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SUMMARY 19 

The ability to respond to unanticipated increases in volume is a fundamental property of cells, 20 

essential for cellular integrity in the face of osmotic challenges. Plants must manage cell swelling 21 

during flooding, rehydration, and pathogenesis–but little is known about the mechanisms by which 22 

this occurs. It has been proposed that plant cells could sense and respond to cell swelling through 23 

the action of mechanosensitive ion channels. Here we develop and characterize a new assay to 24 

study the effects of cell swelling on Arabidopsis thaliana seedlings and to test the contributions of 25 

the mechanosensitive ion channel MscS-Like10 (MSL10). The assay incorporates both cell wall 26 

softening and hypo-osmotic treatment to induce cell swelling. We show that MSL10 is required 27 

for previously demonstrated responses to hypo-osmotic shock, including a cytoplasmic calcium 28 

transient within the first few seconds, accumulation of ROS within the first 30 minutes, and 29 

increased transcript levels of mechano-inducible genes within 60 minutes. We also show that cell 30 

swelling induces programmed cell death within 3 hours, also in a MSL10-dependent manner. 31 

Finally, we show that MSL10 is unable to potentiate cell swelling-induced death when 32 

phosphomimetic residues are introduced into its soluble N-terminus. Thus, MSL10 functions as a 33 

phospho-regulated membrane-based sensor that connects the perception of cell swelling to a 34 

downstream signaling cascade and programmed cell death.  35 

  36 
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INTRODUCTION 37 

 38 

Cells from all organisms must actively maintain an optimal volume; left uncontrolled, the passive 39 

diffusion of water into the cell would lead to extreme swelling and loss of integrity (Wood, 2011; 40 

Hýskova and Ryslava, 2018; Toft-Bertelsen et al., 2018). Furthermore, in plants, cell volume 41 

regulation is required to maintain cell shape, accomplish cell expansion and growth, drive cellular 42 

movements like stomatal opening, and prevent wilting (Zonia and Munnik, 2007; Scharwies and 43 

Dinneny, 2019). Plant cells may swell in the early stages of flooding, rehydration after desiccation, 44 

during water soaking in pathogenesis, and in response to cell wall damage by pathogens. In the 45 

laboratory, cell swelling is induced by subjecting tissues, cell suspensions or protoplasts to sudden, 46 

large drops in media osmolarity or disrupting of microtubule cytoskeleton (for example, Sugimoto 47 

et al., 2003; Droillard et al., 2004).  48 

 49 

There are both immediate and delayed responses to cell swelling. To immediately protect cell 50 

integrity and prevent lysis, microbes release osmolytes through channels or transporters; this raises 51 

the osmotic potential of the cell and reduces the entry of additional water (Wood, 2011; Hohmann, 52 

2015; Cox et al., 2018). Mammalian and plant cells respond by increasing membrane area by 53 

adjusting the relative rates of endocytosis/exocytosis to favor an increase in membrane volume, 54 

thereby preventing lysis (Diz-Muñoz et al., 2013; Zwiewka et al., 2015). These rapid responses 55 

are only the beginning of the plant cell’s response to cell swelling. A transient increase in 56 

cytoplasmic calcium ([Ca2+]cyt) in response to cell swelling has been documented in cultured 57 

tobacco, rice and Arabidopsis cells (Takahashi et al., 1997b; Cazalé et al., 1998; Cessna et al., 58 

1998; Cessna and Low, 2001; Pauly et al., 2001; Nakagawa et al., 2007; Kurusu et al., 2012a; 59 

Kurusu et al., 2012b; Nguyen et al., 2018), Arabidopsis leaves (Hayashi et al., 2006), and 60 

Arabidopsis root tips (Shih et al., 2014). Cell swelling also produces a burst of reactive oxygen 61 

species (ROS) (Yahraus et al., 1995; Beffagna et al., 2005; Rouet et al., 2006) and leads to the 62 

activation of mitogen-activated kinases (Takahashi et al., 1997a; Cazalé et al., 1998; Droillard et 63 

al., 2004). Many other stress responses to hypo-osmotic shock have also been documented (Felix 64 

et al., 2000; Liu et al., 2001; Ludwig et al., 2005; Tsugama et al., 2012). In Arabidopsis, a number 65 

of mechano- and Ca2+-responsive genes are induced in root tips after hypo-osmotic treatment (Shih 66 

et al., 2014). A family of bZIP transcription factors are translocated to the nucleus upon hypo-67 
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osmotic shock, where they are thought to up-regulate rehydration-responsive genes, including 68 

several enzymes that reduce levels of the plant hormone ABA (Tsugama et al., 2012; Tsugama et 69 

al., 2014; Tsugama et al., 2016). Despite these many observations, it is still not clear how these 70 

downstream signaling components are connected, nor how they might lead to adaptive responses. 71 

 72 

It is also poorly understood how cell swelling is initially perceived in plants. The many potential 73 

signals include molecular crowding, membrane tension, osmotic gradient, turgor, membrane 74 

curvature, cell wall damage, and the disruption of the plasma membrane-cell wall connections; 75 

(Haswell and Verslues, 2015; Cuevas-Velazquez and Dinneny, 2018; Hýskova and Ryslava, 2018; 76 

Gigli-Bisceglia et al., 2019; Le Roux et al., 2019). Several families of receptor-like kinases, 77 

including the WALL-ASSOCATED KINASES, Catharanthus roseus RLK family, have been 78 

implicated in sensing cell wall integrity (Nissen et al., 2016; Gigli-Bisceglia et al., 2019). In 79 

particular, the CrRLK FERONIA has been implicated in the perception of mechanical signals, 80 

including hypo-osmotic shock ((Shih et al., 2014). Here we investigate the role of another class of 81 

candidate cell swelling sensors, mechanosensitive ion channels (MS) (Cazalé et al., 1998; Haswell 82 

and Verslues, 2015; Kobayashi et al., 2018).  83 

 84 

MS ion channels are multimeric proteins embedded in the membrane that mediate ion flux across 85 

the membrane in response to lateral membrane tension, and are found in all kingdoms of life 86 

(Martinac, 2012; Ranade et al., 2015; Basu and Haswell, 2017). Rapid cell swelling is likely to 87 

lead to an immediate increase in membrane tension, leading to the opening of MS ion channels 88 

and thereby to the exit of osmolytes and/or entry of calcium signals that regulate downstream 89 

adaptive events. In Escherichia coli, the MS ion channels MscS and MscL serve as osmotic safety 90 

valves, opening in response to severe hypo-osmotic shock and mediating the release of osmolytes 91 

(Levina et al., 1999; Sukharev, 2002; Belyy et al., 2010). The subsequent departure of water from 92 

the cell presumably reduces swelling and preserves cell integrity. It is also possible that EcMscS 93 

mediates the swelling-induced entry of calcium, leading to intracellular signaling events (Cox et 94 

al., 2013). In plants, the overexpression of members of the MCA family leads to increased Ca2+ 95 

uptake in response to hypoosmotic shock in Arabidopsis, tobacco, and rice; but are not strictly 96 

required for swelling-induced Ca2+ uptake (Nakagawa et al., 2007; Kurusu et al., 2012b; Kurusu 97 

et al., 2012a). Members of the MscS-Like (MSL) family of MS ion channels have been implicated 98 
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in osmotic homeostasis in chloroplasts (Haswell and Meyerowitz, 2006; Veley et al., 2012), and 99 

pollen (Hamilton et al., 2015), but a direct function in cell swelling perception and signal 100 

transduction has not been demonstrated.  101 

  102 

Arabidopsis thaliana MSL10 is an excellent candidate for a general sensor of cell-swelling in plant 103 

cells. It is a mechanosensitive ion channel directly gated by lateral membrane tension as indicated 104 

by single-channel patch clamp electrophysiology (Haswell et al., 2008; Maksaev and Haswell, 105 

2012). MSL10 is essentially non-selective with a slight preference for anions and has a 106 

conductance of about 100 pS. An MSL10p::GUS expression reporter and publicly available 107 

databases indicate that it is ubiquitously expressed at relatively low levels, with the strongest signal 108 

detected in the root and shoot apices and in the vasculature (Winter et al., 2007; Haswell et al., 109 

2008; Laubinger et al., 2008; Zou et al., 2015). 110 

 111 

Overexpression of MSL10-GFP leads to dwarfing, the induction of cell death, the 112 

hyperaccumulation of ROS, and upregulation of a suite of genes associated with cell death and 113 

ROS (Veley et al., 2014). These same phenotypes are also observed in EMS-induced gain-of-114 

function mutant msl10-3G , also called rea1 (Zou et al., 2015; Basu et al., 2020). The ability of 115 

