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Abstract
The protoplast retracts during apoptosis-like programmed cell death (AL-PCD) and, if this retraction is an active component of AL-PCD, it should be used as a defining feature for this type of programmed cell death. We used an array of pharmacological and genetic tools to test if the rates of protoplast retraction in cells undergoing AL-PCD can be modulated. Disturbing calcium flux signalling, ATP synthesis and mitochondrial permeability transition all inhibited protoplast retraction and often also the execution of the death programme. Protoplast retraction can precede loss of plasma membrane integrity and cell death can be interrupted after the protoplast retraction had already occurred. Blocking calcium influx inhibited the protoplast retraction, reduced DNA fragmentation and delayed death induced by AL-PCD associated stresses. At higher levels of stress, where cell death occurs without protoplast retraction, blocking calcium flux had no effect on the death process. The results therefore strongly suggest that retraction of the protoplast is an active biological process dependent on an early Ca2+-mediated trigger rather than cellular disintegration due to plasma membrane damage. Therefore this morphologically distinct cell type is a quantifiable feature, and consequently, reporter of AL-PCD.
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1. Introduction
The retraction of the protoplast, leaving a visible gap between the cell wall and plasma membrane, is a morphological feature that can occur as a part of the programmed cell death (PCD) process in plants. This type of cell death has been named apoptosis-like PCD (AL-PCD) [1-3]. Examples of plant PCD events occurring with protoplast retraction include death induced by abiotic stress or pathogen attack [4] and developmental PCD, such as suspensor elimination [5], leaf morphogenesis [6, 7] or PCD during the final stages of senescence [8]. This morphology has been used as a hallmark feature for determination of AL-PCD rates in cell suspension cultures in a number of species, for example Arabidopsis [9], soybean [10], tobacco [11] and sycamore [12]. Moreover, using a root hair assay, this retracted morphology has been used for determination of AL-PCD in vivo [13-17]. 
We hypothesised that the protoplast retraction associated with AL-PCD is an active, interruptible, and possibly essential, part of the cell death mechanism. If this hypothesis is correct then the morphology associated with protoplast retraction is invaluable as a highly accurate reporter for the quantification of rates of this type of PCD following the induction of death [2, 3]. However this hypothesis contradicts the revised nomenclature for plant PCD that was proposed in 2011 by van Doorn et al. [4] who recognised two main categories of plant PCD: vacuolar cell death and ‘necrosis’, and further argued that by following this nomenclature AL-PCD should be renamed as ‘necrosis’. Van Doorn and colleagues proposed that, as occurs during necrosis in animal cells, the protoplast retraction during plant AL-PCD is a result of the early rupture of the plasma membrane and consequently the protoplast collapses [4, 18]. Reape and McCabe [3] have argued that on the contrary, rather than a passive cellular collapse the AL-PCD morphology is a result of the active retraction of the plasma membrane and is a potentially indispensable component of the programmed cascade of events leading to cellular destruction. Reape and McCabe [3] also pointed out that the proposed terminology is lacking a definition for cell death originally described as necrosis in McCabe’s laboratory - a cell dying under conditions of high stress, where no retraction of the protoplast is observed [5, 19, 20]. The term ‘necrosis’, proposed by van Doorn et al. [4] appears to refer to both AL-PCD and necrosis in terms of McCabe’s nomenclature suggesting that these processes can be regarded as one type of PCD. Many reporters of death (e.g. Evans Blue, FDA) cannot distinguish between AL-PCD and necrosis; and if they are indeed the same type of death process then the data these reporters provide are perfectly valid, however if the AL-PCD and necrosis are different types of death, then it is imperative that researchers distinguish between them in order to gather accurate, correct data. 
Here, we provide evidence that protoplast retraction during AL-PCD is an active biological process, being a component of programmed cell destruction rather than collateral physical damage, and furthermore, AL-PCD is mechanistically different from death that occurs without protoplast retraction. We also demonstrate that the retraction can precede the loss of plasma membrane integrity and is coupled to rates of DNA degradation. Unlike the cell death occurring without protoplast retraction, AL-PCD was dependent upon an early, extracellular calcium influx. Protoplast retraction, could be modulated by numerous chemical agents affecting cellular activities known, or predicted to be involved in the active PCD process, e.g. mitochondrial permeability transition, ATP synthesis, sphingolipid signaling, protein synthesis, induction of caspase-like activity, reactive oxygen species metabolism (summarized in Table 1). Interestingly, the temporal separation between the protoplast retraction and loss of plasma membrane integrity could be increased by low concentrations of fumonisin B1 (mycotoxin disturbing sphingolipid signalling) and spectinomycin (inhibitor of protein translation in the chloroplast). The data suggest that protoplast retraction is an active component of AL-PCD and provide insights towards mechanistic regulation of this process. 
We conclude that it is essential to be able to distinguish between death occurring with a retracted morphology (AL-PCD) and death without the protoplast retraction (necrosis) in order to accurately investigate the regulation of these fundamental cell death processes in plants. 


2. Methods
2.1 Plant material and growth conditions
Arabidopsis seedlings and cell suspension cultures were grown as described previously [14]  except that a 16-hrs-light/8-hrs-dark regime was used for cell cultures unless otherwise stated. Arabidopsis TPC1 null mutant tpc1-2 (SALK_145413) was obtained from the Nottingham Arabidopsis Stock Centre [21].
