
 

 
 

 

 
Biol. Life Sci. Forum 2021, 1, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/blsf 

Proceeding Paper 

Cardosin B PSI Transiently Expressed in Arabidopsis Lines 

with Alterations of ER Structure Is Secreted to the Extracellular 

Space in Cotyledon Cells † 

Tatiana Cardoso 1, Susana Pereira 1,2, José Pissarra 1,2 and Cláudia Pereira 1,2,* 

1 Faculdade de Ciências da Universidade do Porto, Rua do Campo Alegre, s/nº, 4169-007 Porto, Portugal; 

up201505769@up.pt (T.C.); mspereir@fc.up.pt (S.P.); jpissarr@fc.up.pt (J.P.) 
2 GreenUPorto—Sustainable Agrifood Production Research Center, Rua do Campo Alegre s/n, 4169-007 Porto, 

Portugal 

* Correspondence: cpereira@&fc.up.pt 

† Presented at the 2nd International Electronic Conference on Plant Sciences—10th Anniversary of Journal 

Plants, 1–15 December 2021; Available online: https://iecps2021.sciforum.net/. 

Abstract: The ER is considered the hub of the secretory pathway, as newly synthesized proteins are 

distributed to other organelles from this location. The goal of this study was to understand ER im-

pact in vacuolar sorting by combining Arabidopsis thaliana mutants with altered ER structure with 

the expression of known vacuolar markers. The mutants nai GFP-h and leb-2 GFP-h were selected 

from the NASC database and were transiently transformed with PSI-B fused with mCherry. Confo-

cal Microscopy analysis showed that PSI-B is secreted in nai GFP-h and, to a lesser extent, in leb-2 

GFP-h, which was confirmed in a secretion assay. Given that PSI-B mediates trafficking to the vac-

uole, it is intriguing to find it extracellularly in these mutant lines and we discussed whether the 

alterations in the ER may have a role in this process. 

Keywords: Plant Specific Insert; protein trafficking; protein sorting; endoplasmic reticulum; Ara-

bidopsis thaliana; electron microscopy; confocal microscopy 

 

1. Introduction 

The endomembrane trafficking system of eukaryotic cells is vital for important cel-

lular functions, upholding cellular homeostasis and proliferation, as well as specific re-

quirements characteristic of multicellular organisms [1,2]. The secretory pathway of plant 

cells has its gateway in the ER, an adaptable and versatile organelle that forms a three-

dimensional network of continuous tubules and cisterns contacting with several orga-

nelles in the cell, such as the PM, the Golgi, endosomes, lysosomes, mitochondria, and 

peroxisomes, and coordinating with multiple membrane compartments along both the 

secretory and endocytic pathways [3–5]. In plants, unlike what we see in yeast and animal 

cells, the ER is confined to a small space of cytoplasm between the PM and the vacuolar 

membrane, while being extensively distributed and showing considerable movement in 

the cell [6,7]. Some organisms may even develop characteristic ER-derived structures, as 

the ER bodies, that are cylindrical compartments for the accumulation of large amounts 

of b-glucosidase (PYK10), which may be involved in plant defence, and are found in Bras-

sicaceae plants and some related species [8,9]. 

The conventional trafficking through the secretory pathway takes proteins from the 

ER and leads them through the Golgi apparatus until their final destination, which might 

be the vacuole, other compartments, or the plasma membrane [10,11]. As plant cells have 

two different types of vacuoles (PSVs and LVs) and both may co-exist within the same cell 

[12,13], it is important to understand the mechanisms and regulation behind vacuolar traf-

ficking, as vacuoles play a central role in plant cell homeostasis. Our laboratory has been 
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using as working models cardosin A and cardosin B, which are well-characterized APs 

found in Cynara cardunculus [14,15]. Despite being highly similar regarding protein se-

quence, these enzymes accumulate in different cell compartments during plant develop-

ment [15,16]. Cardosin A has been shown to accumulate in PSVs or LVs, depending on 

the development stage and specific cellular needs [16–19], whereas cardosin B is found 

extracellularly [15]. However, when expressed in Arabidopsis thaliana and Nicotiana taba-

cum, both cardosins A and B were detected in LVs [20–22]. Such characteristics make car-

dosins intriguing and provide solid evidence for their utility as reporters for the study of 

vacuolar trafficking and VSDs in plants. 