MSL10 to induce all of these phenotypes is inhibited by the presence of phosphor-mimic lesions 116 

at seven sites in the soluble MSL10 N-terminus and is promoted by the presence of phosphor-dead 117 

lesion at these same sites (Veley et al., 2014; Basu et al., 2020). Unexpectedly, the ability to induce 118 

cell death in a heterologous system is retained in MSL10 deletion mutants lacking the predicted 119 

pore domain (Veley et al., 2014) or MSL10 with point mutants that block channel conductance 120 

(Maksaev et al., 2018). These results suggest that MSL10 has both conducting and non-conducting 121 

functions, and we have proposed that increased lateral membrane tension induces conformational 122 

changes in MSL10 that both lead to ion flux and to dephosphorylation and activation of the N-123 

terminus (Basu et al., 2020). Our understanding of MSL10 function has been limited to these 124 

effects of MSL10 gain-of-function alleles, and its normal physiological function remains unclear. 125 

Here we describe our efforts to test the hypothesis that MSL10 serves as a sensor of membrane 126 

tension during cell swelling.   127 
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RESULTS 128 

 129 

We developed a seedling-based assay to determine the role played by MS ion channels in cell 130 

swelling responses. As gain-of-function MSL10 alleles trigger cell death (Veley et al., 2014; Basu 131 

et al., 2020), we first assessed cell death after cell swelling, using Evans blue uptake. A diagram 132 

of the treatment protocol is shown in Figure 1A. Seedlings were germinated and grown vertically 133 

on solid media supplemented with either 140 mM mannitol or -0.5 MPa PEG (polyethylene 134 

glycol). These concentrations were selected because they allow approximately 75% germination 135 

and do not affect germination or root growth in a genotype-specific manner (Figure S1A-D). After 136 

5-6 days, seedlings were transferred to liquid media containing 140 mM mannitol or -0.5 MPa 137 

PEG and either 600 nM isoxaben (ISX) or 500 nM 2,6-dichlorobenzonitrile (DCB). Both ISX and 138 

DCB are inhibitors of cellulose biosynthesis (Tateno et al., 2015). Seedlings were incubated with 139 

gentle shaking for 4 hours, then moved to solutions with or without mannitol or PEG for iso- or 140 

hypo-osmotic treatments, respectively. Hypo-osmotic treatment led to root cells that were 141 

significantly wider compared to iso-osmotic treatment, but did not lead to substantial changes in 142 

cell length nor cell bursting rates Figure S1E-H. 143 

 144 

Cell swelling induces cell death.  145 

In wild-type seedlings, the amount of cell death as measured by Evans blue uptake increased an 146 

average of 1.6-fold after 6 hours of hypo-osmotic treatment, but no significant increase was 147 

observed with iso-osmotic treatment (Figure 1B and Figure S2A). Similar results were obtained 148 

when -0.5 MPa PEG-infused agar was used in place of 140 mM mannitol (Figure 1C), or when 149 

DCB (a 2.2-fold increase in Evans blue uptake) was used instead of ISX (a 1.5-fold increase in 150 

Evans blue uptake). Seedlings treated with 140 mM mannitol, -0.5 MPa PEG, ISX, or DCB alone 151 

did not show an increase in cell death with hypo-osmotic treatment, though the relatively unhealthy 152 

seedlings grown on 330 mM mannitol alone did (Figure S2B-C). Shaking during the assay did 153 

not affect results (Figure S2D). Although the seedlings remain submerged for the entire duration 154 

of cell swelling assay, no increase in cell death was detected after iso-osmotic treatment, indicating 155 

that anoxia does not contribute to the observed increase in cell death seen with hypo-osmotic 156 

treatment. Collectively, these results indicate that a combination of cell wall biosynthesis 157 

inhibition and cell swelling leads to increased cell death in Arabidopsis seedlings. 158 
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MSL10 promotes cell swelling-induced cell death. 163 

We next determined the role of MSL10 in the cell swelling-induced cell death in seedlings. As 164 

shown in Figure 1 B-D, MSL10 is required for cell death in response to cell swelling in all three 165 

treatment regimens (mannitol + ISX, PEG + ISX, and mannitol + DCB). First, msl10-1 null 166 

mutants (Figure 1B-D) did not show any increase in cell death after 6 hours of hypo-osmotic 167 

swelling, while msl10-1 null mutants complemented with the wild-type genomic copy of MSL10 168 

(MSL10g) had cell death levels indistinguishable from the wild-type in mannitol + ISX, PEG + 169 

ISX, and mannitol + DCB treatment regimes, respectively. Second, a heightened cell death 170 

response was observed in msl10-3G gain-of-function mutant lines in all three regimes (1.4-fold, 171 

1.5-fold and 1.8-fold increases over wild type at 6 h for mannitol + ISX, PEG + ISX and mannitol 172 

+ DCB, respectively). Quantitative gene expression analysis revealed no induction of MSL10 173 

transcripts in response to either iso-osmotic or hypo-osmotic conditions in any of the genotypes 174 

tested (Figure 1E). As expected, MSL10 transcripts were undetectable in msl10-1 lines. The 175 

amount of cell swelling and bursting in ms10-1 and msl10-3G lines were not distinguishable from 176 

the wild type (Figure S1E-G).  177 

 178 

We also investigated if genes previously known to be upregulated in MSL10 gain-of-function lines 179 

(Veley et al., 2014; Zou et al., 2015; Basu et al., 2020) were also upregulated in response to 180 

swelling-induced cell death. Wild type, msl10-1, and msl10-3G mutant plants were subjected to 181 

cell swelling and levels of PLANT DEFENSIN1.2 (PDF1.2) and PEROXIDASE34 (PERX34) 182 

assessed by quantitative RT-PCR. In wild type lines, PDF1.2 levels increased 3.8-fold and 183 

PERX34 increased 2.2-fold in response to cell swelling (Figure 1E). The msl10-3G mutant 184 

displayed an even higher expression of PDF1.2 (5.4-fold) and PERX34 (5-fold) in response to cell 185 

swelling, whereas no noticeable change in either of these two genes was observed in the msl10-1 186 

seedlings. These results show that an MSL10-dependent mechanism, likely related to the 187 

phenotypes observed in MSL10 gain-of-function lines, leads to increased cell death in response to 188 

cell swelling. 189 

 190 

MSL10 potentiates a transient increase in cytoplasmic calcium in response to cell swelling.  191 

As described above, one of the most well-documented responses to hypo-osmotic shock is a 192 

transient increase in cytoplasmic calcium ([Ca2+]cyt ). We therefore determined if this response was 193 
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also induced in response to cell swelling and evaluated the role of MSL10. The calcium-activated 194 

luminescence of Aequorin provides a quantitative read-out of in vivo changes in [Ca2+]cyt in 195 

Arabidopsis seedlings (Knight et al., 1991; Zhu et al., 2013). Wild type, msl10-1, and msl10-3G 196 

seedlings expressing Aequorin were challenged with a hypo-osmotic treatment (by diluting 1:1 in 197 

deionized water) or an iso-osmotic treatment (by diluting 1:1 in 140 mM mannitol) using the 198 

injection function of a plate reader. In wild-type seedlings, [Ca2+]cyt rose sharply within 2 seconds 199 

of hypo-osmotic treatment (black arrow), then almost immediately declined to a level near the 200 

baseline (Figure 2A). In msl10-1 null mutants this peak was greatly diminished, showing 201 

approximately the same peak height as upon iso-osmotic treatment (Figure 2B). 202 

Conversely, msl10-3G seedlings showed a much higher peak of [Ca2+]cyt in response to cell 203 

swelling than wild-type seedlings. Figures 2C and D show comparisons of calcium levels at four 204 

points during experiments: before treatment (2.2 seconds after the start of the experiment), at the 205 

apex of the main peak (5.6 seconds after the start of the experiment), and at two points during 206 

recovery (7.8 and 10 seconds after the start of the experiment). The [Ca2+]cyt response to hypo-207 

osmotic treatment in the msl10-1 was significantly lower than that in the wild type at both 5.6 and 208 

at 7.8 seconds, resembling the response to iso-osmotic treatment.  209 

 210 

The [Ca2+]cyt response in the msl10-3G mutant was significantly higher than the wild type at 5.6 211 

seconds. Figure 2 shows compiled results of four independent trials, each of which included 212 

seedlings from three transgenic lines of each background; variation among individual transgenic 213 

lines is shown in Figure S3 A-F. Thus, cell swelling triggers a rapid and transient increase in 214 

[Ca2+]cyt and MSL10 is required for this response. We note that most previous reports of [Ca2+]cyt  215 

response to hypo-osmotic shock describe a biphasic response (Takahashi et al., 1997b; Pauly et 216 

al., 2001; Hayashi et al., 2006; Shih et al., 2014). However, these responses vary widely in 217 

timescale and relative peak heights, and in some cases a monophasic response is observed 218 

