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Abstract 49 

Four Arabidopsis H+/Cation exchangers (CAXs) participate in high-capacity cation transport into 50 

the vacuole. The impaired function of CAX1 (cax1) provokes both stress sensitivities and anoxia 51 

tolerance; however, other CAXs make assessing loss of H+/Cation transport enigmatic. Here, 52 

we generated an Arabidopsis thaliana mutant defective in four CAXs. These quadruple mutants 53 

(cax1-4: qKO) exhibited reduced growth, diminished fertility, and an 85% reduction in tonoplast 54 

localized H+/Ca transport. Elemental imaging using SXRF in combination with ICP-MS showed 55 

changes in metal partitioning and reduced calcium (Ca) abundance in qKO leaf tissue.  In 56 

contrast to the impaired growth of qKO in normoxia conditions (ambient oxygen levels), anoxia 57 

tolerance was improved more than in cax1. The anoxia tolerance appeared to be caused by 58 

reduced endogenous calcium levels; wild-type plants grown in reduced calcium conditions were 59 

anoxia tolerant.  Sequential reduction of CAXs increased mRNA expression changes and 60 

proteins associated with Reactive Oxygen Species, Ca, and stress signaling pathways. Using a 61 

genetically encoded Ca indicator (GECI), mutations in multiple CAXs heightened changes in 62 

post-anoxia Ca signaling.  The quadruple CAX mutant provides a resource to uncover the role 63 

of diminished tonoplast localized H+/Ca transport and altered elemental repartitioning in plant 64 

signaling and stress responses.  65 

 66 

 67 

 68 

  69 

  70 
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Introduction 71 

Control of calcium (Ca) ion concentrations is critical for plant function; it is a cell wall 72 

component, an enzyme cofactor and a second messenger (26). Calcium homeostasis is 73 

dependent on transporters, including ion-coupled transporters like the Na+/Ca2+ exchanger 74 

(NCX), Na+/Ca2+, K+ exchanger (NCKX), cation/Ca2+ exchanger (CCX) and H+/Cation exchanger 75 

(CAX), which are members of the CaCA superfamily (8; 41). Calcium pumps and exchangers 76 

are located in multiple membrane systems, including the endoplasmic reticulum (ER), tonoplast, 77 

and plasma membrane (PM) (18). Calcium pumps are considered low-capacity, high-affinity 78 

efflux systems, but within this broad group of transporters, CAXs are distinct because they have 79 

high capacity and low affinity (40). While both Ca pumps and CAXs remove Ca from the 80 

cytoplasm, their contributions to controlling the magnitude or duration of different stimulus-81 

specific Ca signals remains enigmatic. 82 

Calcium can accumulate to millimolar levels in the vacuole, but levels are maintained in the 83 

range of nanomolar to low micromolar in the cytosol (35; 47). This steep concentration gradient 84 

is established with the help of high-capacity H+/Ca exchange and Ca pumping (51). The driving 85 

force for cation antiport activity is the pH gradient generated by two electrogenic proton pumps 86 

located on the membrane, an ATPase and a pyrophosphatase (PPase) (50). H+ transport 87 

processes are integrated with many transport functions (48), such as trafficking and hormone 88 

perception (20; 49); these processes involve alterations in Ca levels, and H+/Ca exchangers 89 

may play an importantessential role in Ca and pH related signaling events (42). 90 

Plant H+/Cation exchangers were cloned using a yeast complementation approach (27). A 91 

limitation of many previous CAX studies has been the reliance on yeast assays as a proxy for 92 

plant-based studies (40). Both yeast and plant studies suggest that CAXs function in the 93 

transport of Ca and numerous other cations (40). CAX transporters are found in multiple species 94 

(40), suggesting a pivotal role. There are six CAXs in ArabidopsisArabidopsis has six CAXs, but 95 

only CAX1-4 are expressed (33). CAX2 and CAX4 are expressed at lower levels in plants, and 96 
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most of the work on CAXs in plants has focused on the more highly expressed CAX1 and CAX3 97 

(16). 98 

CAX1 is expressed in aerial tissues, and CAX3 is primarily expressedprimarily in the roots (28). 99 

Expression of CAX3 is increased in leaves/shoots during stresses such as wounding. There is 100 

some evidence that CAX1 and CAX3 may function as heterodimers (28), because they are co-101 

expressed in guard cells where they may function singly or together in intracellular signaling 102 

(30). During stress responses (pathogen attack, temperature fluctuations), absence of CAX1 103 

induces ectopic expression of other CAXs, which may help maintain some cellular secretion of 104 

Ca to the apoplast (12). High-resolution elemental imaging via synchrotron X-ray fluorescence 105 

(SXRF) has shown that cax1 alters Ca partitioning within cells, reducing Ca partitioning into 106 

organelles and/or increasing Ca in the cytosol and abolishing tissue-level Ca gradients (43). 107 

cax1 also has subtle phenotypes in standard growth conditions (11) but increased tolerance to 108 

anoxia (53), serpentine soils (6), freezing (10) as well as altered metal sensitivity (3), and 109 

pathogen defense responses (53).  110 

Meanwhile, mutations in both CAX1 and CAX3 cause a significant reduction in plant stature and 111 

fertility while maintaining 50% of the tonoplast H+/Ca exchange. There is interplay between 112 

CAXs and other transporters; deletions in CAX1 reduce the activities of tonoplast Ca(2+)/H(+) 113 

antiporter, tonoplast V-type H(+)-ATPase and increase the activities of tonoplast Ca(2+)-114 

ATPase and vacuolar Ca(2+)/H(+) antiporters like CAX3 and CAX4 (11). Given this regulatory 115 

(12)growth and development. Utilizing a battery of phenotyping, omics, and imaging techniques, 116 

we investigate how the loss of four CAXs impacts growth, membrane transport, elemental 117 

distribution, and signaling.  These findings establish the ability to significantly reduce tonoplast 118 

H+/Ca exchange and the utility of reducing leaf calcium content by sequentially removing CAXs.  119 

 120 

Results 121 

 122 
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Growth characteristics of Arabidopsis lines lacking multiple Ca/H+ antiporters  123 

CAX1 has been known to regulate intracellular Ca2+ levels. Plants deficient in CAX1 exhibit 124 

Mn2+ and Mg2+ stress tolerance, a slightly altered ionome and perturbed hormone sensitivities 125 

(11; 12). Further, cax1 is anoxia and submergence tolerant (53), although none of the other 126 

three single CAX mutants showed this phenotype (53). To determine if impairing these other 127 

CAXs had an additive effect on various phenotypes exhibited by cax1, we generated lines 128 

lacking multiple CAX transporters. 129 

Plants without both CAX1 and CAX3 (dKO-cax1/3) have been previously generated (12) 130 

while triple (tKO-cax1/cax3/cax4) and quadruple mutants (qKO-cax1/cax2/cax3/cax4) were 131 

developed in this study. These mutants, like dKO, displayed alterations in growth and 132 

development as plants matured (Figure 1), although there were no significant differences in their 133 

germination. During the first several weeks of growth on normal media, these mutants displayed 134 

little growth difference compared to Col-0 and cax1. However, transferring the seedlings to 135 

media supplemented with 25 mM CaCl2 reduced their growth (Figure 1A). A similar result was 136 

obtained when the plants were grown in hydroponic basal nutrient solution (BNS) containing 1 137 

mM Ca (Figure 1B) (16); dKO, tKO, and qKO lines grew less than Col-0 and cax1 (Figure 1B). 138 

However, when grown hydroponically in a low Ca solution (LCS), this growth difference was 139 

reversed, the dKO, tKO, and qKO lines had enhanced growth compared to Col-0 (LCS, 140 

0.025mM Ca; Supplemental Figure 1).  141 

Various developmental defects were also observed when plants were grown on half-MS media 142 

(10 days old) and transferred to soil. Again, dKO, tKO, and qKO lines grew less and slower than 143 

Col-0 and the CAX single mutants. As reported previously for dKO (12), tKO and the qKO plants 144 

were bushy due to continued lateral branching and nectrotic leaf tips (Figure 1C; Supplemental 145 

Figure 2A). Further, dKO, tKO, and qKO did not produced appreciable amounts of viable 146 

siliques/seeds (Supplemental Figure 2B). The siliques that did form were small and twisted. 147 
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However, the dKO, tKO, and qKO lines grew well and produced viable seeds when germinated 148 

and grown to maturity in LCS. 149 

 150 

Transport Measurements 151 

To evaluate the vacuolar Ca uptake capacity of the qKO mutant, we performed combined patch-152 

clamp and microfluometry experiments (9; 23) on isolated Arabidopsis mesophyll vacuoles, in 153 

which the ratiometric Ca indicator dye fura-2 (24) was loaded into the vacuolar lumen through 154 

the patch pipette. After equilibration with the pipette solution, vacuoles were exposed to bath 155 

solutions containing high Ca concentrations and the resulting changes in vacuolar fura-2 156 

fluorescence were monitored (Supplemental Figure 3). In Col-0 vacuoles, bath application of 10 157 

