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Abstract: The endomembrane system in plant cells enables the cell to manage and coordinate a
variety of membranous compartments so that they and their contents arrive at the right location.
The secretory pathway takes part in this complex network and has its gateway at the Endoplasmic
Reticulum. Therefore, alterations at the Endoplasmic reticulum level could condition how protein
trafficking takes place or, at least, influence how such cargo leaves this organelle. With this work,
we intended to assess how abnormalities at the Endoplasmic Reticulum would interfere with
protein sorting and trafficking. Thus, we used a novel Arabidopsis mutant - leb-2 GFP-h -, presenting
ER morphology alterations. Our results show that alterations in the leb-2 GFP-h mutant did not
disrupt PSI A/B-mCherry transport to the vacuole but influences the expression of endogenous
aspartic proteinases. Furthermore, the study of key-endomembrane genes expression revealed an
upregulation of the SNAREs AtVAMP722 and AtVAMP723. As a whole, the leb-2 mutant seems not
to interfere with vacuolar routes but may be implicated in secretion events.
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1. Introduction

The endomembrane trafficking system of eukaryotic cells is critical for essential
cellular processes, such as maintaining cellular homeostasis and proliferation, as well as
multicellular organism-specific requirements [1,2]. This network of membrane
compartments responsible for cargo molecules delivery is especially complex and well-
coordinated in plant cells, occurring along several compartmentalized organelles: the
Endoplasmic Reticulum (ER), the Golgi, the Trans-Golgi Network (TGN), the Pre-
vacuolar Compartment (PVC), the Vacuole, secretory vesicles, and endosomes [3-6]. In
plants, the secretory pathway begins in the ER. This flexible and multifunctional organelle
contacts with several other key structures in the cell, including the plasma membrane
(PM), the Golgi, endosomes, lysosomes, mitochondria, and peroxisomes, in a three-
dimensional network of continuous tubules and cisterns. Thereby, this organelle
communicates with numerous membrane compartments along both the secretory and
endocytic pathways [7-9]. Differently from what is observed in mammalian cells and
yeasts, in plants the ER is restricted to a small space between the plasma membrane (PM)
and the tonoplast of the vacuole in the cytoplasm, while maintaining its extensive
distribution and movement in the cell [10,11]. Some organisms may even produce
distinctive ER-derived structures, like the ER bodies, which are spindle-shaped storage
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spaces for the build-up of large amounts of glucosidase (PYK10), possibly involved in
plant defence mechanisms and are present in Brassicaceae plants and some related species
[12,13]. In addition, ER bodies may function as intermediates in trafficking routes to the
vacuole in response to ER stress [14], underscoring the adaptability of this organelle in
plant cells.

Conventionally, proteins trafficking through the secretory pathway are led from the
ER to the Golgi apparatus and then reach their final location, which may be the vacuole,
other compartments, or the PM [15,16]. Since plant cells have two distinct types of
vacuoles (protein storage vacuoles (PSVs), and lytic vacuoles (LVs)) and both may be
found within the same cell [17,18], it is crucial to comprehend the mechanisms and
regulation governing vacuolar trafficking, as vacuoles are essential for maintaining the
homeostasis of plant cells. Our laboratory has been especially interested in cardosin A and
cardosin B, two well-characterized aspartic proteinases (APs) found in Cynara cardunculus
[19,20]. Although highly similar in protein sequence, these enzymes are stored in different
cell compartments as plants develop [20,21]. It has been evidenced that cardosin A
differentiates its accumulation in PSVs or LVs, according to the developmental stage and
particular cellular requirements [21-24], whereas cardosin B is found extracellularly [20].
Yet, when expressed in Arabidopsis thaliana and Nicotiana tabacum, both cardosins A
and B demonstrated the same localization patterns, being found in LVs [25-27]. Such
features make cardosins puzzling and intriguing study objects, offering solid evidence for
their usefulness as reporters in studying vacuolar trafficking and vacuolar sorting
determinants (VSDs) in plants.

Plant-specific inserts (PSIs) are unique protein domains of about 100 amino acids
[28,29] found in both cardosin A and B. Since this domain exhibits multiple functions,
when isolated and in vitro, including acting as a detergent, mediating lipid membrane
interactions, exhibiting putative antimicrobial activity, inducing membrane
permeabilization, along with membrane modulation, it is frequently referred to as "an
enzyme within an enzyme" [30-34]. Even if its roles in cells remain to be fully established,
the PSI has been linked to APs' vacuolar targeting [25,30,34]. With the emergence of novel
unconventional routes for vacuolar sorting, with proteins being directly sorted to the LV
from the ER [26,35-38], it is indispensable to understand where the PSI fits in the complex
network of vacuolar protein trafficking. Although the AP can be directed to the vacuole
by both the cardosin A PSI (PSI A) and the cardosin B PSI (PSI B), the ways in which they
do so differ greatly. In contrast to PSI A-mediated sorting, which is COPII-independent,
PSI B-mediated sorting involves transport from the ER to the Golgi, in a COPII-dependent
manner [39]. Besides, little is known about the processes governing this sorting, despite
the fact that PSIs are regarded vacuolar sorting determinants given their capacity to
mediate trafficking to the vacuole.