(Takahashi et al., 1997a; Kurusu et al., 2012a; Nguyen et al., 2018). These differences can be 219 

attributed to differences in the tissue used, the extent of osmotic down shock, or the timescale of 220 

measurement. 221 
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 222 
MSL10 potentiates ROS accumulation in response to cell swelling. 223 

As described above, plant cells hyperaccumulate ROS in response to hypo-osmotic shock, ROS 224 

accumulation is commonly associated with the induction of various types of PCD in plants (Petrov 225 

et al., 2015; Locato et al., 2016). In addition, we previously documented increased ROS 226 

accumulation in plants harboring MSL10 gain-of-function alleles (Veley et al., 2014; Basu et al., 227 

2020). We therefore wished to determine if cell swelling triggers ROS hyper-accumulation, and to 228 

investigate the possible role of MSL10 in that process. Five-day-old seedlings were stained with 229 

the ROS indicator dye 2, 7-dichlorofluorescein diacetate (H2DCFDA) at the indicated time points 230 

after cell swelling and fluorescence intensities were measured using a laser scanning confocal 231 

microscope. As shown in Figure 3A, by 30 minutes cell swelling produced an almost 2-fold 232 

increase in H2DCFDA fluorescence intensity in wild-type seedlings. At this same time point, no 233 
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increase in ROS levels was observed in msl10-1 null mutants, but ROS accumulation was 234 

recovered in the MSL10g lines, and msl10-3G lines accumulated high levels of ROS (almost 4-235 

fold increase in H2DCFDA fluorescence over the iso-osmotic treatment). By 60 minutes, however, 236 

ROS levels in the msl10-1 line were no longer significantly different from those in the wild type. 237 

Iso-osmotic treatment did not induce ROS accumulation, beyond a small increase in msl10-3G 238 

lines.  239 

 240 
We next attempted to localize the source of cell swelling-induced ROS by including inhibitors in 241 

the cell swelling treatment solutions. We tested diphenyleneiodonium (an NADPH oxidase 242 

inhibitor, DPI), potassium iodide (KI, a scavenger of H2O2) or salicylhydroxamic acid (SHAM, a 243 

peroxidase inhibitor) (Rouet et al., 2006; Dunand et al., 2007; Kurusu et al., 2012a). DPI had the 244 

strongest effect, reducing levels in the wild type and MSL10g lines to that of untreated controls, 245 

and also reducing levels in msl10-3G lines (Figure 3B). Including KI and SHAM in cell swelling 246 
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treatments had much more modest effects on H2DCFDA fluorescence intensity. Thus most, but 247 

not all, of the ROS produced in response to cell swelling is dependent on MSL10, and likely 248 

involves the action of NADPH oxidases. 249 

 250 

To further confirm the role of MSL10 in early ROS accumulation after cell swelling, we used the 251 

ROS-dependent fluorescence of cytoplasmic roGFP1, a ratiometric fluorescent biosensor that is 252 

used to report intracellular levels of ROS (Jiang et al., 2006). The redox status of roGFP1 is 253 

reflected in the its emission intensity when excited at 405 nm relative to its emission intensity 254 

when excited at 488 nm. The accumulation of ROS results in the oxidation of cysteine residues of 255 

roGFP1, and a higher 405/488 emission ratio. Wild-type, msl10-1 and msl10-3G mutant lines 256 

expressing cytoplasmic roGFP1 were subjected to cell swelling followed by confocal imaging. For 257 

calibration, seedlings were treated with either 10 mM H2O2 or 10 mM DTT to fully oxidize or 258 

reduce roGFP1 (Figure S4). In agreement with the H2DCFDA fluorescence intensity results 259 

shown in Figure 3A, roGFP1 signal increased in wild-type seedlings after 30 minutes of hypo-260 

osmotic treatment (Figure 3C). At 30 minutes of hypo-osmotic treatment, msl10-1 seedlings did 261 

not show any increase in roGFP1 signal, though an increase was observed by 60 minutes. In msl10-262 

3G mutants, roGFP1 signal was significantly higher than the wild type at both 30 and 60 minutes 263 

after hypo-osmotic treatment. Thus, cell swelling leads to increased ROS levels within thirty 264 

minutes after treatment, and MSL10 is required for the early stage of this response. MSL10 is not 265 

strictly required for the subsequent increases in ROS levels at 60 minutes, though it appears to 266 

contribute. 267 

 268 

MSL10 potentiates hypo-osmotic shock-associated changes in gene expression. 269 

It was previously observed that several genes implicated in touch- and mechano-response are 270 

induced in Arabidopsis root tips after 20 minutes of hypo-osmotic treatment (Shih et al., 2014). 271 

We therefore investigated if these genes were also upregulated in our seedling assay, and if MSL10 272 

is required for any effects. We selected 5 genes to assess by quantitative RT-PCR: TCH1, TCH2, 273 

TCH3, TCH4, and WRKY18. TCH1-3 encode calmodulin or calmodulin-like proteins. In wild-type 274 

seedlings, TCH1, TCH2, TCH3, and TCH4 were upregulated 6- to 22-fold after 30 minutes of 275 

hypo-osmotic swelling, but levels returned to almost baseline (TCH2, TCH4), or lower than 276 

baseline (TCH1, TCH3) after 60 minutes (Figure 4). WRKY18 was also upregulated, but with 277 
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different temporal dynamics, showing a 4-fold increase in transcript levels after 30 minutes and a 278 

12-fold increase after 60 minutes of hypo-osmotic treatment. MSL10 is required for full induction 279 

of all of these genes in response to hypo-osmotic swelling, as msl10-1 null mutants exhibited about 280 

half the transcript increases compared to the wild type. In all five cases, the complemented msl10-281 

1 mutant, MSL10g, was indistinguishable from the wild type, and the gain-of-function line msl10-282 

G showed an even higher increase in transcript levels than the wild type. Taken together, the results 283 

presented in Figures 2, 3, and 4 show that cell swelling activates a number of downstream 284 

responses previously associated with hypo-osmotic shock, including cytoplasmic calcium influx, 285 

a ROS burst, and the induction of mechano-inducible genes.  286 

 287 
 288 

Cell swelling results in MSL10-dependent programmed cell death.  289 

Programmed cell death (PCD) is a generic term used for multiple processes that result in induced 290 

and highly regulated cellular suicide in both plants and animals (van Doorn, 2011). In plants, PCD 291 

can be generally categorized as developmentally-induced (dPCD), pathogen-induced (pPCD) or 292 

environmentally-induced (ePCD) (Olvera-Carrillo et al., 2015; Kumar et al., 2016; Huysmans et 293 

al., 2017). As identifying and categorizing PCD-like events in plants has proven difficult and 294 

controversial (van Doorn, 2011; de Pinto et al., 2012), we used a set of well-established assays for 295 

PCD, including the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 296 
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(Tripathi et al., 2017); the activation of cysteine proteinases (caspase-like proteases) (Xu and 297 

Zhang, 2009); the upregulation of marker genes (Olvera-Carrillo et al., 2015); and acidification of 298 

the cytosol (Young et al., 2010) .  299 

   300 

301 
First, we used the TUNEL assay for detecting DNA fragmentation in root cells of seedlings 302 

subjected to iso-osmotic or hypo-osmotic treatments (Figure 5A and Figure S5A). After 6 hours 303 
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of cell swelling, the number of TUNEL-positive nuclei doubled in wild-type seedlings. 304 

Furthermore, this increase required MSL10, as no increase over iso-osmotic treatment was 305 

observed in msl10-1 mutants, and levels were restored in the msl10-1; MSL10g line. The msl10-306 

3G gain-of-function line showed even higher levels of cell swelling-induced TUNEL staining than 307 

the wild type (a 5-fold increase after 6 hours of cell swelling). A small increase in DNA 308 

fragmentation in the msl10-3G line above basal levels was observed. As expected, essentially all 309 

cells had TUNEL-positive nuclei when wild type seedlings were incubated with DNase I for 15 310 

min prior to the TUNEL reaction, and no TUNEL-positive nuclei were detected when the terminal 311 

deoxynucleotidyl transferase enzyme was omitted from the TUNEL reaction mixture (Figure 312 

S5B-C).  313 

 314 

Next, we used a commercial fluorometric caspase-3 activity assay to assess the induction of 315 

protease activity in protein extracts from whole seedlings. This approach has been previously used 316 

in plant cells (Danon et al., 2004; Ge et al., 2016). Wild-type and complemented MSL10g seedlings 317 

displayed increased caspase-3-like protease activity after cell swelling (from 5 to 140 and 134 318 

units/µg of total protein after 3 hours respectively) (Figure 5B). We observed a significantly 319 

smaller induction of caspase-3-like activity in msl10-1 mutant seedlings and a significantly larger 320 

increase in the msl10-3G mutant in response to cell swelling, compared to the wild type. At 6 321 

hours, a decrease in swelling-induced caspase-3-like activity was observed in all genotypes. 322 

