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Abstract 18 
 19 
Simple, soil-free assays that can mimic drought conditions are incredibly useful for investigating 20 
plant stress responses. Due to their ease of use, the research community often relies on 21 
polyethylene glycol (PEG), mannitol and salt treatments to simulate drought conditions in the 22 
laboratory. However, while these types of osmotic stress can create phenotypes that resemble 23 
those of drought, it remains unclear how they compare at the molecular level. Here, using 24 
transcriptomics, we demonstrate that these assays are unable to replicate drought signaling 25 
responses in the Arabidopsis root. Indeed, we found a significant number of genes that were 26 
induced by drought were in fact repressed by such treatments. Since our results question the 27 
utility of PEG, mannitol and salt, we designed a new method for simulating drought. By simply 28 
adding less water to agar, our ‘low-water agar’ assay elicits gene expression responses that 29 
compare more favorably to drought stress. Furthermore, we show our approach can be 30 
leveraged as a high-throughput assay to investigate natural variation in drought responses.  31 
 32 
 33 
 34 
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Introduction 35 
 36 
As climate change advances, improving crop drought tolerance will be key for ensuring food 37 
security (1, 2). This has led to intense research at the molecular level to find novel loci and 38 
alleles that drive plant drought responses. Such investigations demand simple assays that can 39 
reproduce drought phenotypes at both the physiological as well as molecular levels. While some 40 
researchers use soil-based assays, these are cumbersome. For example, extracting intact root 41 
systems from the soil is difficult, and reproducing the rate at which water evaporates from the 42 
soil can be challenging. In light of this, many molecular biologists prefer to simulate osmotic 43 
stress using chemical agents, such as polyethylene glycol (PEG), mannitol, and salt (NaCl) 44 
(3). When dissolved in agar or aqueous solution, these chemicals work by lowering water 45 
potential, in effect making it harder for plants to absorb water (4). Given their ability to produce 46 
phenotypes similar to drought stress, PEG, mannitol and NaCl have been used to simulate 47 
drought for decades (5, 6).  48 
 49 
However, at the molecular level, it remains unclear whether the osmotic stress that PEG, 50 
mannitol or NaCl elicit are comparable to that of bona-fide drought. While some experimental 51 
data suggests that they are (4, 7, 8), to our knowledge a rigorous side-by-side comparison has 52 
not been performed. By taking a comparative transcriptomic approach, we show that PEG, 53 
mannitol and NaCl stress are unable to induce the root gene expression responses that occur 54 
under drought stress. Inspired to develop a better method to simulate drought, we present our 55 
own ‘low-water agar’ assay, which proved superior in recapitulating the molecular signaling 56 
responses seen under true drought stress.  57 
 58 
 59 
PEG, mannitol and NaCl treatments repress drought inducible genes  60 
 61 
We sought to detect PEG, mannitol and NaCl’s effect on the Arabidopsis transcriptome. To this 62 
end, we grew Arabidopsis seedlings on vertical agar plates for 14 days on three different doses 63 
of either PEG, mannitol or NaCl. As expected, we saw a reduction in plant biomass as the dose 64 
of each treatment became more severe (Figure 1A & B, Supplementary Figure 1). For each 65 
treatment, we sequenced root and shoot transcriptomes by RNA-seq. By these means, we 66 
found over 800 differentially expressed genes for each treatment (adj. p-value < 0.05) (Figure 67 
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1D & 1E), where expression responses were largely dose responsive to the severity of stress 68 
(Figure 1F).  69 
 70 
Next, we wanted to compare these different ways of simulating drought stress to the 71 
transcriptomic responses seen under bona-fide drought conditions. To create this benchmark, 72 
we subjected mature Arabidopsis pot-grown plants to drought stress by withholding water for 5 73 
days, which led to a reduction in plant biomass (Figure 1C). We assayed root and shoot gene 74 
expression responses each day of water loss, and using a linear model, found 1,900 and 1,793 75 
drought responsive genes in the root and shoot respectively (adj. p-value < 0.01) (Figure 1D & 76 
1E). To ensure these were truly drought responsive genes, we required their expression to 77 
recover upon rewatering (Figure 1G).  78 
 79 
To assess how PEG, mannitol and NaCl treatments compared to the drought stress described 80 
above, we overlapped genes found differentially expressed in each experiment. For shoot 81 
tissue, we found genes that were differentially expressed under drought stress overlapped 82 
significantly with genes that were differentially expressed by either PEG, mannitol and NaCl 83 
treatments (adj. p-val < 0.05), indicating that these treatments compared favorably to drought 84 
stress (Figure 2A & 2B). Along these lines, across all conditions we saw expected differential 85 
expression of the canonical drought markers RD29B (9) and RD20 (10), the osmo-protectant 86 
genes P5CS1 (11) and ALDH10A8 (12), and ABA signaling and biosynthesis genes HB7 (13) 87 
and NCED3 (14) (Supplementary Figure 2). 88 
 89 
In contrast, we did not find a similar result in the root. To our surprise, we found a significant 90 
number of genes that were upregulated by drought stress were in fact downregulated by PEG, 91 
mannitol and NaCl treatments, a trend which increased as the stress became more severe 92 
(Figure 2A & 2B). Furthermore, it appeared that PEG performed the worst; only 27 % of PEG 93 
responsive genes were concordantly regulated in the same direction seen under true drought 94 
stress. Such mis-regulation is exemplified by the expression of drought markers HB12 (13), 95 
GCL1 (15) and LEA7 (16) (Figures 2C – 2E). While mannitol and NaCl performed somewhat 96 
better, both still achieved only 58 % concordance in gene expression, and thus held many 97 
genes that were differentially expressed in opposite direction seen under true drought stress. 98 
Examples of drought marker genes which followed this pattern of mis regulation are RAB18 99 
(17), RD21 (18), and ANNAT4 (19) (Figure 2F – 2H).  100 
 101 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 26, 2022. ; https://doi.org/10.1101/2022.11.25.517922doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.25.517922
http://creativecommons.org/licenses/by/4.0/


