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Plant suspension cells were treated with recombinant OsRIP1, a type 1 ribosome-inactivating protein (RIP) from rice (Oryza sativa L.). OsRIP1 triggered cell death in tobacco BY-2 cells but not in Arabidopsis PSB-D cells. Phenotypic changes in BY-2 cells exposed to OsRIP1, included loss of growth capacity, loss of integrity of the plasma membrane and vacuolar collapse. These effects were also accompanied by RNA degradation and DNA fragmentation. Targeting of exogenous OsRIP1 to plant vacuoles and OsRIP1-induced accumulation of transcripts for vacuolar processing enzymes (VPEs) indicated that OsRIP1 provoked plant cell death in tobacco BY-2 cells through the activation of VPEs and subsequent vacuolar disruption, which was probably independent of its N-glycosylase activity on cytosolic ribosomes. Necrosis with limited production of H2O2 was observed after infiltration of high concentrations of OsRIP1 in epidermal cells of Nicotiana tabacum cv. Samsun NN plants. Our study provides the first evidence that OsRIP1 exerts differential effects on the growth of PSB-D and BY-2 cells. The vacuole-dependent cell death pathway is associated with the lethal effect of the exogenously applied OsRIP1 on BY-2 cells.
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1 Introduction

Plants contain a huge amount of physiologically active phytochemicals affecting various intracellular processes (Surguchov et al., 2021). Ribosome-inactivating proteins (RIPs) are a class of cytotoxic enzymes [EC 3.2.2.22] capable of depurinating the 28S ribosomal RNA because of their N-glycosylase activity, thus blocking translation in an irreversible manner. RIPs, being a group of plant toxins, are prevalent in many plant species although in highly variable concentrations (Wong et al., 2020). RIPs function as RNA N-glycosylases and can be classified into two major groups based on their molecular structures. Type 1 RIPs are single chain proteins consisting of an active domain of approximately 30 kDa with N-glycosylase activity. In contrast, type 2 RIPs comprise two chains, the chain with RIP activity is conjugated to a lectin chain through a disulfide bond (Bolognesi et al., 2016). RIPs synthesized with a leader signal peptide are generally targeted to vacuoles or to the apoplast, and hence are sequestered from the ribosomes of host cells, as demonstrated in great detail for the type 1 RIPs saporin and pokeweed antiviral proteins, as well as the type 2 RIP ricin (Marshall et al., 2011). Other RIPs lacking a signal peptide reside in the cytosol where they could interact with cytosolic ribosomes. Although most of RIPs are inactive to host ribosomes under normal conditions, certain stresses can also induce their activity to depurinate plant ribosomes, as exemplified by tritin-S from wheat (Sawasaki et al., 2008) and JIP60 from barley (Rustgi et al., 2014).

Research has focused a lot on the role of RIPs in plant defense against viruses and fungi. The anti-viral properties of RIPs are attributed to the fact that viral infection facilitates RIPs to traffic from the apoplastic space to the cytosol of plant cells, in which RIPs get access to the ribosomes, exert their enzymatic activity, arrest the protein synthesis and eventually inhibit replication of plant viruses (Citores et al., 2021). Furthermore, RIPs have been recognized to act directly on viral nucleic acids, abolishing their infectivity (Iglesias et al., 2016).

Cereal RIPs are a distinct class of RIPs, as they retain characteristic features and have diversified significantly during evolution. A total of 38 RIP sequences have been identified in the genome sequence of Oryza sativa spp. japonica, the majority of which does not possess a signal peptide (Wytynck et al., 2017). These rice RIPs, as shown for the RIP genes of LOC_Os01g06740 (OsRIP1) (De Zaeytijd, 2019) and LOC_Os01g07300 (Wytynck, 2020), locate to the same compartment as the ribosomes. This raises some questions about the physiological importance of cytoplasmic cereal RIPs. Some cereal RIPs show little activity against plant ribosomes, while other cereal RIPs exert their functions by interacting with the ribosomes of the host plant. For example, a cytosolic protein, RIP30 from barley is probably only weakly active or completely inactive on host ribosomes (Leah et al., 1991). A cytosolic albumin, b-32 from maize is present in the endosperm as an inactive zymogen (proRIP), and plays an important role in the accumulation of zeins (Barbieri et al., 1997). Wheat RIP, tritin-S, is a cytosolic type 1 RIP from wheat germ and was inactive on host ribosomes. Tritin-S is produced in senescent coleoptiles and plays an important role in the senescing of these coleoptiles (Sawasaki et al., 2008). Similarly, JIP60 (a 60 kDa jasmonate-induced protein) from barley functions as a molecular switch to alter the translational machinery under stress conditions (Rustgi et al., 2014). Overexpression of OsRIP1 in rice yielded transgenic plants did not show any abnormal phenotype, implying that OsRIP1 is not toxic to rice cells (Wytynck et al., 2021).