Extracts from 1 h, 3 h, and 6 h samples that were treated with the caspase-3 inhibitor Ac-DEVD-323 

CHO were indistinguishable from the 0-hour timepoint, indicating that the activity detected is 324 

specific to the caspase-3-like protease family.  325 

 326 

Cytoplasmic acidification is another cellular marker of plant PCD. An increase in the typically low 327 

vacuolar pH can be used as a proxy for cytoplasmic acidification (Roberts et al., 1984; Wilkins et 328 

al., 2015). We stained seedlings with the ratiometric pH indicator dye 2,7-bis-(2-carboxyethyl)-5-329 

(and-6)-carboxy-fluorescein acetoxy-methyl ester (BCECF-AM), which accumulates in the 330 

vacuole (Bassil et al., 2013)(Figure 5C). After 3 hours of cell swelling, BCECF-AM-stained root 331 

cells were visualized using confocal microscopy. The ratio of emission after excitation at 488 nm 332 

to emission after excitation at 445 nm is positively correlated with pH. The ratio of emission 333 

intensities from the two BCECF-AM excitation wavelengths was translated to vacuolar pH using 334 
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an in situ standard curve (Figure S5D). None of the genotypes displayed any statistically 335 

significant changes in vacuolar pH during iso-osmotic treatment. By contrast, cell swelling led to 336 

an increase in the vacuolar pH of wild type seedling root cells. Consistent with the TUNEL and 337 

capase-3-like activity assays, msl10-3G mutant seedlings displayed a greater increase in vacuolar 338 

pH in response to cell swelling than wild-type seedlings, whereas no significant increase in 339 

vacuolar pH was observed in msl10-1 mutant seedlings. 340 

 341 

We next turned to marker gene expression to understand what type of PCD is induced by cell 342 

swelling. BIFUNCTIONAL NUCLEASE I (BFN1), RIBONUCLEASE 3 (RNS3), and 343 

METACASPASE 9 (MC9) are three of the nine genes belonging to the core “developmental cluster” 344 

known to be induced during developmental PCD, but not during environmentally triggered PCD 345 

(Olvera-Carrillo et al., 2015); though we note that an earlier report on MC9 indicates that it is also 346 

involved in biotic stress (Watanabe and Lam, 2011). Since cell swelling induced detectable DNA 347 

fragmentation by 6 hours (Figure 5A), we decided to assess gene expression at earlier time points. 348 

BFN1 and RNS3 expression levels did not change significantly in response to iso-osmotic 349 

treatment or to cell swelling in any of the genotypes at any time points tested (Figure 5D). Only a 350 

slight increase in MC9 levels was observed in msl10-3G seedlings after at 3 hours of cell swelling 351 

(Figure 5E). These data indicate that cell swelling-induced PCD is distinct from known 352 

developmental PCD. 353 

 354 

Finally, we measured transcript levels of METACASPASE 1 (MC1) and METACASPASE 2 (MC2) 355 

in response to cell swelling. MC1 is a canonical pathogenesis-related PCD metacaspase gene and 356 

MC2 has been implicated in PCD associated with biotic stresses (Watanabe and Lam, 2011; Coll 357 

et al., 2014; Yao et al., 2020). In wild type seedlings, MC1 and MC2 transcript levels increased 4-358 

6-fold after 1 hour and 3 hours of cell swelling, respectively (Figure 5E). In contrast, msl10-1 null 359 

mutants only displayed a slight increase in expression of MC2, whereas msl10-3G displayed a 360 

marked increase in MC1 and MC2 expression (10-fold and 10.5-fold, respectively). MC1 and MC2 361 

transcript levels did increase after 3 hours of iso-osmotic treatment in all genotypes, but not to the 362 

same extent as with cell swelling. Taken together, the data presented in Figure 5 show that cell 363 

swelling induces PCD that is distinct from developmentally induced PCD, and that these effects 364 

either require or are promoted by the mechanosensitive ion channel MSL10.  365 
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 366 

Cell swelling-induced PCD is prevented by phosphomimetic amino acid substitutions in the 367 

MSL10 N-terminus.  368 

We previously showed that overexpressed MSL10-GFP loses the ability to trigger cell death when 369 

four residues in its soluble N-terminal domain are replaced with phosphomimetic residues (MSL10 370 

S57D, S128D, S131E, and T136D, denoted as MSL104D-GFP) (Veley et al., 2014). Conversely, 371 

replacing these four residues along with three others in the N-terminus with alanine (MSL107A-372 

GFP ) produces constitutive cell death in a transient expression system (Veley et al., 2014). We 373 

therefore decided to examine the effect of these same N-terminal substitutions on cell swelling-374 

induced PCD.  375 

 376 

Lines overexpressing MSL10-GFP from the strong, constitutive 35S promoter showed 377 

significantly more swelling-induced cell death than the wild type (compare 3.5-fold and 1.7-fold 378 

increase in Evans blue uptake and 21% versus 11% TUNEL-positive nuclei, respectively) (Figure 379 

6A, C). However, lines constitutively overexpressing MSL104D-GFP at high levels did not induce 380 

PCD in response to cell swelling. This cannot be attributed to differences in protein levels, as the 381 

anti-GFP immunoblot shown in Figure 6B indicates that MSL10-GFP and MSL104D-GFP protein 382 

accumulated to similar levels in these lines. It was not possible to isolate stably transformed lines 383 

expressing phospho-dead versions of MSL10-GFP from the 35S promoter (Veley et al., 2014). 384 

 385 

Furthermore, expressing untagged MSL10 from its endogenous promoter in the msl10-1 mutant 386 

background both produced cell swelling-induced PCD at levels comparable to the wild type (an 387 

average of 14.8% compared to 15.1%; Figure 6D), and conditional overexpression of untagged 388 

MSL10 from a dexamethasone-inducible promoter produced significantly more PCD in response 389 

to cell swelling than the wild type (an average of 20.2% compared to 14%; Figure 6E). However, 390 

neither expressing MSL107D at endogenous levels nor induced expression of MSL104D induced 391 

PCD in response to cell swelling, and these lines were statistically indistinguishable from the 392 

msl10-1 null line. On the other hand, endogenous expression of 10gMSL107A or conditional 393 

expression of phospho-dead MSL104A resulted in even more cell swelling-induced PCD than wild-394 

type seedlings (20% and 21.2%, respectively, compared to an average of 15% for the wild type). 395 

We were unable to assess MSL10 protein levels in these lines as MSL10 was untagged, but 396 
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transcripts from the 10gMSL107D and 10gMSL107D transgenes were similar to levels from the 397 

endogenous locus in the wild type background (Figure S6A, S6B). 398 

 399 

400 
Thus, introducing phosphomimetic lesions into the MSL10 N-terminus prevented PCD in response 401 

to cell swelling--and are consistent with the proposal that dephosphorylation of the MSL10 N-402 
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terminus is required for cell swelling-induced PCD. The observed promotion of cell swelling-403 

induced PCD by MSL10 cannot be attributed to the presence of a GFP tag, to non-specific effects 404 

of MSL10 overexpression, nor to a developmental response to the presence of high levels of 405 

MSL10. 406 

  407 
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DISCUSSION 408 

Here we establish and validate a procedure for imposing cell swelling on whole seedlings. We 409 

show that cell swelling induces programmed cell death, ROS accumulation, the elevation of 410 

cytoplasmic Ca2+ concentration and the expression of mechano-inducible genes. Furthermore, we 411 

show that MSL10 positively influences all these steps in the swelling-induced signaling pathway, 412 

and that this effect is regulated by phosphorylation of the soluble MSL10 N-terminus.  413 

 414 

Cell swelling in response to cell wall softening and hypo-osmotic treatment.  415 

Plant cell mechanics are primarily determined by the dynamic interplay between the cell wall and 416 

turgor pressure. The plant cell wall is a complex arrangement of cellulose microfibrils, 417 

hemicelluloses, pectins, and glycoproteins that has incredible tensile strength, yet can be finely 418 

tuned in order to generate cell shape, allow growth, and protect cell integrity (Cosgrove, 2018). 419 

While the directionality of any changes in cell volume is controlled by the orientation of cellulose 420 

microfibrils and the local stiffness of pectin, the driving force is turgor pressure, the pressure that 421 

the protoplast exerts on the cell wall (up to multiple atmospheres) (Bou Daher et al., 2018). 422 