2.2 Heat treatment of Arabidopsis plants
Heat treatment was carried out in sterile distilled water using a Grant OLS200 waterbath set at the desired temperature, without shaking, for 10 min. Five day old seedlings were carefully transferred to wells of 24-well culture plates. Each well contained 1 ml of sterile distilled water. Plates were sealed with Leucopore tape and allowed to float in the waterbath for 10 min. Following heat treatment seedlings were returned to the constant temperature room at 22oC under constant illumination until scoring. 

2.3 Heat treatment of cell suspension cultures
Fifteen ml of seven day old cultures was placed in sterile 250 ml flasks. The flasks were then placed in a shaking (85 oscillations/minute) waterbath (Grant OLS200) set to the desired temperature for ten minutes. Following heat treatment flasks were returned to room temperature until monitoring of cell death. 

2.4 Salicylic acid treatment of cell suspension cultures
Eighty ml of seven day old cultures were filtered and resuspended in fresh medium supplemented with salicylic acid (SA). A stock of SA (0.5 M) was prepared in 96 % ethanol. Flasks were kept at room temperature until monitoring of cell death. 

2.5 Chemical treatments of suspension cells
Fumonisin B1 (FB1, Sigma-Aldrich) was dissolved in methanol at a concentration of 10 mM.  Water was used for further dilutions of FB1. Cells treated with 500 nM FB1 were incubated under high light (200-300 mol m-2 s-1) for 72 hrs prior to heat treatment. A stock of lanthanum chloride heptahydrate (LaCl3, Sigma-Aldrich) was prepared in sterile distilled water (10 mM) and added to cell suspension culture directly (for heat treatment experiments) or to medium supplemented with SA before cells resuspension (for SA treatment experiments), or further diluted in water (for treatment of seedlings) at indicated concentrations and times. A stock of gadolinium chloride hexahydrate (GdCl3, Sigma-Aldrich) was prepared in sterile distilled water (10 mM) and added to cell suspension culture at 750 µM concentration 10 min prior to heat treatment. A stock of ruthenium red (RuR, Sigma-Aldrich) was prepared in sterile distilled water (1 mM) and added to suspension culture at 1 µM concentration 24 hrs prior to heat treatment. A stock of ethylene glycol tetraacetic acid (EGTA, Sigma-Aldrich) was prepared in sterile distilled water (100 mM) and added to suspension culture at 4 mM concentration 10 min prior to heat treatment. A stock of cyclosporine A (CsA, Sigma-Aldrich) was prepared in absolute ethanol (1 mM) and added to suspension culture at 15 µM concentration 24 hrs prior to heat treatment. A stock of oligomycin A (Sigma-Aldrich) was prepared in DMSO (6.25 mM) and added to suspension culture at 10 µM 24 hrs prior to stress treatment. A stock of spectinomycin dihydrochloride pentahydrate (SM, Sigma-Aldrich) was prepared in sterile distilled water (20 mM) and added to culture medium at the time of subculturing, before the addition of cells, at 0.2 mM concentration as previously described [22]. Cells treated with SM were incubated in continuous light for 7 days before further experiments. 



2.6 AL-PCD assay
Cells/roots were stained with fluorescein diacetate (FDA), a live/dead stain. Only viable cells/root hairs are able to cleave FDA to form fluorescein which, when excited by a wavelength of 485 nm, fluoresces green. Root hairs/cells were stained in 1 μg/ml FDA and immediately examined under white and fluorescent light. Cells that were positive for FDA staining were scored as alive. Cells negative for FDA staining were examined further and scored as either AL-PCD, having a retracted cytoplasm, or necrotic, having no retracted cytoplasm. Data is expressed in graphs as AL-PCD and Total Cell Death (TCD, where TCD = AL-PCD + necrosis). Plasma membrane integrity of suspension cells was also determined by trypan blue staining. Cells were stained in 0.4 % trypan blue solution directly on the microscope slides and immediately examined under white light for the dye uptake (indicator of plasma membrane damage). 

2.7 Statistical data analysis
Effects of chemical and genetic manipulations of cell death rates were tested for significance by the Student’s t-test using Excel Analysis ToolPak.

2.8 DNA fragmentation assay
The Fragment END Labelling (FragEL) enzymatic kit (Oncogene Research Products, Calbiochem-Novabiochem (UK) Ltd, Beeston, UK) was used for detection of DNA fragmentation in cell suspensions. The assay was carried out according to the manufacturer’s instruction. Slides were examined by counting the rates of nuclei present (fluorescing blue after staining with the DNA stain 4’, 6- diamino-2-phenylindole (DAPI), viewed with DAPI filter) and calculating the percentage of those that were FragEL positive (fluorescing green, viewed with FITC filter). 