Battelli et al. (1984) reported the differential effects of RIPs on plant cell growth and showed that ricin stimulated the growth of carrot cells in culture, whereas the pokeweed anti-viral protein from seeds (PAP-S) inhibited the cell growth. However, only few studies report on the cytotoxicity of RIPs for plant cell lines. We investigated the effects of OsRIP1 on tobacco BY-2 cells and Arabidopsis PSB-D cell cultures. This study helps to unravel whether a cytosolic RIP affects the growth of heterologous plant cell cultures. Our study shows for the first time a comparative study of Arabidopsis PSB-D cells and tobacco BY-2 cells in response to exogenously applied recombinant OsRIP1 produced by Escherichia coli (E. coli). These two plant cell lines were selected based on their remarkable growth rate and high homogeneity (Develtere, 2019; Mahjouri et al., 2020). OsRIP1-induced phenotypic changes on cell cultures were analyzed, including cell viability, cell density and the integrity of the plasma membrane. Furthermore, OsRIP1 uptake and localization were assessed in tobacco and Arabidopsis cell cultures. The integrity of both RNA and DNA were examined in OsRIP1-treated BY-2 cells. Relative mRNA levels for genes encoding vacuolar processing enzymes (VPEs) and genes related to defense and oxidative stress were also quantified.



2 Materials and methods


2.1 Plant materials

Nicotiana tabacum cv. Bright yellow 2 (BY-2) (Nagata et al., 1992) cell suspensions were cultured in liquid MS medium [4.3 g/l Murashige and Skoog salts (MP BIOMEDICALS, Solon, OH), 0.2 g/l KH2PO4, 30 g/l sucrose, 0.4 mg/l 2,4-D, 1 mg/l thiamine, and 100 mg/l myo-inositol, pH 5.7 (KOH)]. Arabidopsis PSB-D cell suspensions were grown in MSMO medium [4.43 g/l MSMO (minimal organics Sigma #M6899), 30 g/l sucrose, 0.5 mg/l NAA and 0.05 mg/l kinetin, pH 5.7 (KOH)]. All cell cultures were grown at 25°C in darkness on a rotary shaker at 130 rpm. BY-2 and PSB-D cell suspensions were sub-cultured weekly at 1:40 and 1:10 dilution ratio, respectively.

Tobacco plants (Nicotiana tabacum cv. Samsun NN) were used in the study and grown under a 16 h light/8 h dark photoperiod at constant 28°C with 70% relative humidity.



2.2 Recombinant production and purification of OsRIP1

Recombinant OsRIP1 was produced in E. coli strain Rosetta (DE3) at 14°C for 72 h and purified as described previously (De Zaeytijd et al., 2019) with minor adaptation. The purified recombinant OsRIP1 was dialyzed against 50 mM potassium phosphate buffer [3.79 g/l K2HPO4, 3.84 g/l KH2PO4, pH 6.7 (KOH)].



2.3 Treatment of plant cell cultures with OsRIP1

To assess OsRIP1 cytotoxicity, plant cells at the phase of exponential growth (day 3 after subculturing) were subjected to different concentrations of OsRIP1 (0.219-7 μM) at 1:1 volume ratio. Subsequently cells were cultivated in 24-well plates for 96 h, with samples being harvested at strictly defined time intervals of 24, 48, 72 and 96 h. For the control treatment, cells were exposed to 50 mM potassium phosphate buffer (pH 6.7). Samples were snap-frozen in liquid nitrogen before storage at -80°C for later assays. All experiments were carried out at least in triplicates.



2.4 OsRIP1 infiltration in tobacco plants

The leaves of 7-week-old tobacco plants were infiltrated with different samples using a syringe without a needle to cover areas of approximately 1 cm2. A range of OsRIP1 concentrations (1 μM, 2.5 μM, 5 μM, 10 μM, 30 μM) were examined in order to determine the minimum concentration of OsRIP1 that caused a hypersensitive (HR) response. In the control treatment, the leaves were infiltrated with 30 μM bovine serum albumin (BSA) or potassium phosphate buffer. The necrotic lesions were examined at 24 h, 48 h, 72 h and 96 h post infiltration (Keerio et al., 2020), respectively.



2.5 Phenotypic analysis


2.5.1 Cell viability and cell density

The viability of plant cells was determined using PrestoBlue™ Cell Viability Reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the instructions. In brief, 10 μl PrestoBlue™ reagent was pipetted to 90 μl of cells in 96-well flat-bottomed plates and incubated for 1 h at 25°C in the dark prior to fluorescence measurement at Ex/Em of 560/590 nm in a plate reader (Infinite 200, Tecan, Mannedorf, Switzerland). The results showed cell viability after treatment with OsRIP1 relative to control cells treated with 50 mM potassium phosphate buffer. Cell density was determined by measuring the absorbance at 600 nm using a Bio-Rad SmartSpec™3000 Spectrophotometer (Bio-Rad, CA, USA) at indicated time intervals.



2.5.2 Loss of the integrity of cell membrane and vacuole staining

The integrity of the plasma membrane was assessed (Poborilova et al., 2013). Briefly, BY-2 cells were washed three times with the MS medium and resuspended in 2 ml of MS medium containing 0.05% (w/v) Evans blue and incubated at 25°C for 15 min. Subsequently, cells were precipitated by centrifugation (150 g, 3 min) and washed with MS medium. Washing steps were repeated until the supernatant after centrifugation was clear. In addition, neutral red staining for intact vacuole was performed following a previously described method (Kariya et al., 2013). Control or OsRIP1-treated cells were incubated with 0.015% neutral red solution for 30 min in the dark, and the vacuole was stained by neutral red and examined under the Widefield microscope Nikon eclipse Ti (Nikon instruments, Badhoevedorp, Netherlands) using a 10x dry objective lens.