µM or 30 µM Ca evoked fast and robust increases of the vacuolar Ca concentration, which were 158 

fully reversible upon washout (Figure 2A, C). qKO vacuoles showed diminished vacuolar [Ca2+] 159 

increases at 10 µM Ca (94% reduction compared to Col-0) and attenuated responses at 30 µM 160 

Ca in the bath solution (85% reduction compared to Col-0) (Figure 2B, C). These data suggest 161 

that, under our experimental conditions, CAX proteins are responsible for Ca uptake capacity in 162 

Arabidopsis vacuoles. 163 

 164 

Elemental Analysis 165 

The role of CAX transporters in partitioning elements within the leaf has yet to be investigated. 166 

Elemental imaging of the qKO lines allowed us to see how loss of four CAXs impacts mineral 167 

distribution and abundance in leaves under normal growth conditions. We collected elemental 168 

data using two contrasting techniques. Volume-averaged (bulk) concentration data (N=3) was 169 

collected from dried, digested tissue from multiple plants via inductively coupled plasma mass 170 

spectrometry (ICP-MS), and spatially resolved abundances were imaged in fresh, size-matched 171 

Col-0 and mutant leaves in the same map (N=3) using synchrotron X-ray fluorescence (SXRF) 172 
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mapping. Our previous elemental imaging analysis (43) on vacuolar Ca partitioning was 173 

conducted on chemically fixed, embedded, and sectioned embryonic tissue.  174 

 175 

Bulk analysis of leaf tissue of Col-0 and CAX mutants under standard growth conditions via ICP-176 

MS of Na, Mg, Al, K, Ca, P, S, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sb and Pb 177 

(expressed as mg/kg dry weight) showed statistically significant differences for Mg, K, Ca, Mn, 178 

Fe, Cu and Zn (Figure 3A). When lines were arranged by increasing number of CAX mutations 179 

(Col-0, cax1, cax3-1, dKO, tKO and qKO) Mg, K, Ca, Mn, and Zn declined and Cu increased. Fe 180 

did not appear linked to the number of CAX mutations. Leaf Ca concentrations showed the 181 

strongest response to CAX mutation (F=31.2, p<0.0001): Ca concentrations in qKO were 58% 182 

of Col-0.  183 

 184 

Elemental images of cax1 (Supplemental Figure 4) agree with the bulk elemental data; changes 185 

in Ca in cax1 are subtle in comparison with qKO. Distributional differences between cax1 and 186 

Col-0 are seen in increased K, higher Ca abundance of the trichomes, and increases in the Zn 187 

in the (putative) guard cells. Abundance differences manifest as slightly lower Ca abundances in 188 

the vasculature. This is shown alongside the abundance and distributional changes observed in 189 

qKO for scale, which were more striking. Elemental images of dKO (Supplemental Figure 5), 190 

showing partial leaf section from mid-vein to the margin imaged alongside Col-0 in the same 191 

map, show greater abundances of Ca in the trichome and more Zn in the stomatal pores in dKO 192 

than Col-0.  193 

 194 

Elemental images of qKO leaves imaged alongside size-matched Col-0 leaves are shown in 195 

Figure 3B. We observed differences in the distribution of K, Ca, Mn, Zn and Cl between Col-0 196 

and QKO. Specifically, we observed more K in vasculature; more Ca, and Mn in trichomes, 197 

more Zn in guard cells and more Cl in vasculature. The similarity of dKO to the qKO image is 198 
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noted in this tricolor image, showing Ca, Zn and K. We observed slightly higher Ca abundances 199 

in the trichomes and strikingly higher Zn in putative guard cells in comparison with the co-200 

imaged Col-0 leaf. To explore differences in the trichome further, abundances of elements of 201 

Col-0 and qKO trichomes were extracted from elemental images by summing XRF spectra from 202 

user-defined regions and generating descriptive statistics from those areas (Figure 3C,D). We 203 

chose 5 trichomes at random from Col-0 and qKO leaf elemental images for comparison and 204 

expressed the data on a per pixel basis, and then conducted ANOVA statistical analysis. This 205 

showed that Ca and Mn were significantly higher in qKO compared to the Col-0 leaf, and Cl – 206 

although not statistically significant – showed the same pattern (Figure 3E).  207 

Proteomic Analysis of Col-0, cax1 and qKO  208 

Proteomic analysis gives insight into the molecular mechanisms responsible for the phenotypic 209 

differences observed between Col-0, cax1, and qKO leaf samples under normoxia conditions. 210 

This study identified a total of 1039 proteins from the three genotypes under study at a protein 211 

threshold with a probability of over 99% with at least two unique peptides (>95% probability) 212 

(Figure 4A). Of these proteins, 169, 25, and 58 were detected only in Col-0, only in cax1, or only 213 

in qKO, respectively (Figure 4A). Protein abundance was quantified using normalized spectral 214 

abundance factor (NSAF). Principle component analysis suggests that there are differences 215 

between the proteomes of the mutants compared to Col-0 (Figure 4B). Comparative studies of 216 

the protein abundance between the mutants and Col-0 are presented in detail in Supplemental 217 

Table 1, 2A, 3.  218 

Compared with Col-0, there are 164 and 70 proteins significantly decreased or increased 219 

respectively, in both cax1 and qKO. GO enrichment analysis of these proteins highlighted a 220 

greater primary metabolic process in Col-0, as showed by the significantly enriched categories 221 

including pyruvate metabolic process and starch metabolic process, which was supported by a 222 

higher apparent rate of photosynthesis in this line when compared to either cax1 or qKO (Figure 223 

4C). The observed phenotypes of cax1 and qKO under normoxia conditions (Figure 1) may be 224 
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related to suppressed amino acid and fatty acid metabolic processes as highlighted by enrichment 225 

of these GO terms in the proteins which increased in abundance (Figure 4B). The mutants also 226 

showed enrichment in ribosome biogenesis and response to cold and oxidative stress (Figure 227 

4C). This was supported by the higher abundance of proteins that have oxidoreductase and 228 

antioxidant activity (Supplemental Table 2B).    229 

The proteomic study also suggested a possible physiological mechanism for the mutant to 230 

tolerate abiotic stress. When comparing qKO with Col-0 alone, we found that a large number of 231 

proteins involved in chloroplast-localized electron transfer were significantly higher in qko 232 

(AT4G03280, AT4G03280, AT3G15640, ATCG00540, ATCG01060, AT4G23890) 233 

(Supplemental Table 2A, Supplemental Figure 6A), even though there was an overall apparent 234 

impairment of photosynthetic capacity in this line. To cope with the large number of electrons 235 

leaking from the ETC and generating an excess of ROS, the mutants may have evolved a 236 

stronger sensing and removal system for ROS, such as higher abundance in superoxide 237 

dismutase (AT5G18100, AT4G25100), which was also characterized as increased in 238 

abundance in cax1 even though not as pronounced as qKO (Supplemental Table 3). This was 239 

in line with our recent report that the cax mutants appear primed for the stress by having 240 

heightened expression of ROS related transcripts (53). Furthermore, the oxidative stress 241 

induced by ROS may cause the degradation of proteins including those with metal binding 242 

activities (37). This is consistent with a decreased abundance of proteins with metal binding 243 

activity (Supplemental Table 2, Supplemental Figure 6B). 244 

 245 

Anoxia phenotype of plants lacking multiple Cation/H+ Exchangers 246 

Every mutant combination that included cax1 was tolerant to anoxia (Figure 7; Supplemental 247 

Figure 15). Tolerance to anoxia increased if an additional CAX gene was impaired. cax1/2, 248 

cax1/3 and cax1/4 lines showed similar anoxia tolerance (Supplemental Figure 15A,B). The tKO 249 

and qKO lines appeared more tolerant than dKO. The qKO and tKO lines displayed anoxia 250 
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tolerance even after 20h of treatment, whereas cax1 lost its tolerance after 15 h (Figure 7A and 251 

Supplemental Figure 15C). The response to anoxia, while visually different between tKO and 252 

qKO, could not be resolved from chlorophyll measurements following anoxia (Figure 7A,B and 253 

Supplemental Figure 15B). Further, higher anoxia tolerance of the double, triple and quadruple 254 

mutants was linked to their decreased ROS accumulation, confirmed by 3,3′-diaminobenzidine 255 