3. Results
3.1 Interfering with calcium flux into the cell modulates AL-PCD but not necrosis
Lanthanum chloride is a general Ca2+ channel inhibitor [23]. Pretreatment with LaCl3 has been previously used to block protoplast retraction induced in carrot suspension cells by ethanol, heat, staurosporine or hydrogen peroxide [5]. Here, we investigated the effect of LaCl3 (750 µM) on AL-PCD (death with protoplast retraction) and necrosis (death with no protoplast retraction), induced by different concentrations of salicylic acid and heat treatment performed at different temperatures. A 24 hrs treatment with 2 mM SA induced AL-PCD in 93 % of cells. Similarly, 92 % of cells treated for 10 min at 55oC underwent AL-PCD 24 hrs after the treatment (Fig. 1A). Treatment with LaCl3 reduced the percentage of cells exhibiting protoplast retraction to 21 % following SA treatment and 19 % after heat treatment (Fig 1A). However, the total rates of death (AL-PCD plus necrosis) were not affected by interfering with cellular calcium fluxes. This suggests that with these specific insults, when the default, calcium dependent mode of death (AL-PCD) is inhibited, the cell, presumably fatally compromised, still dies, possibly via secondary necrosis based on the absence of protoplast retraction or DNA degradation. High levels of SA (20 mM) induced 100 % viability loss, with only 4 % of cells exhibiting protoplast retraction. Similarly, heat treatment at 65oC caused all cells to lose their viability with only 13.8 % undergoing AL-PCD. LaCl3 treatment did not inhibit necrotic cell death induced by 20 mM SA or 65oC heat shock (Fig. 1A). 
While interfering with calcium flux did not affect the final number of dead cells (AL-PCD plus necrosis) it did affect the timing of viability loss. Application of LaCl3 prior to 2 mM SA or 55oC treatment reduced TCD rates for several hrs following the start of the treatment (Fig. 1B). However there was no effect of LaCl3 treatment on cell viability observed at any stage of 20 mM SA or 65oC treatment, where necrosis is the predominant mode of death (Fig. 1C). 
We then tested the effect of other calcium blockers on protoplast-retraction associated cell death induced by heat treatment. Gadolinium (III) chloride (a nonselective mechanosensitive Ca2+ channel blocker), ethylene glycol tetraacetic acid (EGTA, a potent calcium specific chelator) and ruthenium red (inhibitor of Ca2+ release from the ryanodine-sensitive intracellular calcium stores and blocker of Ca2+ uptake and release from mitochondria [24]) all proved to be effective inhibitors of protoplast retraction induced by heat treatment (Table 1 and Fig. 2A,B,C). While the blockers of nonselective plasma membrane Ca2+ channels, LaCl3 (Fig. 1A) and GdCl3 (Fig. 2A) inhibited > 75 % of protoplast retractions even 24 hrs after the heat treatment (p<0.0001 and p<0.00001 respectively),  the effect of ruthenium red, a blocker of Ca2+ release from intracellular endoplasmic reticulum or vacuole calcium stores and an inhibitor of the mitochondrial Ca2+ uniporter, was less effective, as it reduced the rate of protoplast retraction by 50 % (p<0.02) after 6 hrs and only by 17 % (p<0.02) after 24 hrs (Fig. 2B). The calcium ion specific effect of LaCl3 and GdCl3 is supported by results obtained with EGTA, as chelating extracellular calcium reduced rates of AL-PCD by over 90 % after 6 hrs and by over 70 % (p<0.001) 24 hrs after the heat treatment (Fig. 2C). 
We further investigated the involvement of intracellular Ca2+ signalling in the induction/execution of AL-PCD using genetic tools. Rates of AL-PCD and necrosis induced by heat treatment (50oC) in the tpc1-2 mutant were determined 6 and 24 hrs following the stress treatment. Tpc1-2 is a null TPC1 mutant, lacking the slow vacuolar channel mediating Ca2+ flux from the vacuolar stores [25]. Consistent with the results obtained with chemical modulators of intracellular calcium release, the tpc1-2 mutant had reduced rates of protoplast retraction in root hairs 6 hrs after the heat treatment compared to the wild type (reduction by 35 %, p<0.01), whereas no significant difference was observed in the AL-PCD rates of tpc1-2 and WT after 24 hrs (Fig. 2D).
3.2 Blocking calcium influx reduces early DNA fragmentation associated with protoplast retraction.
It was investigated if application of the Ca2+ channel blocker lanthanum chloride can inhibit any other processes associated with PCD. A FragEL assay was used to detect nuclei with degraded DNA, another hallmark feature of programmed cell death [10, 26, 27]. Samples (10 ml of 7-day old cell culture) were treated with 750 µM LaCl3 prior to 54oC heat treatment. AL-PCD /viability scoring and FragEL assay were performed after 6 hrs (Fig. 3). Background levels of total cell death remained at 6.1 % with 5.2 % exhibiting protoplast retraction and 3.6 % of nuclei displaying DNA fragmentation. Heat treatment resulted in induction of cell death in 97.4 % of cells, with 72.8 % showing protoplast retraction and DNA fragmentation occurring in 63.5 % of nuclei. Pretreatment with 750 µM LaCl3 significantly reduced (p <0.01) the level of cells exhibiting protoplast retraction following the heat treatment to 12.4 %. This effect was accompanied by a significant (p<0.05) decrease in the percentage of FragEL positive nuclei to 20.5 %. This data demonstrates that occurrence of two AL-PCD hallmarks: protoplast retraction and DNA degradation, is correlated and activation of both requires an influx of extracellular calcium. These results suggest that LaCl3 blocks the AL-PCD process rather than solely affecting the AL-PCD morphology. Moreover, although LaCl3 blocked protoplast retraction and DNA degradation 6 hrs after the treatment, final overall cell death levels were not significantly reduced, suggesting that blocking AL-PCD results in the cells dying by necrosis in the absence of a functioning PCD pathway and that nuclear degradation, a hallmark feature of plant PCD, is not correlated with a necrotic cell death process.