To better understand the processes involved in PSI-mediated sorting, and since the
ER appears to be a key checkpoint in these routes, we posed the question of whether
abnormalities at the ER level affect protein sorting. Thus, we sought and chose an
Arabidopsis thaliana line with gene mutation causing changes in ER morphology, resorting
to the Nottingham Arabidopsis Stock Center (NASC) database, and then we assessed the
expression and localization of the PSI domain in such mutants. A codon mutation in the
leb-2 GFP-h mutant (CCT to TCT) results in a P41S mutation in the PYK10/BGLU23
protein, which elongates ER bodies, thus affecting the route to the PSV. Along with the
localization assays performed in this mutant, an ultrastructural characterization was done
as well as an evaluation of the expression of the PSIs and other genes involved in the
various routes of the endomembrane trafficking system to fully understand the
repercussions of the mutations in these plants. Ultimately, we expected to provide deeper
knowledge on the interactions taking place among the different organelles of the
endomembrane system and how unconventional PSI trafficking and sorting occur within
plant cells, along with a rich characterization of the leb-2 GFP-h mutant.
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2. Results

2.1. Developmental assays of leb-2 GFP-h

The leb-2 GFP-h Arabidopsis mutant (Figure 1-A) is not characterized yet, even
though a similar phenotype as leb-1 mutant is expected [40]. Given this, and before
starting the expression assays, it was decided to perform a developmental assay to
compare several stages of the chronological progression of the plants’ growth were
evaluated compare its developmental stages of the mutant with the ones from wild type
plants. Developmental differences between this line and the WT line are obvious,
particularly concerning the size of plants, with leb-2 GFP-h presenting a much smaller size
(Figure 1-B). As it may be observed in Figure 1-C, until the appearance of the three rosette
leaves, both lines reached the selected developmental stages at a similar rate. However,
after the next stage evaluated (four rosette leaves), the leb-2 GFP-h mutated line presented
a delay in development, relative to the WT line, presenting the first siliques well beyond
the 140 days after the seeds were sown.
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Figure 1 — Developmental stages of the leb-2 GFP-h mutated line compared to wild type. (A)
Schematization of the leb-2 GFP-h mutation in the PYK10/BGLU23 protein. (B) Arabidopsis thaliana
plants size comparison before appearance of the floral tubes. (C) Chronological progression, in days,
of the main growth stages of A. thaliana mutated and wild-type lines.

2.2. Microscopic characterization of the ER-defective plants

To further characterize the endomembrane system of the mutated lines, the
ultrastructure of the cells from cotyledon leaves was assessed through TEM, allowing a
deeper knowledge on the effects of these mutation. Our observations were specially
focused on the ER, its associated vesicles, and the Golgi, as these are the most important
features in terms of protein sorting, for detection of subtle phenotypes in these organelles.
The wild-type line was used as the control and represents the normal organization of the
cell, showing organized chloroplasts, some vesicles present in the cytoplasm and normal
ER tubules (Figure 2-B-a and b).
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Figure 2 — Ultrastructural and subcellular images from the cotyledon leaves of leb-2 GFP-h mutated
line. (A) Schematic representation of the workflow for transmission electron microscopy (TEM) and
confocal laser scanning microscopy (CLSM). (B) Electron microscopy micrographs of sections of
Arabidopsis cotyledon leaves of wild-type (a, b) and leb-2 GFP-h lines (c, d). (C) Expression of the
GFP-HDEL marker in the epidermis of cotyledon leaves of leb-2 GFP-h line seedlings in control
conditions (-BFA) and with Brefeldin A (+BFA).

Generally, normal chloroplast shape and thylakoid formation, with the proper
thylakoid ultrastructure organization in grana stacks and stroma lamellae were observed.
Moreover, the cell’s cytoplasm was rich in ribosomes and/or polyribosomes (Figure 2-B-a
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and b). Finally, in the leb-2 GFP-h mutated line, huge well-defined starch granules were
found present in the chloroplasts of the leaf tissues (Figure 2-B-d), indicating some degree
of stress. One intriguing feature of this line was the enlarged cisternae of the Golgi
apparatus (Figure 2-B-d, black arrow) and numerous vesicles were observed in the
cytoplasm in the vicinity of the ER and Golgi. In the analysed tissue, the ER was found to
have abnormal morphology, as it appeared to be enlarged in the extremities (Figure 2-B-
). In this mutant, thylakoid membranes appeared loosely packed into grana and it
possessed more plastoglobuli (Figure 2-B-d). No ER-bodies were detected in the samples
analysed.