Plant Specific Inserts (PSIs) consist of unique protein domains of about 100 amino 

acids [23,24], frequently described “an enzyme within an enzyme”, since, when isolated 

and in vitro, it presents several functions such as: acting as a detergent, mediating lipid 

membrane interactions, presents putative antimicrobial activity and can to induce mem-

brane permeabilization, along with membrane modulation [25–29]. Although its functions 

in cells still need to be clarified, some reports have associated the PSI domain with vacu-

olar targeting of the APs [21,26,30]. As novel unconventional routes for vacuolar sorting, 

where proteins are directly sorted to the LV from the ER [21,31–34], are being revealed, it 

is necessary to understand where the PSI fits in the complex network of vacuolar protein 

trafficking. Even if both the cardosin A PSI (PSI A) and the cardosin B PSI (PSI B) can lead 

the AP to the vacuole, how each PSI does it is very different. The transport from the ER to 

the Golgi in PSI B-mediated sorting is COPII-dependent, whereas PSI A-mediated sorting 

is COPII-independent [35]. Moreover, and despite PSIs being considered to be vacuolar 

sorting determinants given their abilities to mediate trafficking to the vacuole, little is 

known regarding the mechanisms controlling this sorting. To understand in more detail 

the mechanisms of PSIs-mediated sorting, and since the ER seems to be a crucial check-

point in these routes, we hypothesized if defects at the ER level lead to changes in protein 

sorting. As so, using the Nottingham Arabidopsis Stock Centre (NASC) database, we 

searched and selected Arabidopsis thaliana lines with mutations in genes leading to altera-

tions in ER morphology and analysed the expression and localization of the PSI domain. 

2. Material and Methods 

2.1. Biological Material—Selection, Germination, and Growth Conditions 

Resorting to the Nottingham Arabidopsis Stock Centre (NASC), two Arabidopsis tha-

liana lines described as having defects in ER morphology or mutations in ER-resident pro-

teins were selected: N69075 (nai GFP-h) [36] and N69081 (leb-2 GFP-h—unpublished). These lines 

also harbour a GFP-HDEL marker that allows ER visualization. Seeds from those lines, as 

well as a wild type (WT; col0), were sown and germinated in plates containing MS (Mour-

ashige and Skooge, Duchefa) medium with 1.5% (w/v) sucrose. Plants were kept for 48 h 

at 4 °C and, after stratification, were grown at 22 °C with 60% humidity and 16h light over 

8h dark photoperiod (OSRAM L 36W/77 e OSRAM L 36W/840) at the intensity of 110 μmol 

m−2 s. After 12-15 days, seedlings were transferred to individual pots with fertilized sub-

strate (SYRO PLANT) and grown under continuous light at 22 °C with 50–60% relative 

humidity and light intensity at 180 μmol m−2 s. 

2.2. Vacuum Infiltration for Transient Transformation of Arabidopsis thaliana Seedlings 

For transient transformation of A. thaliana the protocol established by Bernat-Silves-

tre et al. [37] was adapted. Seeds from A. thaliana mutated lines and wild type were sown 

and germinated in six-well plates and grown for 5 days under the conditions already de-

scribed. For the transformation, A. tumefaciens harbouring SP-PSIB-mCherry construct 

[35] was inoculated in LB medium with the appropriate antibiotics [Kanamycin (50 

μg/mL) and Gentamicin (50 μg/mL)] and incubated for 24 h in agitation at 28 °C, till an 

OD600 of 2.2. The culture was centrifuged for 15 min at 6000× g at room temperature and 

the pellet resuspended in infiltration buffer (liquid MS medium with 0.005% (v/v) Tween 
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and 200 μM acetosyringone). This suspension was kept at room temperature for 30-45 min 

and the suspension was poured onto the six-well plates with the A. thaliana seedlings (4 

mL per well) and vacuum was applied at 300 mbar for 1 min. The pressure was then 

slowly increased to 400 mbar and vacuum applied for another minute. Finally, the bacte-

rial suspension was removed, and the plates were covered with aluminium foil for 45 min 

to 1 h to improve agroinfection. The aluminium foil was then removed, and the plates 

were kept for 3 days under the previously mentioned growth conditions. 

2.3. Drug Treatment Assays 

Brefeldin A (BFA) solution (50 μg/mL) was prepared in MS liquid medium and 4 mL 

per well were poured over the infiltrated seedlings one day after the A. tumefaciens infil-

tration. Vacuum was applied as previously described (Section 2.2). Seedlings were kept in 

the BFA solution for about 16–18 h before the cells were imaged. 

2.4. CLSM Analysis 

A. thaliana seedlings were observed and analysed using a Confocal Laser Scanning 

Microscope (CLSM, Leica STELLARIS 8). Cotyledons from A. thaliana seedlings were pre-

pared by placing the biological material on a slide with a drop of sterile water covered by 

a cover slip. In all situations the lower epidermis was observed. For mCherry, using 561 

nm excitation, the emission was detected between 580–630 nm. In the case of GFP, the 

excitation used was 488 nm and the emission was detected between 500–528 nm. Analysis 

and quantification of the acquired images were performed using the ImageJ®/Fiji software. 