(DAB) staining (Figure 7C).  256 

 257 

Anoxia Phenotype of Plants Grown in Limiting Calcium Conditions  258 

Previous work has established that cax1/3 mutants (dKO) have improved growth in low-calcium 259 

conditions compared to wild-type plants, and elemental analysis here demonstrates that 260 

sequential removal of CAXs reduces calcium content in leaf tissue.  We posit that reduced 261 

calcium content may be a mechanism by which wild-type plants tolerate anoxia stress and thus 262 

sought to grow Col-0 in low calcium media (LCM) and access anoxia tolerance.  Unlike Col-0 263 

grown in standard conditions (166 mg/l CaCl2), Col-0 grown for three weeks in LCM (22 mg/l 264 

CaCl2) displayed anoxia tolerance like the CAX mutants (Figure 8). 265 

 266 

RNAseq Analysis of CAX Mutants before, during and after Anoxia. We showed differential 267 

gene expression between the anoxia-sensitive (Col-0, cax3) and tolerant (cax1) lines (53). To 268 

determine how CAX transport contributes to tolerance, dKO and qKO were subject to RNAseq. 269 

The leaves of 21-day-old plants (9-rosette leaf stage) were harvested at the start of the 270 

treatment (0-hr control-pre), after being in the anoxia chamber for 4-hr (anoxia) and 1-hr post 7-271 

hour anoxia treatment (post-anoxia). Each library consisted of at least 38 million reads (>94%) 272 

mapped to the Col-0 genome. RNAseq analyses were done for Col-0, cax1(53) and dKO 273 

before, during and after anoxia and qKO before and after anoxia (Figure 5). Treatments and 274 

mutants clearly clustered separately in principal component analysis (PCA) showing the first 275 
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and second PCs which together explained 52% of variances, suggesting the RNAseq was 276 

revealing differences between responses in the various genotypes (Figure 5A). 277 

Similar to our previous analyses (Col-0, cax3 and cax1,(53)), a large number of genes 278 

responded significantly during and after anoxia. 3099 genes were up-regulated in Col-0 during 279 

anoxia while 4879 genes were down regulated (Supplemental Table 4,5). The gene ontology 280 

(GO) categories for upregulated genes included cellular response to oxygen (Supplemental 281 

Figure 7A) and downregulated genes includes those involved in photosynthesis (Supplemental 282 

Figure 7B). Post-anoxia, 3638 genes were up-regulated with GO categories for cellular 283 

response to hypoxia (Supplemental Figure 8A, Supplemental Table 6) and 2873 genes down-284 

regulated representing GO categories related to photosynthesis (Supplemental Figure 8B, 285 

Supplemental Table 7). Having RNA-seq libraries from dKO and qKO allows further inferences 286 

to be drawn on the role of cation/H+ exchange in anoxia tolerance. We hypothesized that 287 

enhanced expression or repression of specific genes prior to the stress primes cax1 for anoxia, 288 

which confers tolerance (53). During normoxia, cax1 (1123 genes), dKO (1480) and qKO (820) 289 

lines had heightened expression of genes related to defense, oxidative stress, and programmed 290 

cell death (Figure 5B, C, Supplemental Table 8-10). We found that approximately 10% 291 

(116/1123) of the genes expressed at higher levels in cax1 during normoxia were expressed in 292 

Col-0 during anoxia (Supplemental Figure 9A). This increases in dKO and qKO: approximately 293 

13% (192/1480) in dKO and 40% (320/820) in qKO (Supplemental Figure 9A). The same trend 294 

is observed with genes highly expressed in mutants during normoxia compared to Col-0 post-295 

anoxia (cax1: 61/1123-5%; dKO: 308/1480-20%; qKO: 426/820-51%) (Supplemental Figure 296 

9C). Enriched GO categories for the up-regulated genes in qKO normoxia that were upregulated 297 

in Col-0 during anoxia and post-anoxia are clearly related to hypoxia (Figure 5F, G, 298 

Supplemental Table 11). When cax1 and dKO are included in the analysis, the GO terms are 299 

response to oxidative stress, secondary metabolic biosynthesis and defense (Supplemental 300 

Figure 9E ,F, Supplemental Table 12).  301 
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We also analyzed the down regulated genes among the CAX mutants in normoxia conditions 302 

and few commonly shared down regulated genes were found (Supplemental Figure 10A, 303 

Supplemental Table 13). However, many genes downregulated in the mutants during normoxia 304 

were downregulated in Col-0 during anoxia (cax1: 7/57-12%; dKO: 192/563-34%; qKO 17/48-305 

35%) with a smaller percentage of overlap in down regulated genes with Col-0 post-anoxia 306 

(cax1: 3/57-5%; dKO: 136/563-24%; qKO 6/48-12.5%) (Supplemental Figure 11, Supplemental 307 

Table 14-16).  308 

 During anoxia, compared to Col-0, cax1-1 (cax1 throughout the remainder of the 309 

manuscript) and dKO both expressed 195 genes that were related to photosynthesis, response 310 

to light intensity, hydrogen peroxide and carbohydrate catabolic process (Figure 5D,E, 311 

Supplemental Table 17). During anoxia, 361 genes related to defense, organ senescence and 312 

response to salicylic acid were down regulated in cax1 and dKO (Supplemental Figure 10B,C, 313 

Supplemental Table 18). Post anoxia, dKO and qKO both expressed 42 genes related to 314 

photosynthesis and defense that were not expressed in Col-0 (Figure 5H,I, Supplemental Table 315 

19). Post-anoxia qKO repressed 525 genes in comparison to Col-0, many of these involved in 316 

hypoxia responses and hormone signaling (Supplemental Figure 10D,E, Supplemental Table 317 

20). 193 genes repressed in both qKO and dKO appear to be involved in long-chain fatty acid 318 

metabolism, response to water, and stomatal function (Supplemental Figure 10D,F, 319 

Supplemental Table 21). 320 

 We mined the expression data for increased or decreasing expression of genes highly 321 

responsive to Ca/H, depending on the number of CAX mutants (cax1>dKO>qKO and 322 

qKO>dKO>cax1). From 128 common upregulated genes during normoxia (Figure 5B), 20 fit the 323 

expression pattern of cax1>dKO>qKO (these genes are related to regulation of development 324 

and root morphogenesis) (Supplemental Figure 12A,B and Supplemental Table 22)  and 6 325 

qKO>dKO>cax1 (Supplemental Figure 12C, Supplemental Table 23). None of the down-326 

regulated genes fit the pattern of cax1>dKO>qKO. 327 
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Ca signaling in CAX mutants during reoxygenation 328 

Given that CAX1 is highly expressed in leaves, it could be the primary H+/Ca exchanger involved 329 

in post-anoxia Ca signaling in the aerial portion of the plant (40). Previous work demonstrates that 330 

Ca signals are significantly different between the anoxia-tolerant cax1 and sensitive Col-0 during 331 

reoxygenation(53); here we aim to identify if CAX3 (dKO vs cax1) and CAX4 (dKO vs tKO) 332 

influence leaf Ca signaling post-anoxia. Stable transgenic lines of dKO and tKO expressing 333 

cytoplasmic GCaMP3 (a GFP based Ca biosensor;(53)) were used to visualize the progression 334 

of Ca signals in the cytoplasm following anoxia and wounding (supplemental movies 1 and 2). 335 

The mutants showed no changes during wounding but re-oxygenation after exposing the plants 336 

to 4h of anoxia treatment displayed differences in the temporal signals produced in the double 337 

and triple mutants, compared to the cax1 single mutant. In the older leaves (first pair of true 338 

leaves/leaf 1) of dKO and tKO, a strong initial signal peaked at around 100 sec (111 and 125 sec 339 

for dKO and tKO, respectively), compared to the first signal at 201 sec in cax1 (Figure 6A,B, 340 

Supplemental Figure 13A,B, Supplemental Movie 1,2); the dKO and tKO lines are similar, 341 

suggesting that CAX4 has a minimal role in this response. However, the response in these 342 

mutants is different than cax1 and Col-0, highlighting the importance of CAX3.In most cases, 343 

fluorescence intensity was found to be higher in both dKO and tKO (Supplemental Figure 13A). 344 

In the younger leaves (leaf 3), the Ca signal peaked at around 100 sec and was present in all the 345 

mutant genotypes with slight variation in the intensity (Supplemental Figure 13A). This suggests 346 

that CAX3 and CAX4 have a limited role in post-anoxia Ca signaling in these leaves. As shown 347 

previsly (53), older Col-0 leaves had a prominent initial Ca signal, which dissipated in the first 50 348 

sec (Supplemental Figure 13A) and a second minor signal after 150/160 sec. The pattern was 349 

similar in the younger leaves, but with lower fluorescence intensity (Figure 6A,B and 350 