2.6 Confocal microscopy

OsRIP1 labelling with fluorescein isothiocyanate (FITC) (Sigma-Aldrich) was carried out as described previously (Chen et al., 2021). After incubation with OsRIP1-FITC at desired timepoints, PSB-D cells or BY-2 cells were washed with corresponding medium and observed under a fluorescence microscope (Nikon, Melville, NY, USA) with a filter set Ex488/Em525.



2.7 ROS production in tobacco leaves and cell cultures

The histological localization of the H2O2 in tobacco leaves was detected as reported by Chen et al. (2012). In brief, 7-week-old tobacco leaves were infiltrated with different concentrations of OsRIP1, or with 50 mM potassium phosphate buffer as a control for 24 h. Detached tobacco leaves were incubated with 3,3’-diaminobenzidine (DAB)-HCl (1 mg/ml, pH 3.8) solution at 28°C overnight. Subsequently, the chlorophyll was removed from the leaves by soaking in boiling ethanol (95%) for 20 min, and H2O2 was visualized as a reddish-brown coloration (Keerio et al., 2020).

Determination of H2O2 production in cell cultures was conducted according to the previous method (Velikova et al., 2000). Briefly, cell suspensions (500 mg) were homogenized with 5 ml 0.1% (w/v) trichloroacetic acid on ice. After centrifugation at 12,000 g for 15 min at 4°C, 0.5 ml of the supernatant was added to 0.5 ml of 10 mM potassium phosphate buffer (pH 7.0) and 1 ml of 1 M KI, prior to recording the absorbance of the supernatant at 390 nm. The H2O2 content was expressed in μmol H2O2 per gram fresh weight (μmol g-1 FW) of suspended cells after calibration using a standard curve measured by adding H2O2 to cell suspension aliquots. BY-2 cells treated with 100 mM NaCl were used as a positive control for the determination of intracellular H2O2 levels (Jia et al., 2020).



2.8 Evaluation of genomic DNA integrity

Total genomic DNA was isolated from control or treated cells following the cetyl trimethylammonium bromide (CTAB)-based protocol (Saghai-Maroof et al., 1984). After RNase A (Thermo Scientific) treatment, DNA concentration and quality were determined by observing the absorbance at 260 nm and 280 nm, and calculating the A260/A280, A260/A230 ratios using the NanoDrop 2000 spectrophotometer (Thermo Scientific). DNA electrophoresis was carried out on a 1.5% agarose gel, followed by visualization in the presence of ethidium bromide. The gel was scanned with a gel imager (Bio-Rad). For quantitative analysis, the band densities of individual regions in the gel were calculated using Fiji (ImageJ, version 1.53c) in grayscale mode to obtain integrated grey values.



2.9 RNA extraction and gene expression analysis

Total RNA was extracted from control (CTRL) BY-2 cells or cells treated with OsRIP1, using the Spectrum™ Plant Total RNA Kit (Sigma Life Science). After DNAse treatment, the quantity and quality of the extracted RNA samples were assessed by the NanoDrop 2000 spectrophotometer (Thermo Scientific). To verify the RNA integrity, 1 μg total RNA samples were assessed by horizontal electrophoresis using a 1.0% agarose gel.

Transcript levels for selected genes were determined by reverse transcription quantitative polymerase chain reaction (RT-qPCR) as described previously (Chen et al., 2021). Three biological and two technical replicates were performed for each analysis. Actin-7 and elongation factor 1-α (EF1α) served as internal controls. The expression of each gene of interest was analyzed and normalized to that of the reference genes by qBase+ software (Biogazelle, Ghent, Belgium). Primers used are listed in Table S1.



2.10 Statistical analysis

Quantitative data are presented as mean± SD of experiments repeated at least three times. One way ANOVA and Duncan test were performed to analyze the data of cell viability and necrotic area (%). Multiple t-test was used to evaluate differences in the expression of the genes of interest in BY-2 cells determined by RT-qPCR.




3 Results


3.1 OsRIP1 reduced the growth of BY-2 cells but not of PSB-D cells

Cell viability was assessed after exposing PSB-D cells and BY-2 cells to different concentrations of OsRIP1 for 24-96 h. Cell viability of PSB-D cells decreased to 86% after treatment with 7 μM OsRIP1 for 24 h, but then increased to 107% at 96 h post treatment (Figure 1 A). No significant differences in cell viability of PSB-D cells were observed after treatment with 0-7 μM OsRIP1 over time. Cell density of PSB-D cells plateaued at 24 h with the value of OD600 close to 1, while the OD600 of the cell culture was close to 4 at 96 h independent of the OsRIP1 concentrations applied to the cells (Figure 1B).




Figure 1 | OsRIP1 dose effects on PSB-D cells and BY-2 cells. Cells were incubated in the absence or presence of various concentrations of OsRIP1 for 24 h, 48 h, 72 h and 96 h, respectively. (A) cell viability relative to control cells. (B) Optical density of cell cultures at 600 nm (OD600). 1, PSB-D cells; 2, BY-2 cells. Values are the means ± SD of four independent experiments. Statistically significant differences (p < 0.05) between different concentrations of OsRIP1 treatments after incubation for the same duration (i.e., 24 h, 48 h, 72 h, or 96 h) in the graph are indicated with different letters; the same letters indicate no significant differences, with a>b>c>d.