2.5. Extraction of Extracellular Proteins 

Agro-infiltrated and BFA-infiltrated seedlings were cut into thin strips and incubated 

in 1x extraction buffer (0.1 M NaCl, 4 mM HEPES pH 7.0, 0.5 mM DTT and 0.2 mM EDTA) 

under agitation (120 rpm) for 6 h at room temperature in the dark. It was used 1 mL of 

buffer per 100 mg of seeding tissue. After incubation, the buffer was collected, filtered 

with a 100 μM nylon mesh and centrifuged at 13,000× g for 10–15 min at 4 °C. The super-

natant was collected and kept at −20 °C. To the defrosted extracellular samples, 1 mL of 

20% (w/v) Tri-chloroacetic acid (TCA) was added per mL of medium and the tubes vor-

texed for 15 sec. These were kept on ice for 15 min before centrifugation at 13,000× g for 

15 min at 4 °C. The supernatant was discarded, 1 mL of ice-cold acetone was added to the 

pellet, and the tubes were centrifuged as before. This wash was repeated, and the pellet 

left to air-dry. The pellet was resuspended 40 μL of extraction buffer and the samples were 

quantified in a DS-11 Spectophotometer (DeNovix). SDS-PAGE sample loading dye 

(Nzytech) was added, and samples were boiled at 95 °C for 5 min before being centrifuged 

for 2 min at top speed. 

2.6. Western Blot Analysis 

For the analysis of extracellular proteins samples, a 12% SDS-PAGE coupled to West-

ern blotting was performed, as described previously [35]. The same protein amount of 

each sample was applied to the gel along with the protein weight marker PageRuler Plus 

Prestained Protein Ladder (Thermo Fisher). For the blot, the primary antibodies—Anti-

mCherry (Merk Millipore) and H3 Histone 3 core (Agrisera)—were diluted (1:1000 and 

1:5000, respectively) in blocking solution [5% (w/v) skim milk and 0.5% (v/v) Tween-20 in 

TBS-T] and incubation was performed at 4 °C overnight with agitation. The incubation 

with the secondary antibodies—Goat Anti-Rabbit IgG (H+L) HRP Conjugate and Goat 

Anti-Mouse IgG (H+L) HRP Conjugate (BioRad) -, diluted in TBS-T (1:2500 and 1:500, re-

spectively), occurred at room temperature for 1 h in agitation. The visualization of the 

bands was carried out using the Clarity ECL Western Blotting Substrate Kit (BioRad), fol-

lowing the manufacture’s instruction, and the imaging was acquired with ChemiDoc 

XRS+ System (BioRad) and the analysis was performed using the ImageJ® software. 
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3. Results 

The heterologous expression of the PSI-B in Arabidopsis allowed to assess the local-

ization of this domain in the cell. Several images of each condition were captured and 

analysed and the most representative are presented. Moreover, a quantitative approach 

of the PSI-B localization is also shown giving a more complete perception of the patterns 

observed. 

3.1. Expression and Localisation of PSI-B in ER-Defective Plants 

Regarding PSI B localization some differences can be observed between WT and mu-

tant lines. In the WT line, PSI B was mostly observed accumulating in the vacuole and in 

some cells it was also secreted to the extracellular space (Figure 1A). In nai GFP-h, PSI B 

was found to be mostly secreted, although some accumulation in the vacuole was still 

observed (Figure 1B) and in leb-2 GFP-h it is mainly accumulating in the vacuole (Figure 

1C). Quantification of the distribution patterns observed for these lines shows a clear ten-

dency for more secretion in the nai GFP-h line, when compared to control, while in the 

leb-2 GFP-h less secretion can be observed (Figure 2A). 

 

Figure 1. Subcellular localization of PSI B-mCherry in cotyledons of Arabidopsis thaliana wild type 

and ER-defective seedlings. (A) Expression of PSI B-mCherry in wild type; (B,C) Expression of PSI 

B-mCherry in nai GFP-h and in leb-2 GFP-h, respectively, which possess a GFP marked for ER re-

tention. All observations and images were acquired 3 days post-infiltration. Scale bars: 10 μm. 
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Next, we assessed if these patterns of accumulation were affected by Brefeldin A 

(BFA). BFA is a fungal macrocyclic lactone widely used as an inhibitor of secretion and 

vacuolar protein transport in plant cells, causing the formation of ER-Golgi hybrid com-

partments [38]. Upon addition of the drug, the secretion observed in the untreated condi-

tion was decreased, but some accumulation in the extracellular space was still visible (not 

shown). Except for the leb-2 GFP-h, where PSI B was only found to accumulate in the 

vacuole, the other lines analysed presented the PSI B in the vacuole and secreted. In the 

WT this secretion was much less pronounced after BFA treatment as in the nai GFP-h 

lines, as it can be appreciated in the quantification (Figure 2B). 