Importantly, the plasma membrane (and therefore, any embedded mechanosensitive ion channels) 423 

sit at the interface between cell wall strength and turgor pressure. Under normal conditions, turgor 424 

pressure and cell wall strength are in balance, but when the cell wall softens or turgor increases 425 

rapidly, cell swelling occurs and membrane tension increases.  426 

 427 

In this study we used a combination of cell wall softening (accomplished by treatment with the 428 

cellulose synthase inhibitor ISX) and increased turgor (accomplished by transferring plants to a 429 

hypo-osmotic solution) to activate downstream cell swelling signaling pathways and thereby 430 

provide a tool for dissection of the process (Figure 1A). While inhibition of cell wall biosynthesis 431 

has been reported to induce cell death after 10-24 hours of treatment (Duval et al., 2005; Oiwa et 432 

al., 2013; Engelsdorf et al., 2018; Zhou et al., 2020), we did not observe any increased cell death 433 

after 6 hours of treatment with ISX or DCB alone in our assay (Figure S2B). Thus, at least at these 434 

early timepoints, both cell wall softening, and hypo-osmotic treatment are required for the 435 

responses reported here. Furthermore, our results can be recapitulated without cell wall softening 436 

if a larger osmotic down shock is used, presumably because it produces the same level of cell 437 

swelling (Figure S2C).  438 
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 439 

MSL10 as a cell-swelling sensor.  440 

Several lines of evidence support a model wherein MSL10 is the primary plasma membrane-based 441 

sensor of cell swelling. MSL10 influences all previously documented downstream effects of hypo-442 

osmotic shock that we tested. Cell death (Figure 1), a burst of [Ca2+]cyt (Figure 2), hyper-443 

accumulation of ROS (Figure 3), and increased transcript levels for four mechano-inducible genes 444 

(Figure 4) all were reduced or absent in the msl10-1 null mutant and enhanced in the msl10-3G 445 

gain-of-function line. In addition, four distinct hallmarks of programmed cell death (DNA 446 

fragmentation, increase in caspase-like activity, intracellular pH, and PCD-associated gene 447 

expression) increased in response to cell death in a MSL10-dependent manner. Particularly 448 

suggestive is the observation that the transient increase in [Ca2+]cyt levels observed in msl10-1 449 

plants in response to hypo-osmotic treatment is indistinguishable from the response to iso-osmotic 450 

treatment. The latter is likely to be a mechanical response to the injection of the treatment solution. 451 

These data indicate that the perceptive events that occur within the first 2 second of swelling 452 

require MSL10; the immediacy of this effect and its complete requirement for MSL10 provide 453 

strong evidence that MSL10 directly receives a swelling signal at the membrane to potentiate 454 

downstream effects.  455 

 456 

Notably, this is the first reported loss-of-function phenotype for MSL10 other than a modest, and 457 

presumably indirect, defect in starch degradation (Fusari et al., 2017). Despite a decade of research, 458 

plants lacking functional MSL10 have performed identically to the wild type in innumerable 459 

developmental and mechanical stress assays (Haswell et al., 2008; Shih et al., 2014; Stephan et al., 460 

2016; Tran et al., 2017; Marhava et al., 2019; Van Moerkercke et al., 2019). Until now, genetic 461 

evidence for MSL10 function has been derived solely from the phenotypes associated with MSL10 462 

gain-of-function alleles: the overexpression of MSL10-GFP, the expression of untagged MSL107A 463 

from the endogenous promoter, or the msl10-3G (rea1) allele (Veley et al., 2014; Zou et al., 2015; 464 

Basu et al., 2020). In these backgrounds, phenotypic effects such as dwarfing and ectopic cell 465 

death are apparent in adult plants without added stress, though seedlings are indistinguishable from 466 

the wild type. In the experiments presented here, the msl10-3G and MSL107A gain-of-function lines 467 

did not differ from the wild type in that they still required cell swelling to produce cell death, PCD, 468 

[Ca2+]cyt transients, ROS accumulation, or gene expression; however they did eventually have a 469 
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stronger response than the wild type. Thus, signaling in response to cell swelling is likely to be the 470 

normal function of the MSL10 protein, and not the result of toxic or non-physiological effects. 471 

 472 

We previously used single channel patch clamp electrophysiology to demonstrate that MSL10 473 

channel opens in response to increased lateral membrane tension, and that this does not require 474 

association with other cellular components (Maksaev and Haswell, 2012). Thus, one 475 

straightforward interpretation of the data presented here is that cell swelling increases membrane 476 

tension, which opens the MSL10 channel pore and provides an ionic signal that activates the rest 477 

of the downstream pathway. However, MSL10 has a preference for anions, and 478 

electrophysiological experiments with large ions suggest that it does not conduct Ca2+ at all 479 

(Haswell et al., 2008; Maksaev and Haswell, 2012; Guerringue et al., 2018). Instead, MSL10 is 480 

more likely to releases Cl- from the cell upon opening. As MSL10 has a relatively long closing 481 

time (Maksaev and Haswell, 2012), one possibility is that an extended release of Cl- leads to 482 

depolarization of the plasma membrane and the activation of depolarization-activated Ca2+ 483 

channels (Hedrich, 2012). One alternative explanation is that tension-induced conformational 484 

changes in MSL10 lead to dephosphorylation of the N-terminus, which in turn allows it to 485 

participate in a protein-protein interaction that facilitates the activity of a Ca2+ channel, potentiating 486 

increased [Ca2+]cyt and the other downstream events and eventually leading to PCD. 487 

 488 

Here we show that seedling cell swelling induces a type of PCD that is distinct from 489 

developmentally regulated PCD and similar to that induced by other abiotic stresses such as heat, 490 

salt stress, flooding, or dehydration (Kumar et al., 2016). The induction and execution of PCD in 491 

plants, as in animals, involves a huge number of molecular signals and communication between 492 

multiple subcellular compartments and organelles (van Doorn, 2011). As a result, we employed 493 

four distinct assays to demonstrate that swelling-induced cell death is a type of PCD (Figure 1 and 494 

5). These different assays produced qualitatively different results with respect to a requirement for 495 

MSL10. Cell swelling-induced increases in TUNEL-positive nuclei and cytoplasmic acidification 496 

were fully MSL10-dependent, while increased caspase-3-like protease activity and the increased 497 

expression of metacaspase genes MC1 and MC2 were positively influenced by, but not fully 498 

dependent on, MSL10. These differences may reflect tissue-specific differences in swelling-499 

induced PCD as the TUNEL assay and cytoplasmic acidification assays were performed on cells 500 
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of the elongation zone of roots, while the caspase-3 activity and gene expression assays were 501 

performed on whole seedlings. Based on these results, we categorize MSL10-dependent cell 502 

swelling-induced PCD as a type of ePCD. 503 

 504 

What, if any, is the adaptive advantage of responding to cell swelling by inducing PCD?  505 

In the case of pathogenesis, cell suicide local to the infection is thought to prevent the growth and 506 

thus the spread of a biotrophic pathogen (Mukhtar et al., 2016). Abiotic stress-induced PCD in 507 

roots is thought to promote the development of lateral roots better acclimated to salinity (Huh et 508 

al., 2002) and to produce root architectures that are more drought- or flooding-tolerant (Subbaiah 509 

and Sachs, 2003; Duan et al., 2010). The same might be true of roots cells that have undergone 510 

swelling in our assay. A more general interpretation is that when cells are likely to have 511 

experienced membrane damage due to extreme cell swelling, triggering PCD stops growth in 512 

damaged tissues, removes damaged cells, and allows the plant to recover materials (Locato and 513 

De Gara, 2018).  514 

 515 

The results presented here provide a physiological context for MSL10 function, link disparate 516 

observations regarding hypo-osmotic shock response in plant cells, and build a foundation for 517 

molecular exploration of the signaling pathway. We anticipate that future work will reveal how 518 

MSL10 functions as a membrane-based sensor that connects the perception of cell swelling to the 519 

downstream signaling cascade of abiotic-stress induced PCD. 520 

  521 
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METHODS 522 

Plant materials 523 

All Arabidopsis thaliana plants used in this study were in the Columbia-0 ecotype background. 524 

msl10-3G is an EMS-induced point mutant originally isolated as recessive gain-of-function mutant 525 

ofMSL10 (Zou et al., 2015). T-DNA insertional mutant seeds of msl10-1 (SALK_07625) obtained 526 

from the Arabidopsis Stock Centre (Haswell et al., 2008). Transgenic lines used in this study were 527 

previously characterized, including 35S:MSL10-GFP (line 12-3), 35S:MSL104D-GFP (line 6-15) 528 

(Veley et al., 2014), as well as DEX:MSL10 (line 1-2 and 4-3), DEX MSL10 4A (line 1-4 and 4-2) 529 

DEX MSL10 4D ( line 8-3 and 2-1) and genomic versions of MSL10g (line 1-2 and 5-1), MSL10g7A 530 

(line21-1 and 13-6), MSL10g7D (line 17-1 and 4-22) (Basu et al., 2020). Unless stated otherwise, 531 

all chemical reagents were obtained from Sigma-Aldrich. Seeds were surface sterilized with 50% 532 