3.3 A calcium signal is an early trigger for PCD in vivo and in vitro
In the previous experiments it was shown that blocking extracellular calcium influx with LaCl3 suppresses AL-PCD. We wished to investigate if this influx was a single triggering event or was a series of signalling events. Experiments were carried out where LaCl3 was added to suspension cells (750 µM) or seedlings (100 µM) at different time points during a death inducing heat treatment: at the initiation of heat treatment (t= 0 min), during heat treatment (t<10 min) and after heat treatment (t>10min). LaCl3 at a concentration of 100 µM was used in the root hair system as it was the lowest concentration which exerted a maximum inhibitory effect on plant PCD. Rates of AL-PCD and TCD were examined 24 hrs after heat treatment (Fig. 4). In cell suspension culture (Fig. 4A) lanthanum chloride blocked PCD when added before the heat shock, or up to 4 min after the initiation of the heat treatment, resulting in reduction of PCD level from 70 % (control) to 7 % when LaCl3 was added at t=0 min and to 37 % when LaCl3 was added at t=4 min. A similar trend was observed in the root hair system, where application of LaCl3 up to 8 min after the initiation of the heat treatment resulted in the reduction of PCD rates from 91 % (control) to 3 % when LaCl3 was added at t=0 min and to 34 % when LaCl3 was added at t=8 min (Fig. 4B). Interestingly, while lanthanum chloride did not prevent suspension cells from dying, it did keep root hairs alive (exhibiting FDA fluorescence) 24 hrs after stress application. While root hairs preserved their viability after heat stress and LaCl3 application, they did not fluoresce as intensively as the control root hairs of untreated seedlings, and after 48 hrs they had died without protoplast retraction and did not fluoresce (data not presented). This difference between cell suspension culture and root hairs may be explained by different concentration of LaCl3 used and different experimental systems (in vitro vs. in vivo). The results suggest that a Ca2+ dependent signal for cell death pathway activation is an early, and essential, trigger of AL-PCD.  Moreover, the fact that LaCl3 blocks the protoplast retraction suggests that development of this specific morphology is an active PCD process as it is dependant upon a biological signal (calcium influx) rather then being a result of physical cell destruction (plasma membrane rupture).  
3. 4 Protoplast retraction can precede the loss of plasma membrane integrity during programmed cell death induced by abiotic stress 
Arabidopsis suspension cells were monitored following cell death induction by heat stress (52oC) to further investigate whether the protoplast retraction precedes loss of plasma membrane integrity or is indeed a result of membrane rupture. We used the dye exclusion method: trypan blue is selectively excluded by the living cells while it can transverse the plasma membranes of dying cells which have lost their membrane integrity. It was observed that at early stages following the cell death inducing treatment a significant proportion of cells with retracted protoplasts retained their plasma membrane integrity, as indicated by trypan blue exclusion (Fig. 5A,B). Up to 6 hrs following the heat treatment, between 47 and 62 % of condensed protoplasts were trypan blue negative. The percentage of trypan blue negative condensed protoplasts gradually dropped 8 hrs (28 %) and 24 hrs (5 %) following the heat treatment, illustrating the progression of plasma membrane damage proceeding after the protoplast condensation had been already initiated. Control (viable) cells were capable of excluding trypan blue, whereas the cells subjected to necrosis- inducing treatment (65°C heat shock) were readily penetrated by the dye early after the treatment had been applied (Fig 5B).
3.5 PCD can be inhibited by chemical and genetic manipulations of an array of cellular activities and FB1 and spectimomycin can interrupt the retraction-associated cell death programme 
Both literature research, and a series of experiments, were performed to identify cellular activities involved in the regulation of protoplast retraction-associated cell death. In addition to previously mentioned calcium flux inhibitors, genetic manipulation of intracellular calcium signalling, chemical agents modelling sphingolipid metabolism, scavenging of reactive oxygen species (ROS), mitochondrial permeability transition, synthesis of ATP, protein synthesis and caspase-like activities affected the rate of progression of cell death associated with protoplast retraction (reviewed in Table 1). We demonstrate that two chemical agents: FB1 and spectinomycin, appeared to interrupt the execution of PCD programme after the protoplast retraction was already initiated, thereby increasing the temporal separation of cytoplasm condensation and loss of plasma membrane integrity (Fig. 5C,D,E). Moreover, the protoplast retraction and loss of plasma membrane integrity were delayed by inhibition of ATP synthase (oligomycin A treatment, Fig. 6) and mitochondrial permeability transition (CsA treatment, Fig. 7) supporting the view of AL-PCD being an active process dependent on mitochondrial signalling.