 

Figure 2. Quantification of PSI-B in cotyledons of Arabidopsis thaliana wild type and ER-defective 

seedlings in control conditions (A) and upon BFA treatment (B). The n above the bars refers to the 

number of cells counted. The PSIs were considered “secreted” when found at the cell periphery (cell 

wall) and/or extracellularly. Abbreviations: ER, endoplasmic reticulum; Sec, secreted; Vac, vacuole. 

3.2. Secretion Assays 

Given the extended secretion observed in some lines expressing PSI B, we decided to 

further confirm this event by isolating the extracellular protein content of seedlings from 

the WT and mutated lines infiltrated with PSI B fused with mCherry, with and without 

BFA. In this assay, a double control system was used: the control sample was an extract 

of the total protein content of seedlings that stably express the PSI B (unpublished data) 

and, to ensure that the bands obtained were not from intracellular proteins, an antibody 

against the H3 histone, a protein exclusively found in the intracellular content, was also 

used in the same protein extracts. Indeed, as observed through Confocal Microscopy, the 

PSI B-mCherry, with an expected size of 37 kDa, was detected in the extracellular protein 

content of the nai GFP-h and leb-2 GPF-h lines infiltrated with this domain (Figure 3). 

 

Figure 3. Detection of PSIB-mCherry in extracelular protein extrats from Arabidopsis thaliana wild 

type and mutated lines. Western blot uisng a specific antibody against mCherry and Histone H3 (as 
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a burst control). The arrows indicate the bands corresponding to the PSI B-mCherry, the isolated 

mCherry and the histone H3. The minus sign indicates the absence of BFA treatment, and the plus 

sign indicates the presence of BFA treatment. Abbreviations: C, control sample. 

Moreover, the decrease in secretion observed in CLSM imaging upon BFA treatment 

was also confirmed by the Western blot (Figure 3, lines “–“ and “+” BFA). However, re-

garding the WT line, the PSI B was only faintly detected in the blot for both situations 

analyzed (with and without BFA treatment). The histone H3 has an expected size of 17 

kDa, and is not detected in the extracellular proteins’ samples. 

4. Discussion 

For the past years, cardosins and their PSI domains have been the focus of several 

studies, given the contributions of these domains to unveil unconventional vacuolar sort-

ing routes [35,39]. In fact, the PSI B domain can direct proteins to the vacuole but does not 

match any classical VSD type. Moreover, the route mediated by the PSI B is COPII-de-

pendent and follows the conventional ER-Golgi-Vacuole pathway [35]. In Cynara cardun-

culus, cardosin B is accumulated in the extracellular matrix of both stigma and style trans-

mitting tissue [15], while in heterologous systems (Arabidopsis and Tobacco) it is accu-

mulated in the LVs [22]. Such features highlight the advantage of this domain as reporter 

for the study of vacuolar trafficking and VSDs in plants. 

We started this study by assessing if the ER defects exhibited by the mutated lines 

had any influence in the localization and trafficking of PSI B. Results obtained revealed 

that in the WT line the major site for this domain’s accumulation was the vacuolar com-

partment, although some PSI B was also secreted to the extracellular space. Interestingly, 

the two mutated lines observed show variations of this phenotype: in the leb-2 GFP-h 

mutant PSI B is mainly accumulating in the vacuole while in nai GFP-h it was found to be 

mostly secreted. Despite more information is needed to fully understand how alterations 

in the ultrastructure influences how the proteins leave ER, the shift towards the vacuole 

or cell wall are an indication that indeed the ER integrity is crucial for signal recognition. 

The work of Soares da Costa and coworkers [22] described cardosin B’s accumulation in 

the LVs, but the authors also mention its detection at the cell wall. Given its location in the 

native system (Cynara cardunculus), cardosin B’s secretion has been suggested to be tissue 

specific [17], with cardosin B being secreted in specialized organs, such as flowers and 

seeds and vacuolar in vegetative tissues, which are the case of fully expanded leaves. It is 

worth noting, that the images presented here correspond to the cotyledonary cells and we 

may argue that these cells constitute a transition stage with characteristics and cellular 

machinery of both seed tissue and vegetative tissue. Nevertheless, it seems an interesting 

stage to uncover in more detail the mechanisms of PSI B, and as consequence cardosin B 

mediated sorting. As a whole, this work provides new insights on PSI B-mediated protein 

trafficking and how it is influenced by the structure and physiology of the organelles, such 

as defects in ER morphology or mutations in ER-resident proteins. 
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