Supplemental Movie 1,2). A clear signal was present in the meristematic region in all the 351 

genotypes, during the entire imaging interval (6 minutes). A drop in the intensity was observed at 352 

around 100 sec in all genotypes (Figure 6A,B, Supplemental Movie 1,2). This suggest that in the 353 
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meristem, the CAXs have a minor role in shaping the Ca signal post-anoxia. We ensured that the 354 

changes in the calcium dynamics in the CAX mutants are specific to anoxia stress by analyzing 355 

the calcium signals in these genotypes following wounding (Supplemental Figure 14A,B). All four 356 

genotypes showed a similar movement of the cytoplasmic calcium. Mostly, the signal was limited 357 

to the leaf in which the stress was induced meaning it does not produce calcium changes at a 358 

whole plant level (Supplemental Figure 14A). All these plants showed a gradual increment in the 359 

intensity following wounding, which peaked between 50-80 sec and reduced afterwards 360 

(Supplemental Figure 14B). Additionally, we did not observe any statistically difference in the Ca 361 

signals between Col-0 and cax mutants during normoxic conditions (Supplemental Figure 14C), 362 

further confirming that the sensor is working in the same way in different genotypes.  363 

 364 

Discussion 365 

This work characterizes plants lacking all four functional CAX transporters and provides new 366 

data regarding cax1/3 (dKO). Concurrently, this work compares some phenotypes obtained 367 

from cax1 and cax1/3 lines. It also further defines the role of specific transporters.  Single and 368 

double mutants partially impair transport: a 50% reduction in cax1 and 53% in dKO (9); here 369 

qKO demonstrated at least an 85% reduction demonstrating that in these conditions, CAX2 and 370 

CAX4 have a prominent role in transport (Figure 2). This quadruple mutant has pleiotropic 371 

phenotypes and allows an unparalleled biological resource to discern the role of high-capacity 372 

low-affinity tonoplast localized H+/Ca transport in plant signaling and elemental repartitioning 373 

(Figures 3, 4, 5,6,7).    374 

 375 

Previous studies have demonstrated different transport properties and tissue localization of the 376 

CAXs (40; 41); this study continues to clarify the roles of these transporters.  CAX1 and CAX3 377 

(dKO) loss also appeared to be a tipping point for changes in Ca signaling and elemental 378 

distribution in leaves during normoxic conditions (Figure 3, 6); meanwhile, previous studies have 379 
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suggested CAX3 had a minimal role in calcium homeostasis in aerial tissues (34).  Post-anoxia 380 

Ca signaling in leaf 1 changes more dramatically in the dKO and tKO lines than cax1, 381 

demonstrating that CAX3 impacts anoxia signaling through changes in Ca signaling (Figures 6). 382 

In the cax1 background, each additional CAX mutation lowered calcium levels in the leaf tissue 383 

(Figure 3), altered leaf protein and gene expression (Figure 4,5), and increased anoxia 384 

tolerance (Figures 7). These phenotypes suggest all four CAXs can function in leaf tissue.  385 

Plant calcium signaling is a complex process with many transporters altering cytosolic 386 

calcium levels (45). The reduced tonoplast transport in qkO may increase Ca sequestration into 387 

other endomembrane compartments and cause changes in capacitative Ca entry (store-388 

operated entry)(5; 17; 29): in qKO lines, ER and other endomembrane calcium stores might 389 

communicate a “filled state” to the plasma membrane to diminish endogenous Ca levels (Figure 390 

2) and alter Ca signaling and nutrient sensing (46)(Figure 6). Alterations in CAXs impact proton 391 

pumps (11) and future work will need to be directed at determining how the drastic change in 392 

tonoplast calcium transport affects the dominant proton pumps such as the plasma membrane 393 

ATPase, the vacuolar pyrophosphatase (V-PPase), and the vacuolar-type ATPase (V-ATPase).  394 

The altered transport in the qKO mutants (Figure 2) impacted changes in elemental 395 

abundance and distribution in leaf tissue (Figures 3). These changes were not seen in cax1 and 396 

were not significantly altered by loss of CAX2 and CAX4. The most striking differences were in 397 

dKO and qKO were (1) remobilization of Ca to the trichomes, (2) increased Zn in what we 398 

assume are the guard cells and (3) increased Cl levels throughout the lamina and vasculature 399 

(Figure 3; Supplemental Figure 4). The characteristic punctate Zn distribution was a consistent 400 

observation in our leaf images. Because the CAXs do not appear to transport Zn, these images 401 

indicate that abolishing CAX-mediated transport affects Zn distribution. Published whole leaf Zn 402 

maps are scarce, but our previous study (25) analyzing altered Fe homeostasis displays a 403 

similar but less pronounced, punctate Zn phenotype.  404 
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Likewise, Cl is not thought to be transported by CAXs, nor has it consistently been 405 

measured in studies of the CAXs, but was perturbed in qKO, which had more Cl in the 406 

trichomes (Figure 3E). Chlorine may play a pivotal role in osmotic regulation (15), and this 407 

perturbation could indirectly result from CAX deletion. The SXRF observations indicate a 408 

cascade of changes resulting from a change of CAX-mediated transport, underscoring the multi-409 

elemental interplay when biological systems are perturbed and the advantages of taking a multi-410 

elemental analytical approach. 411 

Bulk concentrations of Ca in qKO leaves were lower than wild-type, cax1, dko, and tKO, 412 

as were Mn, Mg, K, and Zn, although to lesser extents (Figure 3). However, these quantitative 413 

changes were less apparent in the elemental imaging. Comparisons between spatially resolved 414 

and volume-averaged concentrations could be more intuitive. They should be made cautiously: 415 

bulk analysis averages out elemental concentrations across the whole shoot biomass of many 416 

plants, whereas elemental images focus on a single leaf at the micron scale, and trends area 417 

function of scale. Higher abundances of Ca in the trichome of qKO (Figure3E) cannot be 418 

extrapolated to an increase in Ca abundance of the entire shoot biomass, as much as it indicates a 419 

remobilization of Ca.  420 

In qKO Ca abundance was higher in the trichomes (Figure 3E); a significant storage 421 

location for metals in various flowering plant species. Trichomes have long been known as a 422 

mineral storage location for plants (44). Some hyperaccumulator species store potentially toxic, 423 

non-essential metals and Ca in trichomes (7). Mutants in CAX1 are tolerant to serpentine soils 424 

(6) and Cd stress (3), and the altered metal distribution or elemental abundance documented 425 

here may help explain these phenotypes (52).  426 

The sequential disruption of CAX transport allows a more thorough examination of the role of 427 

Ca/H disruption in anoxia tolerance: anoxia tolerance is not due to the loss of specific transport 428 

properties of CAX1. If this were the case, the dKO, tKO, and qKO lines would be equally 429 
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tolerant to anoxia as cax1. Anoxia tolerance is probably not caused by changes in apoplastic 430 

free Ca levels, because this is a dKO phenotype (and presumably also present in tKO and qKO) 431 

not seen in cax1 (16). Furthermore, stomatal movement and phosphate homeostasis are 432 

unaffected in cax1 (13; 32), suggesting that anoxia tolerance does not result from these 433 

changes. A knockout of CAX1 in Arabidopsis alters tolerance to various metals, Ca-depleted 434 

conditions, and freezing after cold acclimation (2; 3; 6; 10). We posit these phenotypes are 435 

caused by altered Ca, or pH homeostasis at the tonoplast (11) and, given the modified transport 436 

properties observed here, will be more robust in dKO, tKO, and qKO. The CAX mutants may 437 

have numerous adaptations that allow them to endure anoxia stress (53): an essential 438 

component of this tolerance could be decreased internal calcium levels and the constitutive 439 

expression of a suite of anoxia tolerance genes (Figures 5,7). This work demonstrates that 440 

during normoxia, qKO had elevated expression of approximately 40% of the genes Col-0 441 

expresses at high levels during or post-anoxia. Many of these genes are involved in defense, 442 

but some are involved in hypoxia responses (Figure 5F,G, Supplemental Table 11). Similar 443 

comparisons using dKO, while not as dramatic as those with qKO, further support the idea that 444 

CAXs mutants may be anoxia tolerant due to changes in gene expression present before anoxia 445 

stress. In agreement with this, qKO also showed changes to cellular redox homeostasis at the 446 

proteomic level, with increased abundance in enzymes involved in ROS production and removal 447 

when compared to Col-0 (Supplemental Table 2) (38). The mutants are primed for anoxic 448 

conditions, as the proteomic analysis indicates that the absence of CAXs already imposed 449 

stresses, which was reflected by reduced growth which we posit is caused by changes in 450 

carbon fixation and carbohydrate metabolism (Figure 1,4). Given that wild-type plants grown in 451 

reduced calcium-containing media is anoxia tolerant (Figure 8), it will be interesting to determine 452 

if these growing conditions impact the expression of stress genes and elemental partitioning. 453 