Resorting to the expression of the GFP-HDEL present in the leb-2 mutant, it was also
possible to image the ER network using confocal laser scanning microscopy (Figure 2-C).
The ER network is clearly visible, along with its tubules and cisternae and some ER-bodies
are also detected in the cell cytoplasm (Figure 2-C -BFA, arrow). Then, we assessed if this
morphology would be further affected by Brefeldin A (BFA), which is a commonly used
fungal macrocyclic lactone that inhibits vacuolar protein transport and secretion in plant
cells, resulting in the formation of ER-Golgi hybrid compartments [41]. In the mutant
background, when applying BFA, the ER-bodies are no longer visible, and fluorescence
aggregates, probably BFA bodies, are visible in the cytoplasm (Figure 2-C +BFA, arrows).

2.3. SP-PSIA/B-mCherry transient expression in the mutated plants

Cardosins’ PSIs — PSI A and PSI B — are vacuolar sorting domains, mediating different
routes. PSI B mediates a conventional ER-Golgi route, while cardosin A PSI has the ability
to follow a Golgi-independent route to the vacuole. However, the nature and the
intervenients in such route are not known. To assess whether ER-bodies may participate
in the process, we expressed PSI A and PSI B in the leb-2 mutant background to assess its
localization. As before, several images, from different experiments, were captured and
analyzed and the most representative are displayed (Figure 3). It is evident by the images
shown in Figure 3 that both PSIs are mainly found in the vacuolar compartments both in
the WT line and in the leb-2 GFP-h line (Figure 3-B, C and D). In the mutant, we may also
observe that no co-localization of PSI A/B-mCherry and GFP-HDEL markers was detected
(Figure 3-C and D), indicating that at the time of imaging all the protein was already in
the vacuole.
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Figure 3 — Subcellular localization of SP-PSIA/B-mCherry in cotyledon leaves of wild-type and leb-
2 GFP-h seedlings. (A) Workflow of vacuum infiltration setting for transient transformation of
Arabidopsis wild-type and leb-2 GFP-h seedlings. (B) Expression of PSI A/B-mCherry in wild-type
cotyledon leaves. (C) Expression of PSI A-mCherry in leb-2 GFP-h cotyledon leaves. (D) Expression
of PSI B-mCherry in leb-2 GFP-h cotyledon leaves.

2.4. Endogenous Arabidopsis Aspartic proteinases analysis

Given our special interest in PSI A localization and trafficking routes and the
alterations of ER morphology, an analysis of the endogenous Arabidopsis Aspartic
proteinases genes was performed, with special focus on the PSI-containing ones — A1, A2
and A3. Importantly, all PSI-containing APs from Arabidopsis have a glycosylated PSI,
contrary to PSI A, that is not glycosylated (Figure 4-A, red box). Next, the relative
expression of the three APs was evaluated in WT plants by qPCR. It is possible to observe
that AP1 and AP2 are more expressed in WT when compared to the AP3, whose
expression is significantly decreased (Figure 4-B). However, looking at the expression of
the same genes in the leb-2 GFP-h line, the AP3 was found to be upregulated, when
compared to WT plants, presenting itself a three-fold expression increase (Figure 4-C).
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Figure 4 — Arabidopsis thaliana aspartic proteinases’ expression in wild type and leb-2 GFP-h. (A)
Alignment of cardosins’ PSI A and B with Arabidopsis APs’ PSIs (AP1, AP2 and AP3). Blue indicates
percentage of similarity and the red box the glycosylation site. (B) Relative normalized expression
of Arabidopsis APs in wild-type plants. (C) Relative normalized expression of Arabidopsis APs in
the leb-2 GFP-h mutant, when compared to WT. Statistically experimental values are represented
by: * (pvalue <0.05), ** (pvalue <0.01); ****( pvalue <0.0001).

2.5. Endomembrane genes expression testing

Given the alterations observed in the expression of Arabidopsis AP3 in the mutant
background and given our interest in unravelling the intermediates in PSI A mediated
sorting, the expression of some key-endomembrane trafficking genes was evaluated in the
mutant background (Figure 5-A). Regarding the genes involved in protein trafficking to
LV (AtSYP52) and PSV (AtSYP51), no significant alterations were registered in our
analysis. AtSYP22, a SNARE involved in the vacuolar assembly also did not alter its
expression. Its homologous AtSYP23, that does not have a transmembrane domain and its
function is still unclear, was also analysed without significant alterations (Figure 5-B).
Some SNARESs involved in vesicle docking and fusion were also tested. AtSYP61 did not
suffer any alterations in its expression, but AtVAMP722 demonstrated upregulation in leb-
2 GFP-h, when compared to WT. AtVAMP723, an ER-related homologue protein of the
AtVAMP722, is the gene that demonstrates a higher significant overexpression. However,
AtVAMP721, a Plasma Membrane related SNARE gene, did not alter its expression in the
leb-2 GFP-h line (Figure 5-B).
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Figure 5 - Expression analysis by qRT-PCR of endomembrane-related genes in leb-2 GFP-h plants,
when compared to WT plants. (A) Summary of the genes analysed and their relative role in
endomembrane trafficking. (B) Bar graph showing the relative normalized expression of
endomembrane genes in the mutant line. Only for AtVAMP722 and AtVAMP723 a significative
alteration is observed. * Indicates statistically experimental values (p < 0.05), calculated using one-
way ANOVA statistical tests.