Conversely, when BY-2 cells were subjected to increasing doses of OsRIP1, cell viability and the OD600 value of the cell culture decreased, suggesting OsRIP1 toxicity to BY-2 cells in a dose-dependent manner. The cell viability decreased from 83% (0.875 μM OsRIP1) to 18% (7 μM OsRIP1) after incubation for 24 h, and was almost completely lost (3.11%) at 7 μM OsRIP1 at 96 h post treatment (Figure 1A). Higher concentrations of OsRIP1 (3.5-7 μM) resulted in a strong decrease in the viability of BY-2 cells at 24 h, and even lower cell viability after 48-96 h incubation time (Figure 1A).

No statistically significant differences were found between the viability of BY-2 cells treated with 3.5 μM OsRIP1 and 7 μM OsRIP1 for 24 h, 48 h, 72 h, or even 96 h, nor for the viability of BY-2 cells treated with low concentrations of OsRIP1 (0.219-0.875 μM) for 48-96 h (Figure 1 panel A2). Accordingly, cell density of BY-2 cells exposed to 0-0.438 μM OsRIP1 increased with incubation time (24-96 h), whereas a less pronounced increase in cell density with time for cells treated with 0.875-1.75 μM OsRIP1 was found. Moreover, almost no increase in cell density was observed when BY-2 cells were subjected to 3.5-7 μM OsRIP1 for 24-96 h (Figure 1B).



3.2 OsRIP1 was internalized in plant cells

The uptake and localization of OsRIP1-FITC in living PSB-D and BY-2 suspension cells was analyzed using confocal fluorescence microscopy. A clear FITC signal was observed in the lumen of the vacuoles of PSB-D cells as early as 5 min after exposure to OsRIP1-FITC (Figure 2A). Similar results were also observed for BY-2 cells although the fluorescence intensity was less at the early timepoints (Figure 2B). After treatment for 24 h, the fluorescence appeared to be more intense, and OsRIP1 conjugated with FITC exclusively partitioned in the vacuolar fraction, while the nuclei of PSB-D cells or BY-2 cells were clearly devoid of any fluorescence.




Figure 2 | Confocal imaging of OsRIP1 accumulation in PSB-D cells (A) and BY-2 cells (B) after 5 min, 3 h and 24 h treatment with 6.5 μM OsRIP1 conjugated with FITC using a filter set Ex488/Em532.5. All scale bars in red indicate 50 μm, while the white bar refers to 10 μm.





3.3 OsRIP1 caused a loss of plasma membrane integrity and vacuolar collapse in BY-2 cells but not in PSB-D cells

After treatment with various concentrations of OsRIP1 (up to 7 μM) for 24-96 h, the integrity of the plasma membrane and the vital functions of vacuoles were estimated in PSB-D cells and BY-2 cells through the Evans blue and the neutral red staining, respectively. In OsRIP1-treated PSB-D cells, Evans blue uptake was similar as in the control group, with more intense cell staining when the incubation time was prolonged (Figure 3A). Most of the control cells were stained with neutral red, and a similar degree of neutral red uptake was also observed in PSB-D cells exposed to OsRIP1 (Figure 3B). No morphological changes were observed between control cells and OsRIP1-treated PSB-D cells. However, in OsRIP1-exposed BY-2 cells, the cell content was clearly disorganized, with plasmolysis and cell shrinkage. After 24 h, more than 50% of the BY-2 cells challenged with 3.5 μM OsRIP1 and nearly 90% of the cells challenged with 7 μM OsRIP1 were heavily stained, especially in the nucleus, whereas most control cells were not stained with Evans blue, with normal nuclei (Figures 3C, E). Evans blue uptake in BY-2 cells occurred in a time-dependent manner under OsRIP1 treatment. After 96 h treatment with 0.875 μM OsRIP1, BY-2 cells were swollen and revealed heavy staining of the nucleus (Figure 3C). With increasing OsRIP1 doses (up to 7 μM), nuclear condensation was characteristic of the end stages of cell death in BY-2 cells (Figure 3C, E). Neutral red was taken up in a dose- and time- dependent manner in BY-2 cells after exposure to OsRIP1. After 96 h, nearly 50% of the cells treated with 0.875 μM OsRIP1 were stained with neutral red, while only few cells with neutral red staining were detected after incubation with 1.75-7 μM OsRIP1. Most control cells were stained in red or pale red color. OsRIP1 treatment of BY-2 cells at 1.75-7 μM caused the decline in the cellular uptake of neutral red with longer incubation times, especially at 96 h when the majority of unstained cells with neutral red was shown to carry collapsed vacuoles and condensed nuclei as shown by staining with Evans blue (Figures 3D, E).




Figure 3 | Light microscopy images of PSB-D cells (A, B) and BY-2 cells (C, D) stained with Evans blue (A, C) and neutral red (B, D) under a 10x objective. Cells were incubated in the absence or presence of 0.875-7 μM OsRIP1 for 24-96 h. All scale bars indicate 100 μm. (E) BY-2 cells stained with Evans blue and neutral red after 24 h or 96 h of different treatments, respectively. Asterisks (*) indicate vacuolar collapse and cell shrinkage; black arrows indicate normal nuclei; red arrows indicate cell swelling or plasmolysis.