The loss-of-function of CAXs – diminishing Cation/H+ exchange – appears to have 454 

adaptive advantages, with a “less is more” phenotype regarding Cation/H+ exchange activity 455 
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and anoxia tolerance (Figure 1,4) (53). Loss-of-function alleles were once the epitome of 456 

deleterious genetic variation (27). This study further appreciates the reduction of CAX activity as 457 

an adaptation to plant stress (2; 6; 10; 36). It will be interesting to survey various plants to 458 

delineate if diminished CAX function and changes in calcium content increase stress tolerance 459 

(14; 21); if such plants exist, how do they compensate for impaired CAX function during normal 460 

growth conditions?  461 

 462 

Materials and Methods 463 

Plant Materials and Growth  464 

Arabidopsis wild-type (Col-0) and CAX mutant seeds (cax1-1, cax3-1, cax1-1/cax3-1 double 465 

mutant, cax1-1/cax2-2 double mutant, and cax1-1/cax4-1 double mutant, cax1-1/cax3-1/cax4-1 466 

triple mutant and cax1-1/cax2-2/cax3-1/cax4-1 quadruple mutants were used in the study. All 467 

these mutants were genotyped to confirm the presence of T-DNA insertions (Supplemental Figure 468 

16 and Supplemental Table 24). The seeds were surface sterilized in 20% bleach and grown on 469 

half-MS medium (Murashige and Skoog; Sigma), or LCS (16) containing 0.5% sucrose and 0.7% 470 

agar with a modest addition of CaCl2 (LCM-22mg/l) and were incubated at 12 h light, 22°C, and 471 

12 h night 20°C. For morphological analysis, plants belonging to 2 rosette leaf stage (Boyes et al 472 

2001) were transferred to soil and grown at 12 h light, 22°C, and 12 h night 18°C. For checking 473 

the Ca2+ ion sensitivity of the various mutants, 5-days old plants (cotyledon stage) were 474 

transferred to half-MS medium supplemented with 25mM CaCl2. Growth characteristics were 475 

observed 15 days after their transfer to the altered media.  476 

 477 

Anoxia Experiments  478 

For anoxia experiments, 21 days old plants (9 rosette leaf stage) grown under the above-479 

mentioned conditions were placed in a AnaeroPack system (Mitsubischi Gas Chemical) anaerobic 480 
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atmosphere generation bags (Sigma) with one CampyGen 3.5L bag (Thermo Scientific). The 481 

surgical tapes around the plates were removed prior to keeping them in the system. The 482 

experiment was performed for 10h unless mentioned otherwise. Experiments were usually done 483 

in the nighttime. After the anoxia treatment, plants were returned back to the growth chamber. 484 

Images were taken after four days using a Nikon D80 Digital SLR Camera (Nikon Corp., Tokyo, 485 

Japan).  486 

 487 

Chlorophyll fluorescence measurement.  488 

Chlorophyll estimation was performed as described previously (31). Briefly, 50mg of tissue form 489 

both pre-anoxia and post-anoxia samples were ground in liquid nitrogen and a homogenate was 490 

prepared in 80% acetone. After centrifugation, supernatant was collected, and the pellet was re-491 

extracted with 80% acetone. The extraction process was repeated three times until the pellet 492 

became colorless. After pooling, absorbance of the supernatant was measured at wavelengths 493 

645 and 663 nm with a Cary 50 spectrophotometer. Measurement of chlorophyll a, chlorophyll b 494 

and total chlorophyll was estimated using Arnon’s equation (1).  Plants belonging to 9-rosette leaf 495 

stage were used for the experiment and the whole rosette were isolated 24h after anoxia 496 

treatment. Each experiment was carried out with 3-4 replicates, and the whole experiment was 497 

replicated four times. Statistical significance was calculated using Student’s t-test and ANOVA.  498 

 499 

Combined patch-clamp and fura-2 fluorescence experiments 500 

The Arabidopsis mesophyll protoplast isolation procedures and vacuole release were described 501 

elsewhere (23). Patch-clamp recordings were performed in the whole-vacuole configuration using 502 

a List Medical amplifier and Pulse acquisition software (HEKA Electronic, Germany). Isolated 503 

vacuoles were observed using a 40× oil objective (overall magnification 400×) mounted on an 504 

inverted Axiovert microscope (Zeiss, Germany). Patch pipettes were pulled from thin-walled 505 
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borosilicate glass capillaries (Harvard Apparatus, USA) and had final resistances of 2-3 MΩ with 506 

standard pipette solution containing (in mM): 100 KCl, 3 MgCl2, 0.4 EGTA, 20 bis-tris-propane, 507 

230 D-sorbitol, pH 7.0 (with MES) and 500 mOsm, supplemented with 100 µM fura-2 508 

pentapotassium salt. The standard (cytosolic) bath solution contained (in mM): 100 KCl, 3 MgCl2, 509 

2 EGTA, 5 HEPES, 280 D-sorbitol, pH 7.2 (with KOH) and 515 mOsm. Chemicals were purchased 510 

from Merck (Italy). The vacuole was held at a membrane voltage of -40 mV and continuously 511 

perfused with standard bath solution by a gravity-driven perfusion system coupled to a peristaltic 512 

pump (Gilson Inc., USA). For fura-2 detection, a monochromator (Cairn Research, UK) selected 513 

the excitation light generated by a Xenon arc lamp (Photon Technology International, USA), 514 

alternately at 340 nm and 380 nm in 100-ms excitation cycles. Fluorescence emission (F340 for 515 

340-nm excitation and F380 for 380-nm excitation) was detected using a 515-nm bandpass 516 

emission filter and recorded every 300 ms by a CCD camera (Roper Scientific, Germany). 517 

Fluorescence signals were detected inside a region of interest (ROI) covering the vacuole. 518 

MetaFluor software (Molecular Devices, USA) was used to control the system and to calculate 519 

online the F340/F380 fluorescence ratio. Background fluorescence, measured in a ROI far from the 520 

vacuole, was subtracted off-line. After reaching the whole-vacuole configuration, vacuolar fura-2 521 

loading required between 20 and 40 minutes. Thereafter, a calcium gradient between the cytosolic 522 

side and the vacuolar lumen was established by replacing the standard bath solution with a 523 

solution containing (in mM): 100 KCl, 3 MgCl2, 5 Hepes, 280 D-sorbitol, pH 7.2 (with KOH) 524 

supplemented with 10 or 30 µM CaCl2. The calcium contamination in the Ca2+-free solution was 525 

less than 2 µM, as determined by atomic absorption spectroscopy. 526 

Experimental conditions were carefully chosen such to exclude any major contribution to the 527 

vacuolar Ca2+ signals by two-pore channel 1 (TPC1), a highly abundant, calcium-activated 528 

vacuolar cation channel permeable to Ca2+ (22). In a series of control experiments on Col-0 and 529 

tpc1 knock-out plants, currents and fluorescence signals were monitored varying [Ca2+] and 530 

holding voltages.  531 
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For fura-2 calibration, fluorescence signals were determined in a 500-µl droplet of standard pipette 532 

solution placed onto the bottom of the recording chamber, supplemented with 5 mM EGTA (“zero 533 

calcium” condition) and 20 mM CaCl2 (“saturated calcium” condition). The vacuolar free calcium 534 

concentration was then calculated according to the equation(24): 535 

[𝐶𝑎!"] = 𝐾# '
𝑅 − 𝑅$%&
𝑅$'( − 𝑅

*+
𝐹)*+,$'(
𝐹)*+,$%&

- 536 

where R is F340/F380, Rmin is F340/F380 at zero calcium, Rmax is F340/F380 in saturated calcium,  is 537 

the ratio between F380 in zero calcium and F380 in saturated calcium; Kd, the dissociation constant 538 

of the dye at room temperature, is 224 nM (24). 539 

 540 

Statistical analysis for Transport Data 541 

Results are given as mean ± standard error (SE). For statistical analysis and graph preparation, 542 

Igor Pro (WaveMetrics Inc., USA) and Excel software (Microsoft Corp., USA) were used. 543 

Statistical significance was determined using Wilcoxon’s Rank test. 544 

 545 

RNA Extraction, transcriptomic analysis and Quantitative Real-Time qPCR.  546 

Total RNA was isolated from 21days old plants (9-rosette leaf stage) with Trizol. Whole rosette 547 

(50mg) was ground in liquid nitrogen and homogenate was prepared in trizol. Following 548 

centrifugation, upper aqueous phase containing RNA was separated and precipitated with 549 

isopropanol. RNA was treated with Dnase to remove any contaminating DNA and the quality was 550 

assayed by Bioanalyzer. 551 

For transcriptome analysis, RNA samples were outsourced to BGI Genomics (BGI Americas 552 