3. Discussion

As sessile organisms, plants’ fast and creative adaptation to the environment they are
in is essential for their survival. The driving activities of the endomembrane system along
with the individual dynamics of its organelles provide the plant cells with a unique
plasticity to deal with a multitude of environmental cues. The secretory pathway, a major
pathway of the endomembrane system, has its starting point in the Endoplasmic
Reticulum (ER), a highly versatile network of continuous tubules and cisterns contacting
with several organelles in the cell that coordinates with membrane compartments along
the secretory and endocytic pathways [7-9]. Cardosin A and B PSIs are vacuolar sorting
domains known for mediating the trafficking to the vacuole trough different pathways:
PSI A mediates an unconventional Golgi-bypass, while PSI B mediates a conventional ER-
Golgi route [39]. The direct ER-to-vacuole route has not been well described, despite more
proteins have been described to follow this route. Recently a novel ER-derived
compartment —- ERMEC — has been implicated in chitinase A transport to the vacuole [42].
Also, in seeds, it has been described the direct ER-transport to the PSV dependent on ER-
bodies. Nevertheless, the information available is fragmented and not all events of direct
ER-to-vacuole transport seem to depend on the same mechanisms. Here, we aim at
exploring the role of ER-bodies in ER export in WT and a mutant Arabidopsis line from a
combined aspartic proteinases’ and endomembrane perspective.
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3.1. The leb-2 GFP-h Arabidopsis mutant

A search in the Nottingham Arabidopsis Stock Centre (NASC) database led us to the
leb-2 GFP-h line, but little to no information on this mutant was provided, despite being
described as similar to the leb-1 mutant [40]. It is known that this mutated line has a single
nucleotide change (CCT—TCT) in the first exon of PYK10/BGLU23 gene, which causes an
amino acid substitution (P41S) on the PYK10/BGLU23 protein. Also, the PYK10/BGLU23
protein has been observed to accumulate in ER structures named ER bodies [40,43]. The
mutated line showed a clear difference in size when compared to WT and the
developmental assay performed evidenced clear differences. Such stages of the
chronological progression of the plants’ growth were defined based on the literature
available [44] and the results obtained demonstrated that the leb-2 GFP-h mutation
delayed its development at the appearance of the three rosette leaves and this delay was
maintained from this point forward. To further understand and characterize the effects of
the mutation in this Arabidopsis line, the ultrastructure of the cells from cotyledon leaves
was assessed through TEM. In the leb-2 GFP-h line, we observed an intriguing structural
anomaly in the ER. Although there is no published description for this line, there is
another mutated line very similar to this, to which it is described the presence of
significantly fewer and larger ER bodies than the wild-type line [40]. The structure we
observed in the leb-2 GFP-h line could correspond to the long ER bodies observed by the
team of Nagano [40] or, at least, these deformations in the ER could correspond to the ER
bodies formation sites. Additionally, in our observations, enlarged Golgi cisternae and
rounded Golgi bodies are visible, along with numerous vesicles in the cell’s cytoplasm,
which may be indicative of high metabolic activity in the cell. Since the mutated line
presents a GFP-HDEL marker, we observed the ER morphology in the leb-2 GFP-h line.
Our results revealed that this mutant possesses elongated structures at the ER, resembling
the long ER bodies observed by Nagano et al. (2009) [40]. We also exposed the mutated
plants to BFA, a fungal macrocyclic lactone that inhibits secretion and vacuolar protein
transport in plant cells, as it blocks the recruitment of COPI coat proteins onto Golgi
membranes, which leads to the direct fusion of most Golgi cisternae to the ER, ultimately
ending in the formation of an ER-Golgi hybrid compartment [41]. In fact, the ER
morphology of the leb-2 GFP-h line is affected by the BFA, as the ER bodies observed
appear more rounded, so trafficking processes were affected as well.

3.2. PSIs-mediated sorting and unconventional routes

For the past years, several studies have been focused on cardosins along with their
PSI domains, given the contributions of these domains in unveiling unconventional
vacuolar sorting routes [26,39]. In fact, PSI A and PSI B are capable of directing proteins
to the vacuole without matching any of the classic VSD types [26]. PSI A was
demonstrated to mediate a route independent of the normal COPII vesicle machinery, in
order to traffic between the ER and the Golgi, as it would still accumulate in the vacuole
when co-expressed with the dominant negative mutant SarI"74- in Nicotiana tabacum leaves
[39]. In the native organism (Cynara cardunculus - cardoon), cardosin A is mostly found in
the PSVs of the stigmatic papillae [21,25]. However, when expressed in heterologous
systems (Arabidopsis thaliana and Nicotiana tabacum), cardosin A’s accumulation is
observed in different types of vacuoles (PSV and LV) [25,26]. On the other hand, PSI B is
secreted in cardoon flowers [39] and accumulates in vacuoles in heterologous systems
[27,39]. Such characteristics highlight the advantageous use of these domains as reporters
for the study of vacuolar trafficking and VSDs in plants.