3.4 OsRIP1 decreased the fresh weight of BY-2 cells, independent of H2O2 production

The fresh weight of BY-2 pellets after OsRIP1 treatment was recorded (Figure 4A), and showed that with increasing concentrations of OsRIP1, fresh weight of samples was not changed at 24 h but it decreased slightly at 48 h compared to that of control cells. A significant reduction in fresh weight was shown at 72 h and 96 h for OsRIP1-treated BY-2 cells when compared with the control group. A clear increase in fresh weight of BY-2 cells was found after incubation with 0-0.875 μM OsRIP1 for 24-96 h. At the higher OsRIP1 concentrations (>1.75 μM) the fresh weight of the cells hardly changed over 48-96 h.




Figure 4 | Responses of BY-2 cells to different concentrations of OsRIP1. (A) fresh weight of tobacco BY-2 cells harvested after treatment. (B) H2O2 levels in BY-2 cells exposed to different concentrations of OsRIP1. BY-2 cells treated with 100 mM NaCl were used as positive controls for the H2O2 determination assays. Four biological replicates and technical triplicates were performed for BY-2 cells treated in the absence (CTRL) or presence of OsRIP1 for desired incubation times. Data are expressed as mean ± standard deviation (SD).



H2O2 accumulation is an early hallmark for a triggered immune response. For instance, the addition of 100 mM NaCl caused a significant increase in H2O2 production in BY-2 cells after 6-48 h. However, no accumulation of intracellular H2O2 was detected in BY-2 cells after exposure to 0-3.5 μM OsRIP1 (Figure 4B).



3.5 OsRIP1 caused RNA degradation and DNA fragmentation in BY-2 cells

Total RNA was extracted from BY-2 cells exposed to OsRIP1 for 6 h, 12 h and 24 h, respectively, and visualized by electrophoresis (Figure 5A). The effect of OsRIP1 treatment on total RNA was clearer with longer exposure time. After OsRIP1 treatment for 24 h, at 1.75 μM and 3.5 μM RNA patterns showed more degradation, especially for fragments of approximately 2800 bp and those ranging from 1500-2000 bp (Figure 5A). Additionally, total DNA was isolated from control cells or cells treated with increasing concentrations of OsRIP1 for 48 h, respectively, and the integrity of DNA was evaluated by electrophoresis (Figure 5B). The majority of the genomic DNA extracted from the control cells migrated as an unresolved high molecular weight band of more than 10 kbp in length. On the contrary, a ladder pattern appeared in DNA from cells treated with increasing concentrations of OsRIP1 for 48 h. To quantify the differences between control and treated cells, four regions in the DNA pattern were selected and their band densities were calculated as relative integrated grey values (RIGV). Fragments in Region 1 above 10 kbp decreased with increasing doses of OsRIP1 (0.875-3.5 μM), while RIGV in Region 2 increased after OsRIP1 treatment compared to that of control cells, revealing that DNA degradation happened in BY-2 cells exposed to OsRIP1. Additionally, three bands in Region 3 (400-1031 bp) and the band (100-200 bp) in Region 4 were more visible in DNA extracted from cells treated with 3.5 μM OsRIP1, which was in line with increased RIGV in Region 3 and Region 4 with higher concentrations of OsRIP1 (Figure 5C).




Figure 5 | Agarose gel electrophoresis for nucleic acid samples of cultured tobacco BY-2 cells treated with OsRIP1 at 0 (CTRL), 0.875, 1.75, 3.5 μM. (A) 1 μg of total RNA. (B) Genomic DNA (11.693 μg) extracted from tobacco BY-2 cells (representative samples from three independent experiments) at 48 h after control (CTRL) or OsRIP1 treatment. MassRuler DNA Ladder Mix (5 μl, Thermo Scientific) were loaded in the gels. (C) Quantitative analysis of regions indicated with grey arrows in (B) using the software ImageJ in grayscale mode.





3.6 Transcript levels of genes of interest quantified by RT-qPCR analysis

The transcript levels for four VPE genes of tobacco (NtVPE-1a, NtVPE-1b, NtVPE-2, NtVPE-3) were analyzed in BY-2 cells exposed to OsRIP1 for 6 h, 12 h and 24 h, respectively. The expression of these VPE genes was induced by the supplementation of OsRIP1 over time (Figure 6). The mRNA levels were weakly up-regulated at 6 h, but were strongly activated at 12 h. After 24 h, transcript levels for these 4 VPE genes declined as compared to 12 h after treatment for each concentration of OsRIP1. In addition, OsRIP1 treatment induced expression of all NtVPE genes in a dose-dependent manner.




Figure 6 | Relative expression levels (calibrated normalized relative quantities, CNRQ values) of genes of interest determined by RT-qPCR. Values are the mean ± SD of three independent experiments (n = 3). Asterisks indicate significant differences, which was determined by Multiple t-test, *p < 0.05; **p < 0.01. (A) NtVPE-1a. (B) NtVPE-2. (C) NtVPE-1b. (D) NtVPE-3. (E) NtPR-3. (F) NtMYB2. (G) NtrbohD. (H) GPX.