FB1 is a Fusarium-produced mycotoxin and at high concentrations is an inducer of PCD in plant cells [28, 29]. It interferes with the intracellular sphingolipid signalling by inhibiting the activity of ceramide synthases, enzymes responsible for the synthesis of ceramide, a key intermediate in sphingolipid metabolism [30]. FB1 has been also recently suggested to decrease mitochondrial respiration and deregulate mitochondrial calcium homeostasis [31]. We investigated the effect of low (500 nM) concentration of FB1 on Arabidopsis cells (Fig 5. C, D). Cell culture samples were incubated with 500nM FB1. 72 hrs post-fumonisin treatment, 10.8 % of cells had died, with a significant majority of these (10.7 %, p<0.01) having undergone PCD (Fig. 5C).  Interestingly, we also found a new cell type, which displayed the protoplast retraction that is normal for cells that die via PCD; however these cells also cleaved FDA indicating they were alive (Fig. 5C, D).  For this reason, we have designated these cells as having stalled death (SD) morphology.  With 500nM FB1 treatment, 11.8 % of cells exhibited this SD morphology. It can be speculated that the PCD has been initiated in these cells (as indicated by protoplast retraction) but is unable to progress to completion (as indicated by the cell’s ability to cleave FDA). To test if low levels of FB1 could indeed have this effect on PCD we pre-incubated cells with 500nM FB1, 72hrs prior to subjecting samples to heat (53°C) treatment (Fig. 5C). In control heat-treated cultures, 82 % of cells were dead, with 73.3 % of cells in the sample undergoing PCD.  In heat-treated cultures incubated with FB1 and heat stress, total death was reduced to 73.4 %, and the number of cells that underwent PCD was significantly reduced to 47.6 % (p<0.01).  Again SD cells were found in heat-treated cultures incubated with FB1.  Five hours after heat treatment we found 21.8 % of cells displayed SD morphology.  If the figures for SD and live cells were taken as being the total live percentage (26.6 %), then cells pre-treated with FB1 were more protected against heat treatment than those that were not (p<0.01).  It seems therefore that certain levels of FB1 can hinder the full progression of PCD induced by heat treatment, increasing the temporal separation of protoplast retraction and loss of plasma membrane integrity.
Interruption of the AL-PCD programme, after the protoplast retraction has already occurred, was previously observed in the case of Arabidopsis suspension cells grown in the presence of spectinomycin [32], an inhibitor of chloroplast protein synthesis [33]. Cells were grown in presence of 0.2 mM spectinomycin for 7 days prior to heat treatment, after which they were subjected to 10 min 55oC heat shock. Rates of viability, AL-PCD and necrosis were recorded 24 hrs following the heat treatment. Spectinomycin treatment did not affect either viability or morphology of control (no heat treatment) cells. Interestingly, 4 % of spectinomycin treated cells exhibited SD morphology 24 hrs following the heat treatment, as indicated by the presence of both protoplast retraction and ability to cleave FDA (Fig. 5E). In comparison, 100 % of control cells were FDA negative 24 hrs following the heat treatment. Although heat-induced SD morphology linked with FB1 or spectinomycin treatment was observed only in small proportion of cells, nevertheless these results clearly demonstrate that the viability loss associated with execution of AL-PCD programme can be inhibited after the protoplast retraction has already been initiated. 



4. Discussion
Protoplast retraction is a calcium dependent, active component, of a cell death programme
In their Tansley review, Reape and McCabe [2] suggested that protoplast retraction was a hallmark feature of AL-PCD and should be used to differentiate between AL-PCD and necrosis in order to correctly define the regulators, and regulation, of these distinct types of death. Recently, Reape and McCabe [3] hypothesised that this protoplast retraction is an active component of the cell death programme rather than a passive collapse caused by plasma membrane rupture. However, an active retraction concept cannot be accommodated by the van Doorn et al., [4] terminology which distinguishes two categories of plant cell death: vacuolar cell death - occurring during plant development, and ‘necrosis’ - induced by abiotic stress and pathogen attack. According to this nomenclature any PCD that displays protoplast retraction should be classified as ‘necrosis’ and the authors argue that protoplast retraction is a result of the early rupture of the plasma membrane, as occurs during necrosis in animal cells [4, 18]. Additionally, the van Doorn et al., [4] terminology does not separately recognise a cell death occurring without protoplast retraction which was originally described as necrosis in McCabe’s laboratory [5]. Obviously it is of paramount importance to the PCD research community to know if it is essential to differentiate between AL-PCD and necrosis, or to be confident that the regulation of death is the same in both morphological types of death. We therefore decided to review the validity of using protoplast retraction as a marker of AL-PCD in plants and to ascertain the need to distinguish between cell death occurring with and without this characteristic retracted morphology.
We provide evidence showing that the AL-PCD associated protoplast retraction is not a physical result of plasma membrane rupture. The protoplast retraction during cell death induced by abiotic stress (heat treatment) often preceded the loss of plasma membrane integrity (Fig. 5A, B). We have shown that PCD associated protoplast retraction, induced by SA or heat treatment, can be blocked by inhibiting Ca2+ influx through the application of LaCl3 and that LaCl3 treatment is effective both in vivo (root hairs) and in vitro (cell suspension cultures). 