In a process exclusive to plants, the ER bodies have been implicated as intermediate
compartments in the transport of proteins destined to the PSV directly from the ER
bypassing the Golgi [13]. Therefore, given what we know about the PSI A-mediated
trafficking, it would be interesting to assess if these subcellular structures would
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participate alongside PSI A and/or PSI B in this unconventional route. Our results revealed
a vacuolar localization of the PSI A and B both in the Arabidopsis WT and mutant,
consistent with what had been previously described [25-27], strengthening the view the
cardoon PSIs as vacuolar sorting domains, as both were efficient in leading the mCherry
tag to the vacuole and, therefore, seem to be not affected by the ER morphological defects.
Moreover, in the leb-2 GFP-h line, no co-localization was observed with ER bodies, nor
interference with PSI A or PSI B vacuolar sorting, indicating that probably this pathway
is not used by the PSI A (Figure 6). On the contrary, preliminary results on PSI B
overexpression in transgenic Arabidopsis cotyledons showed it to be accumulated in
structures resembling ER bodies (Supplemental Figure 1-B), that were not observed for
PSI A (Supplemental Figure 1-A). Being confirmed, these results open up new
perspectives regarding the differences observed between the sorting processes mediated
by the two PSIs, that partially rely on the glycosylation, present in PSI B but absent in PSI
A [39]. Interestingly, from the 51 genes identified for APs in the Arabidopsis genome, only
three contain the PSI domain [45] and an alignment of the PSI domains from those APs
with PSI A and B revealed that all contain the glycosylation site present in PSI B (Figure
4-A, red box). Moreover, a search in the literature available, shows that most of the
identified PSIs have the glycosylation site, and that this glycosylation site seems to be
involved in the ER-to Golgi transport, elevating the PSI A unconventional characteristic
to a more interesting level.
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Figure 6 — Cardosins’ PSIs routes observed in plants. PSI A is able to mediate an unconventional
Golgi-bypass route to the LV, observed in Nicotiana tabacum leaves and Arabidopsis cotyledons
(blue arrow). A putative route bypassing the Golgi to the PSV is predicted to exist in flowers and
seeds (blue arrow, unconfirmed). The red arrows indicate putative routes mediated by PSI B.

Furthermore, the expression analysis of the three Arabidopsis APs also retrieved
important information on the role of these proteinases. Chen and co-workers (2002)[46]
used specific probes to analyze the expression of the three different genes and showed
that AP Al is detected in all tissues and is more abundant in leaves, while the other two
genes are expressed either in flowers (A3) or in seeds (A2). Our results are in accordance
with these observations, as AP3 expressions levels are significantly lower when compared
to AP1 and AP2, which is not surprising since our study was conducted in Arabidopsis
cotyledons and AP3 expression is mainly detected in flowers [46]. Surprisingly, when
comparing the AP3 expression in the leb-2 GFP-h line with the wild type plants, we could
verify a ~4-fold increase in the expression levels. Though intriguing, as AP3 is mainly
expressed in flowers, this could indicate a putative connection between APs and the ER
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bodies dependent route. Although little is known regarding the localization and function
of AP3in flowers, it has been described as a secreted protein in flower tissues. The parallel
can be made with Cardosin B, a well-characterized AP from cardoon plants that was
found to localize at the extracellular matrix [39]. Additionally, Nakano and his team [47]
presented a thorough review on ER bodies and evidence that ER bodies can be involved
in protein secretion, suggesting a role for these structures in the resistance against
pathogens. It can be considered that both cardosin B and AP3 can be transported to the
cell surface associated with ER bodies. Despite being a frail connection and lacking
experimental evidence, it is worth to explore the trafficking of these proteins and their
relationship with ER bodies in other physiological conditions and different organs.

3.3. Endomembrane system effectors expression level analysis

Given the alterations observed in the expression of Arabidopsis APs and cardosins’
PSIs, it was decided to check the expression of several key-endomembrane system genes
in the leb-2 GFP-h mutant, involved either in vacuolar sorting — AtSYP51/52 and AtSYP22
-, plasma membrane docking and fusion — AtSYP61, AtSYP121 and AtVAMP721/722 — or
involved in ER vesicle fusion — AtVAMP723 and AtSYP23. Most of the genes tested do not
show any significative variance in relation to the wild-type plants, indicating that the
mutation does not interfere with most of the trafficking events, with special focus on the
vacuolar trafficking. However, a significative upregulation was observed for AtVAMP722
and AtVAMP723, which is particularly evident for the last one. AtVAMP723 is a R-
SNARE, involved in vesicle docking, fusion and budding, and its localization at the ER
membranes [48] can be related to the formation and release of ER bodies, thus its
expression being enhanced in the mutant background. On the other hand, the homologue
AtVAMP722, shares the same roles, but in a diferent localization and it is known that it
may be involved in the secretory trafficking to the plasma membrane [49]. Taking into
account the results obtained for the AP3 expression in the mutant background and the
hypothesis that its trafficking can be dependent on ER-bodies it is fair to assume an
upregulation of a SNARE involved in trafficking to the cell membrane as is AtVAMP722.
It would be interesting to explore in the future the relation between AtVAMP722 and ER-
bodies, as, to our knowledge, no studies have been made conecting the two. Moreover, it
has been reported that AtVAMP722 forms a complex with AtVAMP721 and SYP121
[50,51], that do not show any changes in our study. This points to an isolated role of
AtVAMP722, or in complex with other unknown proteins, in this process. In fact, it has
been reported that probably VAMP722 is the most relevant member of the VAMP72
family [52]. Despite the amount of information available on the mechanisms of membrane
fusion and the intermediates in the process, there is still a lot of fragmented information
and novel data being released that challenges the established view of the diferent
processes, particularly when concerning the unconventional pathways.