Transcript levels for tobacco defense-related genes (NtPR-3, NtMYB2) and oxidative stress-related genes (the plasma membrane oxidase, NtrbohD; glutathione peroxidase, GPX) were also monitored (Figure 6). After 6 h of 3.5 μM OsRIP1 treatment, transcript levels for NtPR-3 were slightly up-regulated and NtMYB2 was stimulated more than 2-fold. Transcripts of NtrbohD and GPX were strongly up-regulated more than 6-fold and 8-fold in BY-2 cells exposed to 3.5 μM OsRIP1 for 6 h, respectively. Up-regulation of NtPR-3 mRNA levels triggered by 3.5 μM OsRIP1 was even less than that observed at 0.875 μM or at 1.75 μM OsRIP1 after 12 h or 24 h. Each concentration of OsRIP1 significantly induced NtPR-3, NtrbohD and GPX expression after 24 h, but there were no significant changes in the transcript level of NtMYB2 after 24 h incubation with OsRIP1. These data showed both concentration- and time- dependent stimulatory effects of OsRIP1 treatment on GPX expression during 24-96 h.



3.7 Necrotic lesions were formed after OsRIP1 infiltration in tobacco leaves

To study whether OsRIP1 is toxic to tobacco cells in vivo, different concentrations of OsRIP1 (1-30 μM) were infiltrated in leaves of 7-week-old Nicotiana tabacum cv. Samsun NN plants. The extent of necrosis at the site of injection expanded in a dose-dependent manner. The injury after ~10 μM OsRIP1 treatment was hardly visible at 24 h after infiltration. In contrast, the infiltration of 30 μM OsRIP1 for 24 h yielded a clear lesion (Figure 7A), representing 1.71% of the total leaf area, which is significantly different from other treatments at 24 h (Figure 7B). The brownish regions detected by DAB were present but confined to the size of injection area of tobacco leaves at 24-96 h after ~2.5 μM OsRIP1 infiltration (Figure 7A). The necrotic area resulting from the injection of 5 μM OsRIP1 showed a time-dependent increase, accompanied by limited H2O2 levels even at 96 h after infiltration. At the concentration of 10 μM, OsRIP1 caused a significant increase in the areas of necrosis at 48 h (1.02%) after infiltration compared to that at 24 h (0.29%) (Figure 7B). 30 μM OsRIP1 caused the lesion with the most severe necrosis (2.59%) at 72 h following infiltration and was significantly different from the effect observed at 24 h (Figure 7B). Infiltration of tobacco leaves with 30 μM OsRIP1 yielded limited H2O2 production confined to the border of the necrotic area, even up to 96 h. In contrast, no lesion area or H2O2 accumulation was detected in tobacco leaves after infiltration with 50 mM potassium phosphate buffer or with 30 μM BSA (Figure 7A).




Figure 7 | Leaves of 7-week-old Samsun NN tobacco plants were infiltrated with 50 mM potassium phosphate buffer (CTRL), with 30 μM BSA or with various concentrations of OsRIP1. (A) images of leaves after infiltration and chlorophyll removal after DAB staining. Brown DAB precipitates are indicative of the ROS burst. (B) necrotic area (% of the total leaf area) at different induction times post CTRL, BSA or OsRIP1 infiltration. At least three biological replicates were performed (n ≥ 3) for each treatment. Asterisks (*) indicate statistical difference (p < 0.05).






4 Discussion

To study the effect of exogenously applied OsRIP1 on cell suspension cultures, cell viability and cell density at OD600 were determined. OsRIP1 caused cell death in tobacco BY-2 cells but not in Arabidopsis PSB-D cells, the former cell line being more susceptible to OsRIP1 exposure in a dose-dependent manner in terms of cell viability. Quantification of cell viability was consistent with the data of cell density at OD600, and strongly suggested that cell death in BY-2 cells was triggered by OsRIP1 after 24 h treatment and coincided with both the loss of integrity of the plasma membrane and vacuolar staining (Figure 3). The loss of neutral red uptake in many BY-2 cells was concomitant to a severe increase in Evans blue uptake, and these dead cells displayed a series of morphological changes, such as cell swelling at early stages, collapsed vacuoles, and nuclear condensation (Figures 3C–E). In contrast, PSB-D cells showed no morphological changes in response to OsRIP1 treatment (Figures 3A, B). These data are indicative of differential effects of OsRIP1 treatment on the growth of plant cells. To date, there are limited reports on the toxicity of RIPs to plant cell cultures. Grasso et al. (1980) originally described the toxicity of PAP for tobacco protoplasts, and this was confirmed by the subsequent discovery that high-level expression of PAP was harmful to transgenic tobacco (Lodge et al., 1993). Furthermore, PAP exerted inhibitory effects on the growth of carrot cells, but stimulated the growth of rice cells, while ricin and gelonin significantly stimulated the growth of both rice and carrot cells in liquid cultures (Battelli et al., 1984). These observations of the stimulating effect of RIPs on the growth of some plant cells lead to the hypothesis that RIPs may play a role in cell multiplication. Oppositely, in our study OsRIP1 exposure was demonstrated to be lethal to tobacco BY-2 cells, but not to Arabidopsis PSB-D cells. Therefore, different RIPs behave differentially towards various cell types. Furthermore, evaluating the effect of RIPs from rice on heterologous plant species may shed light on the question of whether these natural phytotoxins with biological activity could be considered promising candidates for the development of natural herbicides that use new modes of action in both natural and well-controlled environments.