Moreover, the protoplast retraction can be blocked by inhibition of extracellular Ca2+, even when viability loss is not prevented (Fig. 1, Fig 3, Fig. 4A). Dead cells do not have functioning plasma membranes, but following LaCl3 treatment, do not display protoplast retraction, suggesting that it is unlikely that loss of plasma membrane integrity is the cause of retraction of the protoplast. Similar results have been obtained using another general calcium channel blocker, GdCl3 or when extracellular calcium is chelated by EGTA (Fig. 2A, B). Our results suggest that retraction of the protoplast is an active, regulated event and that this morphological marker of AL-PCD can be used as a reporter of this type of regulated death. 
Blocking extracellular Ca2+ influx inhibits the protoplast retraction and delays the associated loss of viability associated with AL-PCD (Fig. 1B) whereas the timing of cell death occurring without the protoplast retraction (necrosis) at the higher levels of stress is not affected by the plasma membrane calcium channel blocker LaCl3 (Fig. 1C). Interestingly, LaCl3 was only an effective blocker of AL-PCD if added before, or at the very early stages after, stress (heat) application (4 min in cell suspension culture, 8 min in the root hair system), which suggests that the activation of the PCD pathway depends on one initial, Ca2+ dependent, trigger rather than a series of calcium influxes throughout the death process (Fig. 4). Moreover, inhibition of heat induced protoplast retraction by blocking the extracellular Ca2+ influx was accompanied by a corresponding decrease in the level of DNA fragmentation (Fig. 3), which is another marker of PCD [10, 26, 27]. Coupling of protoplast shrinkage with the early DNA fragmentation is also supported by recent results by Pathirana et al. [34], who shown that at late G2 phase, ethylene-induced death occurs without protoplast shrinkage and without DNA fragmentation, while deaths induced by polyethylene glycol, hydrogen peroxide and mannose were characterized by both PCD markers. These results highlight that protoplast retraction coincides with other PCD hallmark features, reinforcing the validity of using it as a readily recognizable marker for AL-PCD. This study also indicates that an early Ca2+ dependent trigger is required for the activation of several components, or possibly the entire PCD pathway, rather than just the protoplast retraction.
[bookmark: _GoBack]The experiments demonstrating dependence of protoplast retraction on the early Ca2+ dependent trigger, suggest that AL-PCD morphology is an active, programmed retraction, a biological process which may be an important part of the cell death cascade, rather than simply being a physical cellular collapse [3]. This early calcium mediated signal did not appear essential for induction of necrosis (cell death occurring at higher levels of stress without protoplast retraction). The difference in timing required for completion of the AL-PCD programme (which occurs over the course of several hours) and necrosis (immediate cell death) has also been demonstrated, supporting the view of AL-PCD as an active and organized sequential process. It needs to be highlighted that although La3+ treatment was shown to inhibit the protoplast retraction and delay the viability loss in cells subjected to stress treatment, cells ultimately died, presumably by necrosis, as a result of stress insult when the default, AL-PCD pathway, was blocked. This secondary necrosis, however has not been associated with the early (occurring within 6 hrs) DNA fragmentation characteristic for AL-PCD [1], as demonstrated by FragEL assay (Fig. 3). 
Involvement of calcium signalling in the regulation of retraction-associated PCD was reinforced by results obtained with two other calcium signalling regulators: gadolinium chloride and ruthenium red, and the calcium ion chelator EGTA (Fig. 2). Moreover, a previous literature report demonstrated that treatment with caffeine, which causes release of intracellular calcium, inhibited bleomycin induced retraction-associated PCD [35], suggesting that spikes in intracellular calcium concentration are an essential element of the AL-PCD pathway. It is interesting to note that the nonspecific Ca2+ channel blockers (LaCl3 and GdCl3) and the chelator of extracellular Ca2+, EGTA, have a significantly stronger effect on rates of protoplast retraction induced by heat treatment compared to RuR or a null mutation in vacuolar Ca2+ channel TPC1. The fact that LaCl3 and GdCl3 (blockers of extracellular calcium influx) inhibited the protoplast retraction, while RuR or TPC1 knockout mostly delayed its onset supports the mechanistic view that AL-PCD induction depends on the early signal mediated by extracellular calcium influx, and that the AL-PCD process is subsequently regulated by the release of calcium from internal calcium stores.
The use of numerous other pharmacological and genetic tools targeting signalling pathways associated with programmed cell death signalling resulted in alteration of the rates of heat induced AL-PCD rates. This study demonstrated that inhibition of the mitochondrial permeability transition (Fig. 7) and ATP synthesis (Fig. 6) inhibits both protoplast retraction and viability loss. Previously we have reported that the retraction associated cell death can also be delayed by caspase inhibitors [14], antioxidants such as catalase [36], inhibitors of protein synthesis [37] and sphingosine-1-phosphate [38]. Moreover, during Fusarium infection, the pathogen can potentially interfere with defence mechanisms of the host’s cells by releasing low concentrations of the mycotoxin deoxynivalenol and blocking the protoplast retraction associated cell death [37, 39]. These results (Table 1) favour the view of AL-PCD as an active and highly regulated process, dependent on the intricate balance of multiple signalling pathways. 