4. Materials and Methods

4.1 Biological Material

From the Nottingham Arabidopsis Stock Center (NASC), one Arabidopsis thaliana
line bearing defects in ER morphology was selected: N69081 (leb-2 GFP-h—unpublished).
This line also harbours a GFP-HDEL marker that allows ER visualization. Seeds from the
mutant line, as well as a wild-type (WT; col0) were sown and germinated in plates
containing 2,2 g/L of Mourashige and Skooge medium (MS, Duchefa), with 1,5 % (w/v)
sucrose, 0,7 % (w/v) Bacto-agar and pH 5.7. Plants were kept for 48 h at 4 °C and, following
stratification, were grown at 22 °C with 60% humidity and 16 h light over 8 h dark
photoperiod (OSRAM L 36 W/77 e OSRAM L 36 W/840) at the intensity of 110 umol-m-
2-s. After 12-15 days, seedlings were transferred to individual pots with fertilized
substrate (SYRO PLANT) and grown under continuous light at 22 °C with 50-60% relative
humidity and light intensity at 180 pmol-m-2-s.
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The isolation and identification of leb-2 GFP-h mutant was performed by PCR from
EMS-mutagenized GFP-h plants using the following primers: 5" end gene-specific primer,
5-TGTCAAGAGGTGCTCACAGAGGAAC, 3 end gene-specific primer, 5-
CCAGCAAATGCAGATGGACCTGTAT. The PCR reactions were followed by a
purification step using illustra™ GFX™ PCR DNA and Gel Band Purification Kit (cytiva,
United States) and sent for sequencing. The PCR conditions for amplification of the
genomic DNA were standard conditions, as described in the manufacturer’s instructions
(NZYTech, Portugal).

4.2 Transmission Electron Microscopy (TEM)

Small pieces of leaves from seedlings (12-15 days old) and mature plants of the leb-2
GFP-h mutant and wild-type, grown as described, were cut into pieces of approximately
1-2 mm for transmission electron microscopy. These were fixed in Na-PIPES (1.25% (w/v)
and pH 7.2) with glutardialdehyde 2.5% (v/v) for 1 h at room temperature (RT). Then, the
samples were washed with Na-PIPES 2.5% (w/v) (3 times for 10 min each) and post-fixated
with a OsO4 4% (w/v) solution prepared in Na-PIPES 2.5% (w/v) pH 7.2, in a proportion
of 1:1, for 1 h at RT. Post-fixation was followed by 3 washes with Na-PIPES 2.5 % (p/v) pH
7.2 for 10 min each. After these washes, proceeded the dehydration steps in an ethanol
graded series at RT as follows: 10 % (v/v) for 10 minutes; 20 % (v/v), 30 % (v/v) and 50 %
(v/v) for 15 minutes; and 70 % (v/v) and 100 % (v/v) for 20 minutes. The ethanol was then
exchanged with propylene oxide for 20 min. The biological material was gradually
infiltrated in increasing concentrations of EPON resin (Agar scientific): 10% (for 15 min)
to 50% (overnight) and 100% (overnight). The samples were then transferred to oriented
moulds, covered with resin, and polymerized at 60 °C overnight. Ultrathin sections (60—
80 nm) were cut in UC6 Ultramicrotome (Leica, Carnaxide, Portugal) with a diamond
knife (Diatome), placed in 400 mesh copper grids, post-stained with Uranyless EM Strain
(Uranyless) and with Reynolds Lead citrate 3% (Uranyless) for 5 min each. After washing
in distilled water to remove excess stain, grids were observed in a Jeol JEM 1400
Transmission Electron Microscope, and the images were acquired with an Orius DC200D
camera (Gatan, Pleasanton, CA, USA). Image analysis and processing were done using
Image]®/Fiji software.