(v/v) bleach for 5 min, washed five times with sterilized distilled, deionized water. Arabidopsis 533 

plants were germinated and grown on vertically oriented petri plates containing MS salt and 0.8% 534 

agar medium for 3-7 d depending on the experiments. For conditional induction of MSL10, 535 

seedlings were incubated with 30 µM dexamethasone (DEX) dissolved in 0.016% ethanol for 12 536 

h. 537 

  538 

Generation of transgenic plants 539 

In all cases, transgenes were introduced into plants using the floral dip method (Clough and Bent, 540 

1998). For genotyping, genomic DNA was extracted from leaves as previously described (Edwards 541 

et al., 1991). Primers used for cloning and genotyping are listed in Supplemental Table 1. Wild 542 

type, msl10-1 and msl10-3G lines were transformed with 35Sp::roGFP1 (Jiang et al., 2006). 543 

Positive transformants were selected on solid MS medium supplemented with 50 mg/L 544 

hygromycin. The T3 homozygous progenies were used for further studies.  545 

 546 

To obtain transgenic lines expressing cytoplasmically localized apoaequorin, wild type, msl10-1 547 

and msl10-3G lines were transformed with pBINU-CYA (YFP-fused apoaequorin (AEQ) driven 548 

by an ubiquitin (UBI10) promoter) as previously described (Mehlmer et al., 2012). 549 

Phosphinothricin-resistant primary transformants were screened for GFP fluorescence and three 550 

independent T3 transgenic lines were used for further analysis.  551 

 552 
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Dose-dependent sensitivity of mannitol and PEG on seed germination 553 

Seeds were sterilized and plated on MS medium (MS salts, 0.5 g/L MES, pH 5.7, and 0.8% [w/v] 554 

agar) supplemented with the indicated concentrations of mannitol (0-500 mM) and polyethylene 555 

glycol 8000 PEG (0 to -1.2 MPa) as described (van der Weele et al., 2000; Verslues et al., 2006). 556 

Plates were stratified in darkness for 3 d at 4°C and transferred to a culture room set at 23°C with 557 

continuous light intensity of 120 µmol/m2/s (fluorescence). Germination (radicle emergence) 558 

percentages were determined after 5 d from the end of stratification.  559 

 560 

Relative root elongation  561 

The primary root length was measured after 7 d of growth in either MS media supplemented with 562 

mannitol (0 or 140 mM mannitol) or PEG (0 to -0.5 MPa). Fifteen to nineteen seedlings per line 563 

were measured. Plates were scanned using the Syngene PXi imagining system equipped with 564 

GeneSys image acquisition software, and root length was measured using the ImageJ software.  565 

 566 

Cell swelling treatments  567 

This assay was modified from (Droillard et al., 2004). Briefly, seedlings were vertically grown on 568 

either MS agar (0.8% w/v) plates supplemented with 140 mM mannitol or PEG infused (-0.5 MPa) 569 

½X MS agar (1.5% w/v) plates for 5-6 days post germination. Seedlings were then equilibrated in 570 

liquid MS media supplemented with 140 mM mannitol or ½X MS supplemented with PEG (-0.5 571 

MPa) for 4 h in 12-welled plates with gentle shaking. Six seedlings were placed in each well 572 

containing 2 mL of media. Either ISX (600 nM) or DCB (500 nM) was added to the liquid media 573 

during equilibration. For hypo-osmotic treatments, the existing media was replaced by MS media 574 

containing 600 nM ISX but without mannitol or PEG for 6 h and 12h. For iso-osmotic treatments, 575 

the existing media was replaced by fresh MS media supplemented with 140 mM mannitol or ½X 576 

MS supplemented with PEG (-0.5 MPa) and either ISX or DCB was added. 577 

 578 

Evans blue quantification 579 

Seedlings were treated with 0.25% (w/v) Evans blue for 15 min, washed thoroughly, and 580 

homogenized in 10% methanol and 0.03% SDS. Blue color was quantified in 96-well plates in a 581 

plate reader (Infinite 200 PRO [Tecan]) by measuring absorbance at 630 nm and normalized to 582 
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total protein, determined using the Quick Start Bradford Protein Assay (Bio-Rad) following 583 

manufacturer’s instruction.  584 

 585 

TUNEL assay 586 

The TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling) reaction 587 

was used to analyze cell swelling-induced DNA fragmentation as described previously (Tripathi 588 

et al., 2017) with minor modifications. Fixation, permeabilization and washing steps were 589 

performed in 12-welled plates, and the labeling reaction and staining were performed in 1.5 mL 590 

microcentrifuge tubes. Both iso- and hypo-osmotically-treated 5-day-old seedlings were fixed in 591 

4% paraformaldehyde in PBS, pH 7.4 for 24 h at 4°C, then washed with 100% ethanol for 10 min. 592 

After fixation, seedlings were transferred to 70% ethanol for at least 16 h at –4°C. Dehydrated 593 

seedlings were washed five times with PBS and permeabilized for 30 min at 37°C with 0.1% Triton 594 

X-100 in 100 mM sodium citrate buffer pH 6.Next, seedlings were incubated in 10 mM Tris-Cl, 595 

pH 7.5 supplemented with 20 µg/mL proteinase K for 30 min at 37°C and washed five times with 596 

PBS. In situ nick-end labeling of nuclear DNA fragmentation was performed for 1 h in the dark at 597 

37°C using the In-Situ cell death detection kit (Roche Applied Science) according to the 598 

manufacturer’s manual. For GFP-tagged overexpression lines, the Click-it TUNEL Alexa 647 599 

(Thermofisher) kit was used, following the manufacturer's instruction. After TUNEL reaction 600 

seedlings were rinsed 3 times in PBS and counterstained with DAPI (2.5 μg/mL) for 30 min in the 601 

dark. After washing, seedlings were mounted in the anti-fading reagent Citifluor. For each 602 

biological replicate, a negative control omitting addition of the terminal-deoxynucleotidyl-603 

transferase and a positive control (DNase I; 1 µg/mL) treatment was included to ensure the 604 

reproducibility of the assay.  605 

 606 

Caspase-3-like Activity 607 

Seedlings were harvested at the indicated time points after cell swelling. Total cytoplasmic protein 608 

is extracted by homogenizing seedling to a powder in liquid nitrogen with a mortar and pestle. The 609 

powder was collected in 1.5 ml tubes and resuspended in assay buffer (20% glycerol, 0.1% Triton, 610 

10 mm EDTA, 3 mM dithiothreitol, 2 mm phenylmethylsulfonyl fluoride, and 50 mM sodium 611 

acetate, pH 7.4) as described (Danon et al., 2004). Caspase-3-like activity was assessed using a 612 

commercial kit (Caspase 3 Fluorometric Assay Kit). Isolated cytoplasmic protein was incubated 613 
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with acetyl-Asp-Glu-Val-Asp-7-amido-4-methyl coumarin or Ac-DEVD-AMC (50 μM final 614 

concentration) for 1 hour at room temperature in the dark. Caspase-3-like activity was measured 615 

by determining the cleavage of the fluorogenic caspase-3 substrate Ac-DEVD-AMC. Release of 616 

fluorescent AMC was measured with a 360 nm excitation wavelength and 460 nm emission 617 

wavelength in a TECAN Pro200 plate reader. Known amounts of hydrolyzed AMC was used to 618 

generate a calibration curve following the manufacturer’s instruction. Caspase enzymatic activity 619 

was calculated by finding the slope of the product’s concentration plotted as a function of time. 620 

This activity was then standardized to the quantity of total proteins present in the sample (Bradford 621 

assay, Bio-Rad). For inhibitor assays, samples were resuspended in the same assay buffer and 622 

preincubated for 1 h with a caspase inhibitor (Ac-DEVD-CHO; 100 μM) before subjecting the 623 

samples to the same enzymatic assay described above.  624 

 625 

Vacuolar pH 626 

Vacuolar pH was measured as described (Kwon et al., 2018) with minor modifications. 10 µm 627 

BCECF-AM and 0.02% (v/v) pluronic F-127 (Invitrogen) were added to seedlings during the last 628 

hour of their equilibration in liquid MS medium containing 140 mM mannitol and 600 nM ISX, 629 

then incubated in the dark for 1 hour with gentle shaking. Before imposing stress treatments, 630 

seedlings were washed twice with same media but without the dye. The stained seedlings were 631 

then subjected to iso-osmotic or hypo-osmotic treatment as described above for 3 hours. Florescent 632 

images of stained roots were obtained using a confocal microscope (Olympus Fluoview FV3000) 633 

with excitation at 445 and 488 nm and emission at 525–550 nm. Fluorescence intensity in the 634 

elongation zone of roots obtained at 488 nm excitation was divided by that obtained at 445 nm 635 

excitation using Fiji (Schindelin et al., 2012). An in situ calibration was performed separately using 636 

wild type seedlings to make calibration curve as described by (Kwon et al., 2018). Relative change 637 

in vacuolar pH was calculated using the calibration curve.  638 

 639 

Monitoring ROS 640 

Accumulation of ROS was assayed by confocal microscopy of seedlings stained with the 641 

fluorescent dye 2’,7’-dichlorofluorescin diacetate (H2DCFDA; Sigma-Aldrich) as described 642 

previously (Achard et al., 2008). Five-day-old seedlings were collected and incubated with 50 μM 643 