Based on these results we are confident that the protoplast retraction is not a result of cellular degradation taking place after the loss of plasma membrane integrity, but a bona fide element of plant PCD. Protoplast retraction can be blocked, even if plasma membrane rupture is not prevented (e.g. treatment of LaCl3). We also for the first time demonstrated that interfering with intracellular sphingolipid signalling and mitochondrial function (by application of FB1) and chloroplast protein synthesis (spectinomycin treatment) hindered the completion of PCD induced by heat treatment after the protoplast retraction had already occurred (Fig. 5 C, D, E). Exogenous addition of sphingoid bases has been shown to promote growth, however the disruption of sphingolipid biosynthesis itself is thought to trigger apoptosis [40]. There is evidence that in plant cells it is the levels and type of bioactive sphingolipids produced that result in either the PCD-inhibitory or PCD-promoting effects of FB1 [38]. This would account for the interference by FB1 of PCD induced by heat stress and the stalling of the PCD process that seems to result in ‘stalled death morphology’ cells. These SD cells express the morphology that is classically associated with cells undergoing heat-stress induced PCD [5]. However, the cells are clearly able to cleave, and accumulate FDA suggesting cellular enzymes are active and the plasma membrane remains intact and functioning. The SD morphology resulting from FB1 treatment could be also linked with the mitochondria specific effects of this mycotoxin, recently reported in mammalian cells, including disturbed calcium homeostasis, depolarization of mitochondrial membrane and decreased rate of mitochondrial respiration [31]. Over the last decade, the mitochondrion has emerged as a central regulator of plant PCD and therefore a putative FB1-induced dysfunction of mitochondrial signalling, similar to one reported in mammalian cell systems, would be a likely cause of attenuation of the cell death programme, resulting in the stalled death morphology.
Similar attenuation or possibly complete cessation of the cell death programme was observed following treatment with spectinomycin, suggesting a role for chloroplast protein synthesis in the execution of plant AL-PCD [32]. The exact mechanism responsible for the FB1 and spectinomycin interruption of the AL-PCD pathway requires further investigation, but the cessation of the cell death process following the initial cytoplasmic condensation shows that once initiated, the cell death programme can be interrupted and further contradicts the theory of protoplast retraction being simply the result of plasma membrane rupture.  
Summary
The results support the view that the retracted protoplast AL-PCD morphology is a controlled programmed condensation of the plasma membrane rather than an unorganised collapse of the protoplast and it may indeed turn out to be a driver of certain downstream components of apoptosis-like PCD rather than simply the post-mortem decomposition of a dead cell [3]. Therefore, we stress that it is essential to distinguish between the AL-PCD (protoplast retraction associated cell death) and necrosis (cell death occurring in plant cells without protoplast retraction) as there are significant differences between the signalling and regulation of these two modes of plant cell death.
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Figure legends:
Fig. 1 Calcium channel blocker LaCl3 inhibits the retraction associated AL-PCD, but not necrosis. Cell death was induced in Arabidopsis suspension cells with SA (2 or 20 mM) and heat treatment (55oC or 65oC, 10 min) and the effect of addition of 750 µM LaCl3 on rates of AL-PCD and necrosis was determined. LaCl3 was added 10 minutes prior to heat treatment. 100 ml of 7-day old cells was treated. Each value represents the mean (±SEM) of three individual experiments where between 150 and 300 cells were scored.  A) Rates of AL-PCD and necrosis induced with and without LaCl3 treatment after 24 hrs treatment with SA or heat. Effect of LaCl3 treatment on rates of AL-PCD and necrosis was tested tested by Student’s t-test (* p<0.01). B) Time course of AL-PCD and total cell death (TCD, FDA staining negative cells) with and without LaCl3 treatment induced by 2 mM SA and 55oC. C) Time course of AL-PCD and TCD with and without LaCl3 treatment induced by 20 mM SA or 65oC.  
Fig. 2. GgCl3, RuR, EGTA and knockout of TPC1 inhibit the retraction associated AL-PCD. A) 750 µM GdCl3 was added to Arabidopsis suspension cells 10 min prior the heat treatment (10 min at 54oC). AL-PCD, necrosis and viability rates were recorded 24 hrs after heat treatment. FDA was used to distinguish between viable and dead cells. GdCl3, a blocker of nonselective plasma membrane Ca2+ channels, significantly lowered the rates of retraction associated cell death (AL-PCD, p<0.001). Bars represent mean of 3 experimental repeats (±SEM). B) Arabidopsis suspension cells were incubated in 1µM RuR for 24 hrs prior the heat treatment (10 min at 53oC). AL-PCD, necrosis and viability rates were recorded 6 hrs and 24 hrs after heat treatment. FDA was used to distinguish between viable and dead cells. RuR, a blocker of the mitochondrial Ca2+ uniporter and Ca2+  release from the intracellular stores, significantly lowered the rates of retraction associated cell death (AL-PCD, 6 hrs p<0.001, 24 hrs p<0.05). C) Arabidopsis suspension cells were incubated in 4 mM of EGTA for 10 min prior the heat treatment (10 min at 53oC). AL-PCD, necrosis and viability rates were recorded 6 and 24 hrs after heat treatment. FDA was used to distinguish between viable and dead cells. EGTA, a potent chelator of calcium ions, significantly lowered the rates of retraction associated cell death (AL-PCD, p<0.001 after 6 hrs, p<0.001 after 24 hrs). D) 5-day old tpc1-2 and WT seedlings were subjected to heat treatment (10 min at 50oC). A root hair assay was performed 6 hrs and 24 hrs after heat treatment to determine AL-PCD, necrosis and viability rates. Lack of functional vacuolar Ca2+ channel in tpc1-2 seedlings significantly reduced the rates of retraction associated cell death after 6 hrs (p<0.001) but not after 24 hrs. Bars represent mean of 3 experimental repeats (±SEM).