4.3 Transient Transformation of Arabidopsis thaliana Seedlings through Vacuum Infiltration

For transient transformation of A. thaliana, the protocol established by Bernat-
Silvestre et al. [53] was adapted. Seeds from the leb-2 GFP-h mutant and wild-type were
sown and germinated in six-well plates and grown for 5 days, as previously described.
For the transformation, Agrobacterium tumefaciens harboring the SP-PSIA-mCherry
construct [26,39] were inoculated in LB medium with the appropriate antibiotics
(kanamycin (50 pg/mL) and gentamicin (50 pg/mL)) and incubated for 24 h in agitation at
28 °C, until an OD600 of 2.2. Cultures were centrifuged for 15 min at 6000x g at room
temperature, and the pellets were resuspended in infiltration buffer (liquid MS medium
with 0.005% (v/v) Tween and 200 uM acetosyringone). This suspension remained at room
temperature for 30—45 min, and then was poured onto the six-well plates with the
Arabidopsis seedlings (4 mL per well); next, a vacuum was applied at 300 mbar for 1 min.
The pressure was then slowly increased to 400 mbar, and a vacuum was applied for
another minute. Finally, the bacterial suspension was fully removed, and the plates were
covered with aluminum foil for 45 min to 1 h to improve agro-infection. After removing
the aluminum foil, the plates were kept for 3 days under the previously mentioned growth
conditions.

4.4 Transformation of Arabidopsis thaliana for stable expression

To generate transgenic PSIB plants, transformation was performed by the floral dip
method [54]. SP-PSIB-mCherry construct that was previously available in the lab, was
used for this purpose [26]. A small aliquot of Agrobacterium tumefaciens containing the
clone was inoculated into 5 mL of LB (Luria Bertani) medium supplemented with the
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appropriate antibiotics (kanamycin 50 pg/mL and gentamicin 20 pg/mL) and allowed to
grow overnight (ON) at 28 °C, shaking. Then, the entire volume of the starter culture was
inoculated in 250 mL of LB media supplemented with kanamycin and gentamicin at
concentrations already described and stirred once more at 28 °C ON. The total volume
was split into 50-mL Falcon tubes and centrifuged for 20 minutes at 5000 x g. The
supernatant was discarded, and the pellet was resuspended in a 5 % (w/v) sucrose and
0.05 % (v/v) silwet solution. A. thaliana wild-type plants with a developed floral stem and
flowers were used, from which the previously produced siliques were removed. Then, the
plant's aerial portion was immersed in the Agrobacterium solution and gently shaken for
1 minute. This process was repeated three times with four different plants. Finally, the
plants were returned to the greenhouse, and a plastic bag was wrapped around them to
allow for moisture. The plants were left in these circumstances overnight before the bag
was removed the next day. The flower stems were collected, dried, and the seeds they
produced were collected when they showed well-developed siliques. The seeds from each
initially transformed plant were stored separately and treated as different primary
transformants. To select the transgenic plants, the antibiotic Hygromycin B (500 mg/mL;
Duchefa Biochemie) was added, and the presence of the transgene was verified by PCR
and Western blot (data not shown). Further research was conducted using the
homozygous T3 transgenic lines.

4.5 Drug Treatment Assays

Brefeldin A (BFA) solution (50 pug/mL) was prepared in MS liquid medium, and 4 mL
per well was poured over the infiltrated seedlings one day after the A. tumefaciens
infiltration. A vacuum was applied as previously described. Seedlings were kept in the
BFA solution for about 16-18 h before the cells were imaged.

4.6 CLSM Analysis

Arabidopsis seedlings were observed and analyzed using a confocal laser scanning
microscope (CLSM, Leica STELLARIS 8). Cotyledons from Arabidopsis seedlings were
prepared by placing the biological material on a slide with a drop of sterile water covered
by a cover slip. In all situations, the abaxial epidermis was observed. For mCherry, using
561 nm excitation, emissions were detected between 580 and 630 nm. In the case of GFP,
the excitation wavelength used was 488 nm, and the emissions were detected between 500
and 528 nm. Analysis and quantification of the acquired images were performed using
the Image]®/Fiji software.

4.7 cDNA Preparation

Total RNA was prepared using the “NZY Total RNA Isolation Kit” (NZYTech,
Lisboa, Portugal) by following the manufacturer guidelines and starting from 100 mg of
seedling tissue. Three biological replicates were prepared, and the respective samples
were quantified using a DS-11 microvolume Spectrophotometer (DeNovix, Wilmington,
NC, USA). The RNAs were stored at -80 °C. To produce the cDNA from the isolated RNA,
NZY First-Strand cDNA Synthesis kit (NZYTech, Lisboa, Portugal) was used according to
the manufacturer’s instructions. The cDNA solution was stored at -20 °C.

4.8 Gene Selection

The genes selected for quantitative RT-PCR in this study were chosen based on their
on their product localization, role, interaction partners, and literature references (Table 1),
as it had been previously investigated [41].
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Table 1 - Genes selected for gPCR analysis, and their respective role and localization.

Genes Identifier Role and Localisation Ref.
AtSAND-1 AT2G28390 Housekeeping gene. [55,56]
AtGAPDH AT1G13440 Housekeeping gene. [55,56]

AtUBC9 AT4G27960 Housekeeping gene. [55,56]

Transport to the PSV, vesicle docking and fusion.
AtSYP51 AT1G16240.1 Enables SNAP receptor activity, SNARE binding and [56,57]

protein binding. Interacts with VTI12.