H2DCFDA dissolved in either MS supplemented with 140 mm mannitol or MS for 30 min, then 644 
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washed three times with the appropriate medium. For the quantification of fluorescence H2DCFDA 645 

stained seedlings were excited at 488 nm; emitted light was detected at 505 to 530 nm. The green 646 

fluorescence in the elongation zone of roots was quantified using Fiji software (Schindelin et al., 647 

2012). Fluorescent pixel intensity quantified after subtracting the pixel intensity of the background. 648 

Data are reported as relative fold change (fluorescence intensity of treated root)/ (fluorescence 649 

intensity of control root), to account for mechanical perturbations that may have occurred during 650 

the assay. For ROS inhibition, seedlings were incubated with the ROS inhibitors or scavengers, 651 

including KI (10 µM), DPI (10 µM) and SHAM (50 µM) as previously described (Chen et al., 652 

1996; Rouet et al., 2006; Kurusu et al., 2012a). These chemicals were added during the 4-hour 653 

equilibration step before subjecting the seedlings to either iso or hypo-osmotic treatments.  654 

 655 

Measuring redox status using roGFP biosensors 656 

For ratiometric analysis of roGFP1, seedlings expressing cytoplasmic roGFP1 were excited with 657 

405 and 488 nm lasers, and emission was collected at 510 nm using a confocal laser scanning 658 

microscope (Olympus Fluoview FV 3000). Fluorescence intensity was determined from the 659 

transition/elongation zone of the seedlings subjected to cell swelling assay. The fluorescence ratios 660 

were obtained by dividing the intensities obtained at 405 nm by 488 nm using Fiji software 661 

(Schindelin et al., 2012).To calibrate roGFP1 probe, seedlings harboring roGFP1 with indicated 662 

genotypic backgrounds were treated with 10 mM DTT (full reduction) and with 10 mM H2O2 663 

(complete oxidation), respectively as previously described (Jiang et al., 2006).  664 

 665 

Aequorin-based [Ca2+]cyt luminescence  666 

Three-day-old seedlings of wild type, msl10-1 and msl10-3G mutant lines expressing AEQ were 667 

transferred individually to wells of sterile, white, 96-well microplates (Greiner Bio-One) 668 

containing 130 µL of 1x MS supplemented with 140 mM mannitol, then incubated in 2 µM native 669 

coelenterazine (Sigma) overnight, in darkness and at room temperature. The following day, 600 670 

nM ISX (1.3 µl) was added to each well and the plate gently shaken for 4 hours. In a plate reader, 671 

the baseline luminescence was measured for 5 s, then either 150 µL of water or 140 mm mannitol 672 

were injected to produce hypo-osmotic or iso-osmotic treatments, respectively. The injection speed 673 

was set at 150 µL s−1. The luminescence emitted from the seedlings was measured for 30 s over a 674 

1.1-s interval. Conversion of luminescent values to [Ca2+]cyt was performed as described by 675 
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(Knight et al., 1997). All results shown include data from four biological replicates. For each 676 

biological replicate, seven seedlings per transgenic lines were used. Three independent transgenic 677 

lines expressing aequorin in wild type, msl10-1 and msl10-3G lines were used. In some cases, the 678 

msl9-1 mutant allele was segregating in the msl10-1 background, but we did not observe any 679 

difference in calcium response between siblings. 680 

 681 

Gene expression analysis 682 

RNA was extracted using the RNeasy Plant Mini Kit with in-column DNase I digestion (Qiagen). 683 

Five hundred ng total RNA was reverse transcribed using oligo(dT) and the MLV reverse 684 

transcription system following the manufacturer’s instructions (Promega). qRT-PCR was 685 

performed in 25 μL reaction volumes with gene-specific primers and conducted with a StepOne 686 

Plus Real-time PCR System (Applied Biosystems) using the SYBR Green qPCR Master Mix 687 

(Thermofisher). Elongation factor 1α (EF1) and ubiquitin 10 (UBQ10) were used as reference 688 

genes for normalization of gene expression levels as previously described (Basu et al., 2020). 689 

Reported expression levels are expressed normalized to the wild type at 0 h or control treatment 690 

as indicated in the figure legends. Primer sequences are listed in Supplemental Table 1.  691 

 692 

Immunoblot analysis  693 

Total protein extraction and immunoblotting was performed according to a method described 694 

previously (Veley et al., 2014; Basu et al., 2020). 12- to 18-day-old seedlings were collected in a 695 

2 mL microcentrifuge tube, weighed, frozen in liquid nitrogen, homogenized with pestle in 2X 696 

sample buffer, and denatured for 10 min at 70°C. Proteins samples were resolved by 10% SDS-697 

PAGE and transferred to polyvinylidene difluoride membranes (Millipore) for 16 h at 100 mA. 698 

Transferred proteins were first probed with anti-GFP (Takara Bio, 1:5,000 dilution) for 16 h. Next, 699 

membrane was reprobed with anti-tubulin (Sigma, 1:20,000 dilution) antibodies with incubation 700 

for 2 h. In both cases, 1 h incubation with horseradish peroxidase-conjugated anti-mouse secondary 701 

antibodies (1:10,000 dilution; Millipore) was performed. Detection was performed using the 702 

SuperSignal West Dura Detection Kit (Thermo Fisher Scientific). 703 

 704 

Statistical analyses 705 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 3, 2020. ; https://doi.org/10.1101/2020.04.02.021683doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.02.021683


 30 

Graphing and statistical analysis was performed with GraphPad Prism version 7.04. In all cases, 706 

significant differences refer to statistical significance at P ≤ 0.05. The specific statistics applied in 707 

each experiment are indicated in the corresponding figure legends. 708 

 709 

Accession Numbers 710 

The accession numbers for the genes discussed in this article are as follows: 711 

MSL10 (At5G12080), PDF1.2 (At5G44420), PERX34 (At3g49120), UBQ5 (At3g62250), EF1α 712 

(At5g60390), MC1 (AT1G02170), MC2 (AT4G25110), MC9 (AT5G04200), WRKY18 713 

(AT4G31800), TCH1 (AT5G37780), TCH2 (AT5G37770), TCH3 (AT2G41100), TCH4, BFN1 714 

(AT1G11190), RNS3 (AT1G26820), TCH4 (AT5G57560). 715 

 716 

  717 
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FIGURE LEGENDS 718 

Figure 1. Cell swelling results in MSL10-dependent cell death. (A) Diagrammatic 719 

representation of the seedling cell swelling assay and the expected effects of each treatment on a 720 

single cell (indicated with a grey or red circle). (B), (C), (D) Quantification of cell death as assessed 721 

by Evans blue uptake, normalized to iso-osmotic treatment of the wild type. Five-day-old seedlings 722 

were incubated with either 600 nM ISX (B and C) or 500 nM DCB (D) in either 1X MS 723 

supplemented with 140 mM mannitol (B, D) or 1/2X MS supplemented with -0.5 MPa PEG (C). 724 

After four hours incubation, seedlings were treated to either iso-osmotic or hypo-osmotic 725 

treatments. Reported values are normalized to wild type iso-osmotic treatment at 0 h. Results from 726 

five (B) or three (C-D) independent trials are shown. Each trial included three replicates of a pool 727 

of six seedlings for each genotype and treatment. (E) Quantitative RT-PCR analysis of MSL10 and 728 

two genes previously shown to be upregulated in MSL10 gain-of function lines. cDNA was 729 

synthesized from total RNA extracted from 18 five-day-old seedlings grown on 1X MS 730 

supplemented with 140 mM mannitol and subjected to cell swelling for the indicated time points. 731 

Results from three independent trials are shown. Each trial included three technical replicates of a 732 

pool of 18 seedlings for each genotype and treatment. Expression levels were normalized to both 733 

EF1α and UBQ5. Mean fold-change values relative to the wild type are plotted the mean of three 734 

biological replicates. In all experiments, error bars represent standard deviation (SD) between the 735 

means and two-way ANOVA with posthoc Tukey’s test was used to assess statistical differences; 736 

different letters denote significant differences (P < 0.05).  737 

 738 

Figure 2. MSL10 potentiates a transient increase in cytoplasmic calcium in response to cell 739 

swelling. (A) and (B) Time courses of [Ca2+]cyt in 3- to 4-day-old aequorin-expressing seedlings 740 

in response to hypo-osmotic (A, C) or iso-osmotic (B, D) treatment. Errors bars indicate standard 741 

error (SE) of the means from four independent trials, each including three transgenic lines per 742 

genotype, n = 7 seedlings per line. Arrows indicate application of deionized water or 140 mM 743 

mannitol to produce hypo- or iso-osmotic treatments, respectively. (C) and (D) Comparison of 744 