The toxicity of certain RIPs for tobacco cells is somewhat correlated with the phenotype of transgenic tobacco plants overexpressing the RIPs. The ectopic expression of four type 2 RIPs from Sambucus nigra, SNA-I, SNA-I′, SNA-V and SNLRP, did not affect the growth and fertility of transgenic tobacco (Samsun NN) plants (Chen et al., 2002; Vandenbussche et al., 2004). However, overexpression of IRAb, a type 2 RIP from Iris, in tobacco, providing strong antiviral protection against tobacco mosaic virus (TMV) and TEV, resulted in impaired growth and development indicating that this type 2 RIP exerts a cytotoxic effect in planta. Similarly, not all type 1 RIPs are toxic to plants harboring the transgene. PAP (Lodge et al., 1993), PAP II (Wang et al., 1998) and type 3 RIP JIP60 (Görschen et al., 1997) are toxic to plant cells. Conversely, IRIP, a type 1 RIP from iris bulbs, did not provoke apparent phenotypic side effects, and thus was considered not to be cytotoxic to tobacco cells (Desmyter et al., 2003). All the above type 1 RIPs, either toxic or nontoxic to host cells, enhanced plant resistance against different viruses significantly. Likewise, transgenic tobacco plants overexpressing OsRIP1 showed less severe symptoms after infection with TMV compared to WT plants (De Zaeytijd, 2019). Furthermore, no symptoms of cell death were observed when OsRIP1 was expressed in N. benthamiana leaves by transient transformation of epidermal cells, and successful stable transformation of PSB-D cells with the OsRIP1-eGFP construct was also achieved (De Zaeytijd et al., 2019), indicating that the endogenously produced cytosolic OsRIP1 is not toxic to N. benthamiana epidermal cells and appears not to act on plant ribosomes. These findings suggesting the lack of cytotoxicity of OsRIP1 strikingly contrast with the case of OsRIP12, another type 1 RIP from rice. OsRIP12 is synthesized with a signal peptide and showed detrimental effects when ectopically expressed in either tobacco plants or PSB-D cells (De Zaeytijd, 2019).

In the present study, exogenous application of purified recombinant OsRIP1 to tobacco BY-2 cells showed OsRIP1-driven cell death in tobacco suspension cells, revealing a noteworthy difference between the in vitro cell system and the in vivo plant system. The presence of OsRIP1 in subcellular compartments may account for these discrepancies. Transport of OsRIP1 in plants may be different when the RIP is applied exogenously compared to when it is synthesized by the plant cells. To track the localization of OsRIP1, FITC labelling was employed. OsRIP1-FITC was internalized to the vacuolar lumen, but was not transported to nuclei in PSB-D cells and BY-2 cells (Figure 2). On the contrary, in the case of endogenous production of OsRIP1, subcellular localization studies revealed that OsRIP1 coupled to EGFP resided in the nucleus and the cytosol when expressed transiently in N. benthamiana, or Arabidopsis PSB-D suspension cells (De Zaeytijd et al., 2019). Differential effects between exogenous and endogenous OsRIP1 on plant cell fates may therefore be attributed to different transport pathways and subsequent differences in localization of OsRIP1.

Most type 1 RIPs are synthesized as precursor proteins containing a signal peptide, they were translocated to the endoplasmic reticulum and follow the secretory route, being targeted to the vacuole or the intracellular space, as described for saporin and PAP (Marshall et al., 2011). Conversely, OsRIP1 lacks a signal peptide and subcellular localization analysis confirmed its cytoplasmic localization (De Zaeytijd et al., 2019). It should be noted that those RIPs sorted to protein storage vacuoles are mostly catalytically inactive, as exemplified by ricin (Ashfaq et al., 2018). Exogenous application of OsRIP1 with enzymatic activity revealed the accumulation of OsRIP1 in vacuoles of tobacco BY-2 cells, and cells underwent vacuole-mediated programmed cell death (PCD). It is well documented that the vacuole functions as a key organelle in stress responses. Additionally, disintegration of the vacuolar membranes is a crucial event in plant cell death (Sampaio et al., 2022). Similar to cryptogein-induced PCD in tobacco BY-2 cells (Higaki et al., 2007), OsRIP1 treatments led to the collapse of the vacuolar membrane followed by the irreversible loss of plasma membrane integrity and cell shrinkage (Figure 3). These morphological observations imply that OsRIP1 triggered the vacuolar processing enzyme (VPE)-dependent cell death through destruction of vacuoles. These data are consistent with the observations of OsRIP1-induced transcript accumulation of VPE genes (NtVPE-1a, NtVPE-1b, NtVPE-2, NtVPE-3) (Figure 6). These caspase 1-like enzymes function as the executioner of a plant-specific PCD through disrupting vacuoles in response to abiotic stresses, and in pathogenesis as well as seed development (Mendes et al., 2013). This type of cell death results in the release of vacuolar hydrolytic enzymes into the cytosol, and is considered as an efficient defense against viruses proliferating in the cytosol, as described for the tobacco mosaic virus (Hatsugai et al., 2004). The destruction of vacuoles also leads to the degradation of various organelles (i.e., the nucleus) via the action of releasing enzymes (i.e., nucleases and proteinases), consequently provoking cell death. Moreover, OsRIP1 treatment of tobacco BY-2 cells induced an increase in transcripts of tobacco defense-related genes NtPR-3 and NtMYB2 as compared to control cells at 6 h after treatments (Figure 6), suggestive of the involvement of cell defense mechanisms.