Corporation, Cambridge, MA, USA). RNA-seq was performed using DNBseq platform using 150 553 

bp pair-end sequencing chemistry. A minimum of three independent replicates were used for each 554 

conditions analyzed. All the samples had a RIN value above 7. On average, sequencing yielded 555 

38 million reads per sample. The raw reads were cleaned by removing the adapters and low-556 
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quality sequences. Trimmed reads were then mapped to the reference genome of A.thaliana 557 

obtained from The Arabidopsis Information Resource 558 

(TAIR)(TAIR10_Araport11_www.arabidopsis.org_20190423). On average more than 94% of the 559 

reads were mapped to the reference genome using STAR v2.7.6a (19). Assembly of RNA-Seq 560 

alignments into transcripts were performed using Stringtie2.1.5 (39). The differential gene 561 

expression were analyzed using edgeR and limma R libraries. RNA-seq data will be deposited in 562 

the SRA database with the accession no (pending). 563 

Quantitative RT-qPCR was used to validate the RNA-seq data. Dnase treated RNA was 564 

converted into single-stranded cDNA using oligo dT18 primers (SuperScript™ First-Strand 565 

Synthesis System for RT-PCR, Invitrogen). For RT-qPCR, 10ng of the cDNA was used. The 566 

quantification was done with iTAQ SYBR Green Master Mix (Bio-Rad) in Biorad CFX96 Real-567 

Time PCR System (Biorad) with gene specific primers (Supplemental Table 25). The reaction 568 

consisted of 95°C for 30 sec, 40 cycles each of denaturation at 95°C for 5 sec and annealing and 569 

extension at 60°C for 30 sec followed by additional cycle of 65°C for 5 sec and 95°C for 5 sec. 570 

The expression was normalized to Arabidopsis UBQ10 and the fold changes were calculated by 571 

2-ΔΔCt method. Statistical significance was calculated by Student’s T test in Excel (Supplemental 572 

Figure 17).  573 

 574 

Protein isolation, Mass Spectrometry and Protein Identification and Quantification.  575 

Whole rosettes from 6-rosette leaf stage plants were used for protein extraction (4)Barkla et al 576 

Plant cell 2009). 3g of the tissue was ground in liquid nitrogen and were homogenized in pre-577 

chilled extraction buffer (100 mM Tris-MES, pH 8.0, 1 mM EGTA, 5 mM dithiothreitol, 4 mM 578 

MgSO4, 5% [w/v] insoluble PVP, and plant protease inhibitor cocktails (Sigma Aldrich, St. Louis, 579 

MO) to the recommended concentration by manufacturer). The total proteins in supernatant (500 580 

μL) were then precipitated using 200 μL 10X TE, 200 μl of 0.3% sodium deoxycholate, and 200 581 
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μl of cold 72% TCA. The protein pellets were washed in 90% methanol at room temperature and 582 

subsequently lyophilized. Cellular debris were removed by first filtering through Miracloth 583 

(Calbiochem, La Jolla, CA), and clarifying by centrifugation.  584 

Protein identification was carried out at the Institute for Molecular Biosciences proteomics facility 585 

at the University of Queensland, Brisbane. Proteins were analysed using an Eksigent, Ekspert 586 

nano LC400 uHPLC coupled to a TripleTOF 6600+ System (SCIEX, Canada) equipped with a 587 

PicoView nanoflow ion source (New Objective, USA). Protein extract (up to 5 μl) was injected 588 

onto a ChromXP C18-CL column (3 μm, 75 μm x 150mm) (SCIEX, Canada). Peptide elution was 589 

carried out running linear gradients of 5-30% solvent B (0.1% formic acid in acetonitrile) over 120 590 

min at 400nL/minute flow rate, followed by 30-90% solvent B for 3 min, and 90% solvent B for 17 591 

min and was returned to 5% solvent B for equilibration prior to the next sample injection. Mobile 592 

phase used consisted of solvent A; 0.1% formic acid in water, and solvent B; 0.1% formic acid in 593 

acetonitrile. Following conditions were used for the experiment; column temperature was 594 

maintained at 45°C, ion spray voltage was set to 2600V, declustering potential at 80V, curtain gas 595 

flow 25 psi, nebuliser gas 30 psi, and interface heater at 150oC. The mass spectrometer was set 596 

to acquire 100ms of full scan TOF-MS data over the mass range 350-1500 m/z, followed by up to 597 

fifty 50ms full scan product ion data in IDA mode over the mass range 100-1500 m/z. Ions 598 

observed in the TOF-MS scan exceeding a threshold of 100 counts and a charge state of +2 to 599 

+5 were set to trigger the acquisition of product ion MS/MS spectra of the resultant 50 most 600 

intense ions. Protein Pilot 5.0.2 (SCIEX, Canada) was used to search spectra against the Uniprot 601 

Arabidopsis database (proteins, May/12/2020) and encode the output mzIdentML file for the 602 

downstream analysis. Scaffold 4.8.6 (Proteome Software, Portland, OR, USA) was used to 603 

validate MS/MS-based protein identifications and quantification. Protein identifications were 604 

accepted if they could be established at greater than 99% probability and contained at least two 605 

unique peptides. Normalized spectral abundance factor (NSAF) was used for protein 606 

quantification (Gulcicek et al, Curr Protoc Bioinformatics, 2005; and Searle, Proteomics, 2010) 607 
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Proteins identified in at least 2 out of 3 biological replicates were considered as present in the 608 

corresponding genotypes. To evaluate the significance of comparative quantification by different 609 

genotypes, Student’s t-test was performed on the data, and the differences were assigned to be 610 

significant at a p-value less than 0.05. Differentially abundant proteins (DAPs, including 611 

exclusively present proteins) were submitted to David Bioinformatics Resources 6.8 for Gene 612 

Ontology enrichment analysis (Huang, Nat Protocol, 2009). 613 

 614 

Real-time measurements of cytosolic Ca in plant leaves post anoxia 615 

CAXs mutants harboring GCaMP3 sensor (a GFP based Ca indicator) were generated by 616 

crossing the mutants with Col-0 plants harboring GCaMP3 sensor. Homozygous lines generated 617 

in subsequent generations were confirmed by genotyping. Col-0, cax1-1, cax3-1, cax1/3/4 618 

harboring GCaMP3 sensor were surface sterilized in 20% bleach and grown on half-MS medium 619 

(Murashige and Skoog; Sigma), containing 0.5% sucrose and 0.7% agar at 21°C till they reached 620 

the 5-rosette leaf stage. On the day of imaging experiment, individual plate was foil covered and 621 

transferred to a vacuum sealer bag (Wevac) with 1 CampyGen 3.5L bag (Thermo Scientific) for 622 

4 h. A folded layer of tissue paper was placed between the bag and the plate to avoid any heat 623 

stress. GCaMP3 fluorescence were measured immediately after re-exposing the plates to oxygen 624 

with a motorized fluorescence stereo microscope (Zeiss Axio Zoom V16) equipped with a 625 

PlanApo Z 1.0× objective lens and a Zeiss AxioCam HRm sCMOS camera. GCaMP3 was excited 626 

using a mercury lamp (Zeiss HXP 200c Illuminator), with a 470/40 nm excitation filter, and a 500 627 

nm dichroic mirror. The green fluorescent signal passing through a 535/50 nm emission filter was 628 

acquired every 1 s with the using Zeiss Zen pro imaging software. Fluorescence in the entire first 629 

true leaf over time were converted into signal values using ImageJ. A similar sized background 630 

was identified and the mean fluorescence over time was subtracted to obtain the actual leaf 631 

fluorescence value.  632 
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Experiments were run in duplicate each day and experiments repeated on different days over the 633 

course of multiple months until data from at least 5 replicates was recorded. Statistical analyses 634 

were performed with ANOVA and Tukey’s post-hoc testing or the student T-Test formula in 635 

Microsoft Excel. Significance was set at P < 0.05. Data were presented as means ± SEMs. 636 

 637 

ICP-MS 638 

Samples of shoot tissue were acid digested by closed vessel microwave assisted digestion; 1 639 

ml of HNO3 and 0.1 ml HCl was added to 25 mg of sample and the digestion temperature 640 

ramped to 95˚C over 15 minutes and held for a further 45 minutes. Following digestion samples 641 

were diluted to 10 ml with deionized water. Digested samples were analyzed by collision cell 642 

inductively coupled plasma mass spectrometry (ICP-MS) (Agilent, 8900) operated in helium gas 643 

mode. Quality control included initial and continuing calibration checks, 3 replicate digestion 644 

duplicates, spikes and standard reference materials (SRMs) (NIST 1515, Gaithersburg, MD), 645 

analysis duplicates and analysis spikes. Method detection limits and standard reference 646 

material recoveries (%) are given for all elements in Supplemental Table 26. 647 

 648 

Statistical Analysis 649 

After establishing normality, we conducted one-way analysis of variance (ANOVA) on non-650 

normalized metal concentration data, with data below detection limits assigned a missing value. 651 