[Ca2+]cyt levels during pretreatment from the data shown in (A) and (B), respectively, at 5.6 , 7.8  745 

and 10 seconds after stimulation. Error bars and statistical analyses are as in Figure 1. 746 

 747 
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Figure 3. MSL10 potentiates ROS accumulation in response to cell swelling. (A) 748 

Quantification of H2DCFDA fluorescence in five-day-old seedlings in response to cell swelling. 749 

Results from three independent trials are shown. Each trial included 5-10 seedlings from each 750 

genotype and treatment. (B) Effect of ROS scavengers and inhibitors on ROS accumulation during 751 

cell swelling as detected by H2DCFDA staining. Results from three independent trials are shown. 752 

Each trial included seven seedlings for each genotype and treatment. (C) Relative change in 753 

roGFP1 oxidation upon cell swelling, calculated from the measured intensity ratios (405/488 nm). 754 

Five-day-old seedlings were subjected to cell swelling and fluorescent intensity ratios were 755 

quantified from confocal images of root transition/elongation zones. Results from three 756 

independent trials are shown. Each trial included 9-10 seedlings for each genotype and treatment. 757 

Error bars and statistical analyses are as in Figure 1. 758 

 759 

Figure 4. MSL10 potentiates hypo-osmotic treatment-associated gene expression. 760 

Quantitative RT-PCR analysis of genes implicated in hypo-osmotic stress response. Performed 761 

and analyzed as in Figure 1E. 762 

 763 

Figure 5. Cell swelling results in MSL10-dependent programmed cell death. (A) Frequency 764 

of TUNEL-positive nuclei in the root tip of seedlings after iso-osmotic or hypo-osmotic treatment. 765 

Results from three independent trials of 15 seedlings from each genotype and treatment are 766 

presented. (B) Caspase 3-like activity in response to cell swelling. Homogenates isolated from 767 

seven-day-old seedlings that underwent cell swelling were incubated with 50 µM Ac-DEVD-AMC 768 

for 1h. Some extracts were treated with 100 µM Ac-DEVD-CHO for 1 h before the assay. Results 769 

from three independent trials are shown. Each trial included five replicates of a pool of six 770 

seedlings for each genotype and treatment. (C) Increase in vacuolar pH in response to cell swelling 771 

as indicated by the pH-sensitive fluorescent dye BCECF-AM (10 μM). Results from three 772 

independent trials of 9 seedlings from each genotype and treatment are presented. (D, E) 773 

Quantitative RT-PCR analysis of selected genes, performed as for Figure 1E. For all panels, error 774 

bars and statistical analyses are as in Figure 1. Figure 6. Cell swelling-induced PCD is prevented 775 

by phosphomimetic amino acid substitutions in the MSL10 N-terminus. (A) Swelling-induced 776 

cell death in lines over-expressing MSL10-GFP and MSL104D-GFP, as measured by Evans blue 777 

uptake as described in Figure 1. Data are normalized against wild type at 0 h. Results from five 778 
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independent trials are shown. Each trial included three replicates of a pool of six seedlings for each 779 

genotype and treatment. (B) Immunodetection of MSL10-GFP variant proteins. Total protein was 780 

isolated from 6 pooled five-day-old seedlings grown on 1 X MS supplemented with 140 mM 781 

mannitol. Anti-GFP primary was used to detect MSL10-GFP (top panel), and the blot re-probed 782 

with an anti-α-tubulin primary antibody (bottom panel). Theoretical molecular masses of proteins 783 

are indicated at the left according to a commercially available standard. Presence of two bands 784 

may be attributed to posttranslational modification. (C) In situ detection of DNA fragmentation in 785 

in lines over-expressing MSL10-GFP and MSL104D-GFP using the Click-iT TUNEL Alexa Fluor 786 

647 Imaging Assay kit. Results from three independent trials are shown. Each trial included 15 787 

seedlings from each genotype and treatment. (D) Detection of in situ DNA fragmentation in 788 

response to cell swelling in seedlings expressing MSL10g, MSL10g7A, or MSL10g7D in the msl10-789 

1 background, as described for Figure 5A. Results from three independent trials are shown. Each 790 

trial included 10-20 seedlings from each genotype and treatment. (E) Detection of in situ DNA 791 

fragmentation in response to cell swelling wild type seedlings expressing DEX:MSL10, 792 

DEX:MSL104A, DEX:MSL104D, as described for Figure 5A. Seedlings were incubated with 30 µM 793 

DEX in 1X MS media supplemented with 140 mM mannitol during the equilibration step. Results 794 

from three independent trials are shown. Each trial included 9 seedlings from each genotype and 795 

treatment. 796 

 797 

SUPPLEMENTARY DATA 798 

Figure S1. Establishing a seedling-based cell swelling assay. 799 

Figure S2. Monitoring MSL10-associated cell death in response to cell swelling. 800 

Figure S3. MSL10 dependent increase in swelling induced intracellular Ca2+ transients  801 

Figure S4. Determining full dynamic range of redox‐sensitive roGFP1 from seedlings expressing 802 

roGFP1. 803 

Figure S5. Representative images of TUNEL-positive nuclei and pH calibration curve of 804 

ratiometric pH indicator BCECF-AM. 805 

Figure S6. MSL10 transcript levels in seedlings grown on MS supplemented with 140 mM 806 

mannitol. 807 

Supplemental Table 1. List of primers used in this study 808 

 809 
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Supplemental Table 1. List of primers used in this study. 

 

RT-PCR and qRT-PCR 
 

  
 

MC1F ATGCGTCACCTTCTCATCAA 

MC1R CATCCTCATGTTTTGCTTGG 

MC2F CTTAGGCGCTTCTCCTCCTGATGAG 

MC2R CCTCATCAGGAGGAGAAGCGCCTAAG 

MC9F CGACATCGGCACACATCTACTTGA 

MC9R CCTGCCAAAGTGACAGATTGTTGAG 

BFN1F AATTGCTCAGAATCTTTTAGAAGC 

BFN1R TAGAGTATTCGTAAGAGCAGGCT 

RSN3F AGAATACGATCAAACAAGTAGTTGGG 

RSN3R GAACTTGGGAAATTGAACTCGAG 

MSL10 F AGAGGTTGATCTTGTGTTCCC 

MSL10 R TTTGTGTCGTTTAAGGAATGCG 

UBQ5 F TCTCCGTGGTGGTGCTAAG 

UBQ5 R GAACCTTTCCAGATCCATCG 

EF1alpha F ACAGGCGTTCTGGTAAGGAG 

EF1alpha R CCTTCTTCACTGCAGCCTTG 

WRKY18F CGTGCCTACTGAAACATCGGACA 

WRKY18R TAGCATCCCCTTCAGAAGCATTTGG 

PDF1.2F ATGGCTAAGTTTGCTTCCATCATCACCC 

PDF1.2R CATGGGACGTAACAGATACACTTGTGTGCT 

PERX34 F CAACATCGTCCACTTGGACAATCTT 

PERX34 R CCTGCCAAAGTGACAGATTGTTGAG 

TCH2F GGTAATGGAAGGATCTCGGCGAAAGAG 

TCH2R TCAAGCACCACCACCATTACTC 

TCH3F GTCAAGTGCAGCGTCACACTAG 

TCH3R GGAAATTGGCGAAGCGATGATATTG 

TCH4F CCATGTTGTTCCAGGTGATTTCAAG 

TCH4R CCTCTGGTTCTGGATTCCAATC 

TCH1F GCAACCATGAGACAATTCAGGAGTAG 

TCH1R CGACAAAGATGGCGATGTGTTTG 

Genotyping (msl10-1) lines 

MSL10 F GTTGGTTTCTGGGTTTAAGCC 

MSL10 R TACTTGGAGTAACCGGTGCTG 

MSL9F CAAGGGGTTCTTTTGACAGG 

MSL9R TCCAAGCAATCAGAACCAGA 

Genotyping MSL10S640L (msl10-3G) lines 

12080F6 GCAACGACTAAGGTTTTGCTG 

78610R1 GCTAGAGCTTCTCTGAATCGGAG 

T-DNA primer (LBb1.3) ATTTTGCCGATTTCGGAAC 

Genotyping MSL10gWT, MSL10g7A and MSL10g7D lines 

623 ATGGCAGAACAAAAGAGTAGTAACG 
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1894 TATCTTACTGCGCATCTCTCTGTTCAGC 

3754 TAAAGTAGACCACTTTAGATCAGAACC 
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