DNA fragmentation is a further invariable event of cell death resulting from pathogen infection or other stresses in animals and plants. Oligonucleosomal units were observed after treatments with different concentrations of OsRIP1 (0.875, 175, 3.5 μM) and the formation of a DNA ladder was clearly visible with increasing concentrations of OsRIP1 at 48 h after treatments (Figure 5B). OsRIP1 induction of RNA degradation in BY-2 cells was observed at 24 h after treatment, whereas 6 h of OsRIP1 exposure significantly altered the transcript levels for genes of interest (Figures 5A, 6). A higher degree of DNA fragmentation occurred in BY-2 cells treated with elevated concentrations of OsRIP1. Small fragments of multiples of 180-200 bp in size were observed (Figure 5C), which is characteristic of internucleosomal cleavage of nuclear DNA into nucleosomal fragments resulting from the activation of an endonuclease(s) (Oberhammer et al., 1993). Conversely, a previous study in animal cells showed that the application of 4 μM OsRIP1 to HeLa cells did not induce DNA fragmentation (Chen et al., 2021). Furthermore, OsRIP1 preferably accumulated at the plasma membrane of HeLa cells, whereas OsRIP1 was internalized into intracellular vacuoles of plant cells (Figure 2). These observations suggest that the mode of action underlying OsRIP1-driven cell death may differ between human and plant cells. These findings also clearly point towards a common characteristic for OsRIP1 induced cell death in BY-2 cells and HeLa cells, OsRIP1 being separated from ribosomes. Indeed, the activity of recombinant OsRIP1 on translation inhibition was experimentally confirmed using the in vitro translation system from rabbit reticulocytes (De Zaeytijd et al., 2019). Taken into account that recombinant OsRIP1 possesses enzymatic activity, these data imply that OsRIP1 is capable of killing BY-2 cells independent of its catalytic activity on host ribosomes. The phenomenon that RIP-induced cell death is independent of translation inhibition was also described for other RIPs, such as α-sarcin (Olmo et al., 2001), saporin (Sikriwal et al., 2008), stenodactylin (Polito et al., 2016) and kirkiin (Bortolotti et al., 2021).

Reactive oxygen species (ROS) are typical signaling molecules in living cells that participate in a wide variety of biochemical and physiological processes (Mignolet-Spruyt et al., 2016). In this study, no H2O2 accumulation was detected in tobacco BY-2 cells exposed to OsRIP1 for 6-48 h (Figure 4). Consistent with that, application of exogenous OsRIP1 on the tissue level indicated the limited amounts of H2O2 production associated with lesion formation (Figure 7). These results clearly suggest that OsRIP1-induced cell death is independent of H2O2 production. The plasma membrane NADPH oxidase NtrbohD is responsible for ROS production in elicited tobacco cells (Simon-Plas et al., 2002), as described for the inducers of antibiotic filipin (Bonneau et al., 2010) and cryptogein (Coursol et al., 2015). NtrbohD was transcriptionally up-regulated by OsRIP1 treatment. OsRIP1-induced stimulation of GPX expression was much higher than that of NtrbohD (Figure 6), indicative of the suppression of ROS production. It implies that activation of antioxidant enzymes may depress the ROS burst in OsRIP1-treated BY-2 cells and it may account for the absence of cellular ROS accumulation (Figure 4). Although H2O2 was a characteristic signal involved in HR and systemic acquired resistance to induce PCD, it may not be indispensable for the execution of cell death program. External application of C2-ceramide caused H2O2 production and induction of PCD, but this sphingolipid-induced PCD was independent of the generation of ROS in Arabidopsis cell suspension cultures (Townley et al., 2005) or in tobacco BY-2 cells (Lachaud et al., 2011). Yun et al. (2011) also reported that the cell death in response to incompatible pathogen infections in the gsnor1-3 mutant is due to high S-nitrosothiol concentrations and is salicylic acid- and H2O2-independent. Thus, cell death is not necessarily accompanied by H2O2 formation.



5 Conclusion

This study indicates that OsRIP1, a type 1 cytosolic RIP, triggered cell death in tobacco BY-2 cells but not in Arabidopsis PSB-D cells. OsRIP1 treatment of BY-2 cells caused a loss of integrity of the plasma membrane, vacuolar collapse, RNA degradation and DNA fragmentation, without the accumulation of H2O2. Moreover, visible necrosis and a limited HR were induced by infiltration of high concentrations of OsRIP1 in epidermal cells of Samsun NN tobacco plants. Vacuolar collapse, the up-regulation of VPE genes and the evidence for OsRIP1 targeting to plant vacuoles clearly suggest that OsRIP1 triggers VPE-dependent cell death through the destruction of vacuoles in tobacco BY-2 cells, independent of its N-glycosylase activity on cytosolic ribosomes. The precise mechanism of OsRIP1-induced cell death in tobacco BY-2 cells remains to be elucidated.
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