Syntaxin found in the plasma membrane. Capable of
AtSYP121 AT3G11820.1 [58,59]
forming a complex with SYP51 and VTI11.

Transmembrane domain-free cytosolic syntaxin. Role
in transport vesicles docking or fusion with the
AtSYP23 AT4G17730.2 [56,60]
prevacuolar membrane, enabling SNAP receptor

activity and SNARE binding.

Found in the endoplasmic reticulum. Directs transport
AtVAMP723 AT2G33110.1 vesicles towards their intended membrane and/or [48]

fusing them there.

Syntaxin-related protein necessary for vacuolar
assembly. Localized in the vacuolar membranes, late
AtSYP22 AT5G46860.1 [56,60]
endosome and trans-Golgi network (TGN) transport

vesicles.

Directs transport vesicles towards their intended
AtVAMP722 AT2G33120.2 membrane and/or fusing them there. Response to biotic [61,62]

stress. Outlines a complex that includes SYP121.

Involved in TGN/early endosome mediated secretory
AtVAMP721 AT1G04750 trafficking to the plasma membrane, contributing to cell [48,49]

plate formation.

Vesicle trafficking protein. Along with SYP121,
coordinates plasma membrane aquaporin PIP2;7
AtSYP61 AT1G28490.1 [56,58]
trafficking to modulate membrane water permeability.

Complexes with VTI12.

Localized to TGN/vacuole, participates in the route to
AtSYP52 AT1G79590.2 [56,57]
the Lytic vacuole and complexes with VTI11.

Saposin-like aspartyl protease with a PSI domain,
AtAP1 AT1G11910 [56]
located along the secretory pathway.

Saposin-like aspartyl protease with a PSI domain,
AtAP2 AT1G62290 [56]
located in the vacuole and secretory vesicles.

Saposin-like aspartyl protease with a PSI domain,
AtAP3 AT4G04460 [56]
secreted to the extracellular region.

4.9 Quantitative RT-PCR

All the primers used in this work were already available in the laboratory, with all of
their reactions optimized[63,64]. The plate design was created using the software Bio-Rad
CFX Maestro 1.0 (BioRad, Hercules, CA, USA). The qPCR reaction had a final volume of
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10 pL where 2 uL were cDNA and 8 puL were a master mix composed by: NZYSupreme
qPCR Green Master Mix (2x) (NZYTech, Lisboa, Portugal), 400 nM of each primer
(forward and reverse — Table 2) and water. The protocol used the following amplification
conditions: initial denaturation (95 °C for 3 min); 40 cycles of amplification and
quantification (95 °C for 10 5,56 °C for 10 s and 72 °C for 30 s, with a single fluorescent
measurement) and melting curve generation (65 °C to 95 °C, with one fluorescence read
every 0.5 °C). The equipment used was CFX96 Real-Time System (BioRad, Hercules, CA,
USA). Using Bio-Rad CFX Maestro (version 1.0) software, the cycle threshold (Ct) and
expression tests were calculated by comparing them with wild type.

Table 2 — Primers used in the gPCR assay.

Genes Primer Forward Primer Reverse
SAND? AACTCTATGCAGCATTTGATCCACT TGATTGCATATCTTTATCGCCATC
GAPDH! TTGGTGACAACAGGTCCAAGCA AAACTTGTCGCTCAATGCAATC
UBCH! TCACAATTTCCAAGGTGCTGC TCATCTGGGTTTGGATCCGT
SYP51 TGGCGTCTTCATCGGATTCATGG AGCTGAAGCACGACGCTGAGCA
SYP121 TCCTCCGATCGAACCAGGACCTC TTCTCGCCGGTGACGGTGAA
SYP23 GCAGCGTGCCCTTCTTGTGG TCCTTGGGCAGTTGCAGCGTA
VAMP723 CCCGTGGTGTGATATGTGAG CCACAAACCGAGAGGATGAT
SYP22 CGAGGAAATTCAATGGTGGT ACGTGGAGACTCCGGTATTG
VAMP722 CAATTTGTGGGGGATTCAAC GATCTTGGGAAGCACAGAGC
SYP61 TTGAAAAACGGAGGAGATGG TTCACTTGCATGACCTGCTC
SYP52 ATGTGGTGGCAACTTGTGAA CTTTGCCTCACAGACACGAA
AtAP1 GGCATTGAGTCGGTGGTGGACA TCTCACATGCAGAACACGCAGCA
AtAP2 GGGGATTGAATCGGTGGTGGA ACATGCAGGACAACCCGCGTCT
AtAP3 TGCAAGGCCGTGGTGGATCA GCGCAGACTCCAATTTGTGAGCA
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Supplemental Figure 1 — Subcellular localization of SP-PSIA/B-mCherry in cotyledon leaves of Arabidopsis
transgenic plants overexpressing SP-PSIA/B-mCherry, respectivelly. (A) SP-PSIA-mCherry is detected
inside vacuoles of cotyledon cells. (B) SP-PSI-mCherry is observed inside the vacuole of cotyledon cells
and also in elongated structures in sytoplasm resembling ER-bodies (arrows).
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