Fig. 3. LaCl3 inhibits DNA fragmentation accompanying AL-PCD. LaCl3 (750 µM) was added to Arabidopsis cell suspension 10 min before samples were subjected to a 54oC treatment (10 ml of 7-day old cells). Following the heat treatment samples were returned to growth conditions for 6 hrs before fixation and FragEL assay. Cell viability was assessed using FDA and AL-PCD morphology was used to distinguish between AL-PCD and necrotic cells. Each value represents the mean (±SEM) of three individual experiments where between 200 and 300 cells were scored.  FragEL is the percentage of nuclei that stain positively for nuclear DNA degradation. The effect of LaCl3 on FragEL, AL-PCD and necrosis induced by heat treatment was tested by the Student’s t-test (* p<0.01, ** p<0.05). 
Fig 4. Calcium dependent signal is a relatively early trigger of AL-PCD in vitro and in vivo. LaCl3 was applied to cell suspension cultures (750 µM) (A) and seedlings (100 µM) (B) at different time points in relation to the start of AL-PCD inducing heat stimulus. After 10 min heat treatment (54oC cell suspension culture, 55oC seedlings), samples were returned to growth conditions. PCD and TCD rates were recorded 24 hrs after heat treatment. Selected box denotes the 10 min of the heat treatment. A) Cell suspension culture, each value represents the mean (±SEM) of three individual experiments where between 200 and 300 cells were scored. B) Root hair system, each value represents the mean (±SEM) of three replicates, where >100 root hairs were scored. The experiment has been repeated twice with similar results. 
Fig. 5 Protoplast retraction often precedes the loss of plasma membrane integrity during programmed cell death induced by abiotic stress and AL-PCD cell death programme can be interrupted after the protoplast retraction was initiated. A) Arabidopsis suspension cells were subjected to 10 min heat treatment (52oC) and the rates of protoplast retraction and loss of plasma membrane integrity (trypan blue staining) were monitored over 24 hrs. Bars are the means (±SEM) of three independent experiments. B). Representative images of trypan blue staining of control (viable) cells, AL-PCD cells 3 hrs after 52oC heat treatment and necrotic cells 30 min after 65oC treatment. Arrows indicate cells with retracted protoplasts, which were not permeable to trypan blue. C) Loss of plasma membrane integrity can be uncoupled from the protoplast retraction during AL-PCD. Arabidopsis suspension cells were treated with 500nM FB1 72 hrs prior to heat treatment.  FB1 treatment increased the incidence of AL-PCD.  A new cell type (termed ‘stalled death’, FDA-positive live cells with retracted protoplasts) was found in FB1-treated samples but not control samples. Five hrs following heat treatment, the incidence of PCD was reduced in FB1-treated samples while the total incidence of live cells (viable + stalled death) increased.  Results are the mean (±SEM) of two independent experiments performed in triplicate. D) Representative image of FB1 pretreated cell presenting ‘Stalled Death’ morphology after heat treatment, stained with FDA. E) Representative image of spectinomycin treated cell presenting ‘Stalled Death’ morphology 24 hrs after heat treatment, stained with FDA. 
Fig. 6. Oligomycin A inhibits the retraction associated AL-PCD. Dark grown Arabidopsis suspension cells were pretreated with 10 µM oligomycin A (OligA) 24 hrs prior to heat treatment (10 min at 52oC) or SA treatment (2 mM SA). Dark grown cells were used to exclude the effect of oligomycin A on chloroplast ATP synthase. AL-PCD, necrosis and viability rates were recorded 6 hrs after the initiation of the treatment. Oligomycin A, a blocker of mitochondrial ATP synthase, significantly lowered the rates of retraction associated cell death induced by heat and SA treatment (AL-PCD, heat p<0.001, SA p<0.05). Bars represent mean of 3 experimental repeats (±SEM).
Fig. 7. CsA inhibits retraction associated AL-PCD. Arabidopsis suspension cells were incubated in 15 uM CsA for 24 hrs prior to heat treatment (10 min at 53oC). AL-PCD, necrosis and viability rates were recorded 6 hrs after heat treatment. FDA was used to distinguish between viable and dead cells. CsA, an inhibitor of mitochondrial permeability transition, significantly lowered the rates of retraction associated cell death (AL-PCD, p<0.05). Bars represent mean of 3 experimental repeats (±SEM).
Table 1.  Retraction associated PCD can be modulated by chemical and genetic manipulations of numerous cellular activities and signalling pathways. A summary of literature reports and data presented in this study demonstrate that protoplast retraction associated PCD process is prone to chemical and genetic manipulations. Results for LaCl3, GdCl3, and FB1 and spectimomycin uncouple protoplast retraction from the loss of plasma membrane integrity. 
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