnight in-
cubation at 37°C, the sections were rinsed three times with 1 X PBST and
subsequently hybridized for 3 h with secondary Abs at 37°C. The mAbs
used, were as follows: CCRC-M131 and JIM5 for de-esterified and low
methyl-esterified HG epitopes, respectively (Pattathil et al., 2010); CCRC-
M1 and CCRC-M88 mAbs for FUC and galactosylated XyG, respectively
(Puhlmann et al., 1994; Freshour et al., 1996; Dallabernardina et al., 2017);
and JL-8 for GFP (Takara). Alexa-488- and cyanine (Cy3)-conjugated anti-
mouse IgG (Molecular Probes) and fluorescein isothiocyanate—-conjugated
anti-rat (dilution, 1:500 in 1X PBST) were used as secondary Abs. For
cellulose staining, semithin sections were rinsed with 1xX PBST three times
and incubated with calcofluor white (1% [w/v]; Sigma-Aldrich) for 5 min in
the dark. Sections were mounted in CitiFluor antifade mountant solution
(Electron Microscopy Sciences) and imaged on an SP8 confocal micro-
scope (Leica). Aminimum of six sections from different biological replicates
of independently grown seedlings were analyzed for each mAb and
genotype.

Confocal Microscopy and Image Quantification

Images were recorded on an SP8 confocal microscope using a 40X water
objective ora 100X oil objective). Fluorescent dyes were excited at 488 nm
(Alexa-488) and 405 nm (calcofluor white), and emission spectra were
collected over 500 to 550 nm (Alexa-488) and 420 to 460 nm (calcofluor
white). Fluorescein isothiocyanate was exited at 470 nm, and emission
spectra were collected over 500 to 550 nm. Cy3 was excited at 560 nm, and
emission spectra were collected at 570 to 630 nm using a 0.5 Airy unit
pinhole; sequential line-scanning and gating for Cy3 was used to minimize
crosstalk. Three-dimensional reconstructions were obtained using IMARIS
(Bitplane). Image analysis was performed using ImageJ 1.36b (http://
rsbweb.nih.gov/ij/). Data were compared using a Student’s t test. Asterisks
in the figures denote significant differences as follows: **P < 0.001.

Cell Wall Extraction and Glycome Analysis

Arabidopsis seedlings were grown for 14 d either in liquid 1/2 MS mediumin
seedling cultures (for CFP-SYP61) or for 10 d vertically in 1/2 MS salt (0.8%
agar, pH 5.7) medium. Cell wall extraction and preparation for glycomic
analysis were performed as previously described (Pattathil et al., 2012).
Briefly, alcohol-insoluble residues (AIRs) from Arabidopsis were extracted
in 80% (v/v) ethanol and washed twice in absolute ethanol and acetone and
then air-dried. AIR fractionation was performed via sequential extraction,
using 50 mM ammonium oxalate, 50 mM sodium carbonate (containing
0.5% [w/v] sodium borohydride), and 1 and 4 M KOH (both containing 1%
[w/v] sodium borohydride). Cell wall extracts were dialyzed with deionized
water (sample:water ratio, ~1:60) at room temperature for a total of 48 hand
then lyophilized and weighed. Cell wall extracts were dissolved in deionized
water, and total sugar levels were determined via a phenol-sulfuric acid
microplate assay (Dubois et al., 1956; Masuko et al., 2005). Finally, the
plates were coated with equal Glc amounts of polysaccharides (Pattathil
etal., 2012). An ELISA was used to probe the cell wall extracts against a set
of ~155 mAbs directed against noncellulosic cell wall glycans (Pattathil
et al., 2010). The ELISA responses of these Abs to each extract were
summarized into a heatmap using a modified version of R-Console soft-
ware (R Development Core Team, 2006). Background noise data generated
using no antigen (water) controls were subtracted from the mean values
obtained, making the data further error resilient and statistically significant.
ELISAs were performed with an automated platform (Thermo Fisher
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Scientific), making the data generated free of any human errors, particularly
for the color development step. Glycomic analyses using the compre-
hensive suite of cell wall glycan-directed mAbs were previously demon-
strated to generate data that reveal significant differences in the abundance
of cell wall glycan epitopes (Liang et al., 2013; Pattathil et al., 2015a). These
studies involved in-depth statistical analyses using advanced statistical
analytical tools such as JMP Genomics 6.1 (SAS Institute) and revealed that
any variation in the OD of raw data values (ranging from 0.05 to 0.1 OD) are
indeed statistically significant and thus demonstrated a significant varia-
tion in the relative abundance of epitopes detected (Liang et al., 2013).

Statistical Analysis

One-way analysis of variance was used using SAS 9.1 statistical software
(SAS Institute) to evaluate the difference between SYP61 vesicle isolates
compared with the controls. Values of SYP61 vesicle isolates were
compared with values of all the negative controls. Linear regression trends
were fitted to compare values of Golgi/TGN fractions and the re-
producibility of different types of isolated vesicle glycomes from two dif-
ferent experimental sets using either agarose- or magnetic-based beads.

Accession Numbers

Sequence data from this article can be found in The Arabidopsis In-
formation Resource database under the following accession numbers:
AT1G28490 (AtSYP61), AT1G53840 (PECTIN METHYLESTERASE?).

Supplemental Data
Supplemental Figure 1. Purity of SYP61 isolated vesicles.

Supplemental Figure 2. Glycome profiles of Golgi/TGN-enriched
fraction and SYP61 vesicles.

Supplemental Figure 3. Glycan enrichment in SYP61 vesicles
isolated in experimental set 2.

Supplemental Figure 4. Regression plots between the glycome
profiles of Golgi/TGN and between various SYP61 vesicle isolations.

Supplemental Figure 5. SYP61 partially colocalizes with JIM5
labelling of pectin glycans.

Supplemental Figure 6. Root structure morphology of C24 and
syp61/osm1.

Supplemental Table. t Test analyses in Figures 4 and 5.

Supplemental Data Set 1. Glycome profiles of isolated compart-
ments: Experimental set 1 using magnetic beads for vesicle isolation.

Supplemental Data Set 2. Glycome profiles of isolated compart-
ments: Experimental set 2 using non-magnetic beads for vesicle
isolation.

Supplemental Data Set 3. Statistical analysis SYP61 vesicle glycome
profiles.

Supplemental Data Set 4. Glycome analysis of CFP-SYP61 seedling
cell walls.

Supplemental Data Set 5. Cell wall glycomes of syp61/osm1 and WT
C24 seedlings.
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