Means comparisons were conducted using Tukey’s statistical tests. Statistical analysis was 652 

conducted in JMP version 16.0.  653 

 654 

SXRF elemental imaging 655 

Elemental images of leaves were collected at the 4-BM XFM 3-pole wiggler imaging beamline of 656 

the National Synchrotron Light Source-II (NSLS-II) (Upton, NY). XFM has an energy range of 657 

2.3-23 keV, with a flux of ~2 x 1011 photons/sec (for the Si(111) monochromator). Energy 658 
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resolution was ~10-4 (Δλ/λ). Our experiments were conducted at 10 keV (optimized for the 659 

analysis of Ca), at 10 µm resolution (10 µm beam, 10 µm step) and 50 millisecond dwell using 660 

polychromatic ‘pink-beam’ mode for rapid imaging. XFM used a Hitachi Vortex ME4 silicon drift 661 

detector.  662 

 663 

Plants were maintained on solid media in a ConvironTM growth chamber at 22˚C with 16/8-hour 664 

light/dark cycles until analysis. Leaves were cut from actively growing plants with micro scissors 665 

immediately before analysis and adhered to single-sided Kapton metal-free tape stretched 666 

across custom 35 mm acrylic stage mounts. A size-matched Col-0 leaf was included in each 667 

map of transgenic lines for relative abundance comparison. For faster (exploratory) scanning, 668 

half of the leaf was scanned at the mid-vein, and full maps were collected from entire leaves, 669 

avoiding the cut-edge of the petiole. Mounting times were less than 5 minutes. For shorter maps 670 

(500 pixels2) scan times were approximately 4 hours, and larger maps scan times were 671 

approximately 11 hours. 672 

 673 

Quantification of normalized fluorescence count data into ppm was conducted using National 674 

Institute of Standards and Technology (NIST) standard reference material (SRM) 1833 and 675 

1832. Neither of these SRMs have a certified value for chorine. Data was visualized using GSE 676 

CARS Map Viewer software, which allows user-defined region of interest analysis of elemental 677 

maps. This was used to compare elemental abundances of lamina and trichomes between 678 

transgenic lines.  679 

 680 

Accession Numbers 681 

Sequence data from this article can be found in the GenBank/EMBL data libraries under 682 

accession numbers  683 

 684 
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Supplemental Data 685 

Supplemental Figure 1. Enhanced Growth of dKO, tKO, and qKO compared with Col-0, 686 

cax1 and cax3 mutants. 687 

Supplemental Figure 2. Notable phenotypic differences between cax1 single mutants and 688 

dKO, tKO and qKO. 689 

Supplemental Figure 3. Fura-2 reports luminal calcium increases in isolated vacuoles. 690 

Supplemental Figure 4. Scaled quantified elemental images collected via synchrotron X-691 

ray fluorescence of cax1 and qKO leaves imaged alongside size-matched Col-0. 692 

Supplemental Figure 5. SXRF elemental images of size-matched Col-0 and dKO mutant 693 

leaves. 694 

Supplemental Figure 6. GO enrichment analysis of the proteomic study. 695 

Supplemental Figure 7. GO biological pathways of differentially expressed genes in Col-0 696 

during anoxia. 697 

Supplemental Figure 8. GO biological pathways are differentially expressed genes in Col-698 

0 post-anoxia. 699 

Supplemental Figure 9. Up-regulated Genes shared by Col-0, cax1, dKO and qKO. 700 

Supplemental Figure 10. CAXs mutants transcriptome-wide responses to anoxia. 701 

 Supplemental Figure 11. Downregulated genes shared by Col-0, cax1 and dKO and qKO. 702 

Supplemental Figure 12. From 128 common upregulated genes in cax1, dKO, qKO 703 

normoxia. 704 

Supplemental Figure 13. Calcium changes in Col-0, cax1, dKO and tKO during exposure 705 

to oxygen after anoxia stress. 706 

Supplemental Figure 14. Changes in the cytosolic calcium signals in selected CAX 707 

mutants during wounding (A and B) and in normal environmental/normoxic conditions 708 

(C) 709 

Supplemental Figure 15. Anoxia phenotype of plants lacking multiple CAXs. 710 
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Supplemental Figure 16. Genotyping CAXs mutants. 711 

Supplemental Figure 17. Validation of RNA-seq data by RT-qPCR. 712 

 713 

 714 

Supplemental Table 1. Comparative studies of the protein abundance between Col-0 vs 715 

cax1. 716 

Supplemental Table 2A. Comparative studies of the protein abundance between Col-0 vs 717 

qKO. 718 

Supplemental Table 2B. Comparative studies of the protein abundance between Col-0 719 

and mutants in normoxic conditions. 720 

Supplemental Table 3. Comparative studies of the protein abundance between cax1 vs 721 

qKO. 722 

Supplemental Table 4. Genes highly up regulated in Col-0 during anoxia. 723 

Supplemental Table 5. Genes highly down regulated in Col-0 during anoxia. 724 

Supplemental Table 6. Genes highly up regulated in Col-0 post anoxia. 725 

Supplemental Table 7. Genes highly down regulated in Col-0 post-anoxia. 726 

Supplemental Table 8. Genes highly up regulated in cax1 during normoxia. 727 

Supplemental Table 9. Genes highly up regulated in dKO during normoxia. 728 

Supplemental Table 10. Genes highly up regulated in qKO during normoxia. 729 

Supplemental Table 11. Genes highly up regulated in qKO during normoxia, Col-0 during 730 

and post anoxia. 731 

Supplemental Table 12. Genes highly up regulated in cax1, dKO, qKO during normoxia, 732 

Col-0 during and post-anoxia. 733 

Supplemental Table 13. Genes highly down regulated in cax1, dKO and qKO during 734 

normoxia. 735 

Supplemental Table 14. Genes highly down regulated in cax1 during normoxia. 736 
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Supplemental Table 15. Genes highly down regulated in dKO during normoxia. 737 

Supplemental Table 16. Genes highly down regulated in qKO during normoxia. 738 

Supplemental Table 17. Genes highly up regulated in cax1 and dKO during anoxia. 739 

Supplemental Table 18. Genes highly down regulated in cax1 and dKO during anoxia. 740 

Supplemental Table 19. Genes highly up regulated in dKO and qKO post anoxia. 741 

Supplemental Table 20. Genes highly down regulated in qKO post-anoxia. 742 

Supplemental Table 21. Genes highly down regulated in dKO and qKO post-anoxia. 743 

Supplemental Table 22. Genes with expression pattern of cax1>dKO>qKO. 744 

Supplemental Table 23. Genes with expression pattern of qKO >dKO>cax1. 745 

Supplemental Table 24. List of primers used for genotyping. 746 

Supplemental Table 25. List of primers used for RT-qPCR validation. 747 

Supplemental Table 26. Method detection and standard reference material recoveries. 748 

Supplemental Movie 1. Calcium changes in Col-0, cax1 and dKO post anoxia.  749 

Supplemental Movie 2. Calcium changes in Col-0, cax1 and tKO during wounding.  750 
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 774 
 775 

Figure 2. Isolated qKO vacuoles show strongly impaired Ca2+ accumulation. Fura-2 fluorescence ratio recordings performed on (A) Col-0 vacuoles
and (B) qKO Vacuoles, in response to bath application of 10 µM or 30 µM Ca2+ , as indicated (horizonal bars). Vacuoles were loaded with 100 µM fura-2
through the patch pipette and kept at a membrane voltage of ~40 mV. Vacuolar fluorescence ratio values were converted into [Ca2+] units. (C) Summary
plot showing the vacuolar [Ca2+] changes (Δ[Ca2+]#$%) evoked by cytosolic Ca2+ application at 10 µM (n=7 vacuoles for both Col-0 and qKO) or 30 µM
(n=14 Col-0 and 18 qKO). Data represent mean ± sem. Wilcoxon Rank test: **P= 0.0034 for 10 µM Ca2+ and **P=6×10+, for 30 µM Ca2+.
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Figure Legends  792 
 793 

Figure 1. Growth characteristics of CAXs mutants. (A) Reduced growth of CAX mutants in 794 
media containing 25mM CaCl2. Seeds were germinated and grown in half-MS medium for 15 days 795 
before they were transferred to medium containing calcium (lower panel). Photographs were 796 
taken 5 days after transferring to the supplemented medium. Control plants grown on half-MS 797 
medium for 20 days is given in the upper panel. (B) Reduced growth of CAX mutants in hydroponic 798 
basal nutrient solution (BNS) containing 1mM calcium. (C) Altered growth of dKO, tKO and qKO 799 
in soil. dKO, tKO and qKOs were much smaller than Col-0 and cax1 single mutant. All these 800 
plants were grown on half-MS media for 10 days before transferring to soil.  801 
 802 
Figure 2. Isolated qKO vacuoles show strongly impaired Ca2+ accumulation. Fura-2 803 
fluorescence ratio recordings performed on (A) Col-0 vacuoles and (B) qKO Vacuoles, in 804 
response to bath application of 10 µM or 30 µM Ca2+, as indicated (horizonal bars). Vacuoles 805 
were loaded with 100 µM fura-2 through the patch pipette and kept at a membrane voltage of ~40 806 
mV. Vacuolar fluorescence ratio values were converted into [Ca2+] units. (C) Summary plot 807 
showing the vacuolar [Ca2+] changes (𝛥[Ca2+]-'.) evoked by cytosolic Ca2+ application at 10 µM 808 
(n=7 vacuoles for both Col-0 and qKO) or 30 µM (n=14 Col-0 and 18 qKO). Data represent mean 809 
± sem. Wilcoxon Rank test: **P= 0.0034 for 10 µM Ca2+ and **P=6× 10/0 for 30 µM Ca2+. 810 
 811 
 812 
 813 
Figure 3. Bulk metal concentration and distribution in Col-0 and qKO leaves under 814 
normoxic growth conditions. (A) Bulk Ca, Mg, K, Mn, Cu and Zn concentration of shoots (14d) 815 
expressed as mg/kg, showing results of ANOVA statistical analysis, where letters denote results 816 
of Tukey`s means separation. (B) Tricolor SXRF elemental image of Ca (red), Zn (green), and K 817 
(blue) in 14d old leaves of Col-0 and qKO. Maximum values are shown as mg/kg. (C,D) Zoomed 818 
in images of trichomes (white boxes), showing greater Ca in qKO. (E) User-defined region of 819 
interest analysis of trichomes (n=5, expressed as ion chamber normalized fluorescence counts, 820 
averaged to the pixel area) showing results of ANOVA statistical analysis for Ca, Mn and CL. 821 
 822 
Figure 4. Proteomic analysis of Col-0, cax1 and qko under normoxia condition. (A) Venn 823 
diagram showing the overlap between proteins identified in three lines. (B) Principal component 824 
analysis (PCA) of the proteome of Col-0, cax1, qko under normoxia condition. Sample scores for 825 
the first and second principal components were plotted, the explained percentage of variance of 826 
PC1 and PC2 are indicated along the x and y axes. Clusters corresponding to the groups are 827 
represented by 95% confidence ellipses and include data from three biological replicates. The 828 
enlarged dots represent the means of the groups. (C) Enrichment network depicting the 829 
significantly enriched GO biological process terms (hypergeometric test with Bonferroni 830 
correction, P < 0.05) for proteins with higher (blue) or lower (red) abundance in both mutants. 831 
Each GO term is represented by a circle, and different groups are shown as different colours. The 832 
size of the GO term circle reflects the number of genes/proteins enriched in the corresponding 833 
item.  834 
 835 
Figure 5. CAXs mutants transcriptome-wide responses to anoxia. 836 

A. Principal component analysis plot (PCA) representation of Col-0, cax1, cax1/3 and 837 
cax1/2/3/4 transcriptomes before, during and after anoxic treatment.  838 

B. Upregulated genes in cax1, dKO and qKO compared during normoxia condition.  839 
C. GO biological pathway analyses are for the 128 common upregulated genes in all the 840 

three mutant lines. 841 
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D. Upregulated genes in Col-0, cax1 and dKO during anoxia. 842 
E. GO biological pathway analyses are for the 195 common upregulated genes in cax1 and 843 

dKO that are not found in Col-0. 844 
F. Upregulated genes in qKO during normoxia and Col-0 during and post-anoxia. 845 
G. GO biological pathway analyses are for the 428 common upregulated genes in qKO during 846 

normoxia and Col-0 during and post-anoxia. 847 
H. Upregulated genes in dKO and qKO compared to Col-0post-anoxia.  848 
I. GO biological pathway analyses are for the 42 common upregulated genes in dKO and 849 

qKO. 850 
J. Scheme and timing of leaf tissue harvesting for RNA-seq analysis. Plants belonging to 9 851 

rosette leaf stage were taken for RNA-seq analysis before anoxia (pre-conditions), after 4 852 
hours of anoxia (anoxia) and 1 hour after a 7-hour anoxia treatment (post-anoxia).  853 

 854 
 855 
Figure 6. Calcium changes in Col-0, cax1, dKO and tKO during exposure to oxygen after 856 
anoxia stress. Col-0, cax1, dKO and tKO stably expressing the genetically encoded Ca2+ 857 
indicator, GCaMP3 , were grown on 1/2MS with 0.5% sucrose for 12 days and were treated with 858 
anoxia stress for 4h. Intensity of fluorescence of GCaMP3 was recorded using a fluorescence 859 
microscope immediately after the plants were re-exposed to oxygen. (A) Representative images 860 
of plants expressing the GCaMP3 Ca2+ biosensor at different time points as 40, 80, 120, 160, 200, 861 
240 and 280 seconds after exposing them to normoxic conditions. (B) Quantification of 862 
fluorescence of the selected genotypes during reoxygenation after anoxia stress. Region of 863 
interest is as outlined as in figure 1A. Representative of ≥3 independent plants/leaves. 864 
 865 
Figure 7. Anoxia response of CAX mutants. (A) Increased anoxia tolerance of dKO and 866 
qKO in comparison with cax1 mutant. cax1 plants lost their tolerance to anoxia after 15h of 867 
treatment, while qKO plants maintained their tolerance even after 20h of treatment. 21-day old 868 
plants (9 rosette leaf stage) were placed in a GasPack Anaerobic system and were taken out after 869 
10, 15 and 20h of treatment. These plants were then returned to normoxic conditions and 870 
photographed after five days. Photographs represent more than 3 biological replicates. (B) 871 
Confirming the level of anoxia tolerance in cax1, dKO, tKO and qKO by chlorophyll estimation. 872 
tKO and qKO plants showed significantly lower chlorophyll loss than dKO after 20h of anoxia 873 
treatment. However, chlorophyll loss was comparable among these genotypes (dKO, tKO and 874 
tKO) after 15h of treatment. cax1 showed complete loss of chlorophyll after 15h of treatment. 875 
There was no significant difference in the levels of chlorophyll loss between tKO and qKO at any 876 
time points analyzed. Experiments were performed as mentioned in A. Data indicated is a 877 
representative of 3 biological replicates and asterisk indicate significant difference from the pre-878 
treatment conditions as calculated by ANOVA asterisks (*, P ≤ 0.05 and **, P ≤ 0.01). Error bars 879 
represent standard error from the mean value. (C) Decreased H2O2 accumulation in the CAX 880 
mutants as indicated by3,3'-diaminobenzidine (DAB) staining. A dark brown precipitate in Col-0 881 
and cax3 indicate the presence of H2O2. Whole rosettes from 3-weeks old plants were exposed 882 
to anoxic conditions for 10h. Rosettes were sampled 14 and 38h after the plants were brought 883 
back to normoxic growth conditions. Unstressed plants (Pre-anoxia) were used as the control. 884 
Data shown is a representative of more than three independent experiments. (D) Quantification 885 
of DAB staining by software ImageJ. Nine leaves from three different plants were used for 886 
quantification. Asterisks indicate significant difference compared to pre-anoxia condition as 887 
calculated using Student’s T-test in Excel (*, P ≤ 0.01 and **, P ≤ 0.001). 888 
 889 
 890 
 891 
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Figure 8. Anoxia response of Col-0 grown in low-calcium-containing media. (A) Increased 892 
anoxia tolerance of Col-0 grown in low-calcium containing media (LCM) compared to Col-0 grown 893 
in ½ MS.  21-day old plants (9 rosette leaf stage) were placed in a GasPack Anaerobic system 894 
and were taken out after 8h of treatment. These plants were then returned to normoxic conditions 895 
and photographed after four days. Photographs represent more than three biological replicates. 896 
(B) Confirming the anoxia tolerance by chlorophyll estimation. Col-0 in LCM and qKO plants 897 
grown in both media conditions showed significantly lower chlorophyll loss than Col-0 growth in 898 
½ MS 20h post anoxia. Experiments were performed as mentioned in A. Data is representative 899 
of 3 replicates. 900 
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