We wondered whether the repression of drought inducible genes by PEG, mannitol and NaCl 102 
was an artifact caused by comparing osmotic stress assays performed on plates to a drought 103 
stress conducted in pots. To ensure this was not the case, we performed an additional 104 
experiment by treating plate-grown seedlings with different doses of the ABA. Since ABA is a 105 
key drought signaling hormone, we would expect to see good agreement between the ABA 106 
transcriptional responses elicited by plate grown plants and the drought signaling responses 107 
found in pot grown plants. Indeed, we found this to be the case - genes found differentially 108 
expressed by ABA on plates overlapped significantly with drought responsive genes in a highly 109 
concordant manner (Supplementary Figure 3).  110 
 111 
Why does PEG down-regulate rather than up-regulate drought responsive genes in the root? 112 
We hypothesize that the large number of genes that were repressed by PEG is the result of 113 
hypoxia. We base this on PEG’s ability to impeding oxygen solubility (20, 21). This appears to 114 
be reflected at the molecular level, where genes downregulated by PEG are over-represented in 115 
the ‘monooxygenase activity’, and ‘oxygen binding’ GO Terms (adj. p-values < 0.01, 116 
Supplementary Table 5). In contrast, it appeared mannitol and NaCl treatments departed from 117 
true drought responses for a different reason. NaCl responsive GO Terms included a specific 118 
downregulation of ‘phosphorous metabolic processes’ (adj. p-value = 5.48 x 10-6), suggesting 119 
that the roots were changing phosphate levels in response to NaCl, a process known to help 120 
maintain ion homeostasis (22). For mannitol, we observed a specific downregulation of ‘cell wall 121 
organization or biogenesis’ and ‘microtubule-based processes’ (adj. p-values < 1 x 10-4), 122 
suggesting a unique root developmental response to mannitol, possibly mediated by mannitol 123 
acting as a signaling molecule (23). Surprisingly, for both mannitol and NaCl stresses, we saw 124 
photosynthesis related GO terms aberrantly upregulated in the roots, which may be due to an 125 
interaction between the osmotic stress and exposing the roots to light (24) (Supplementary 126 
Table 5). 127 
 128 
 129 

The ‘low-water agar’ assay recapitulates drought signaling responses in the root 130 

 131 
Since PEG, mannitol and NaCl elicited transcriptional responses that ran counter to true drought 132 
stress, we were motivated to design a new way of simulating drought on an agar plate. We 133 
hypothesized that instead of adding a compound, we could simulate drought by simply adding 134 
less water to agar media (leading to both higher agar and nutrient concentration). We called this 135 
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media ‘low-water agar’ (LW), and by testing three different doses, found that it limited plant 136 
growth in a similar way to PEG, mannitol and NaCl (Figure 1A & B, Supplementary Figure 1). 137 
At the molecular level RNA-seq revealed 868 and 2,169 genes differentially expressed in the 138 
roots and shoots respectively (Figure 1D & 1E), many of which responded in a dose-responsive 139 
way comparable to other treatments (Figure 1F).  140 
 141 
Crucially, we found that these gene expression responses overlapped significantly with those 142 
found under drought stress (Fisher adj. p-values < 1 x 10-32) (Figure 2A & 2B). Unlike PEG, 143 
mannitol and NaCl, we found genes down regulated in the root by low-water agar treatment 144 
were similarly down regulated by drought stress. By these means, the correct directional 145 
expression elicited by low-water agar led to a higher overlap with the bona-fide drought 146 
response (91 % concordance). The improved performance of low-water agar can be seen in 147 
canonical drought marker expression of genes such as RAB18, RD21 and ANNAT4 (Figure 2F 148 
– 2H). In line with this, low-water agar gene expression responses compared better to those 149 
induced by ABA treatment, suggesting that low-water agar stimulates an ABA-mediated drought 150 
signaling response  (Supplementary Figure 3). Indeed, unlike the other osmotic stress assays, 151 
root GO Term analysis of low-water agar revealed the over-represented term ‘response to 152 
abscisic acid stimulus’ (adj. p-value < 1 x 10-4, Supplementary Table 5). 153 
 154 
Finally, we wanted to ensure that our low-water agar assay was sensitive enough to detect 155 
variability in drought-responsive phenotypes. To test this, we grew 20 different Arabidopsis 156 
ecotypes on 50 % low-water agar, where ecotypes were selected from a previous drought study 157 
(25). By comparing the total shoot area after 3 weeks of growth, we found that our assay was 158 
able to indicate which accessions arrest shoot growth under drought, versus those that do not 159 
(e.g. line 5151 vs. line 9590, Figure 2I). Furthermore, we found that the relative impact low-160 
water agar had on an accession’s shoot size was associated with the relative impact drought 161 
had on its fitness, as measured under field conditions (Spearman rho = -0.46, p = 0.04, 162 
Supplementary Figure 4) (25). This gives us confidence that our assay could be useful for 163 
screening for novel drought responses among a wider group of accessions or mutants.    164 
 165 
In summary, compared to PEG, mannitol or NaCl treatments, we believe our low-water agar 166 
assay presents a better alternative for simulating responses comparable to genuine drought. 167 
Low-water agar may be superior because it creates a harder substrate for plants to absorb 168 
water from. Another contributing factor may be the increase in nutrient concentration in the agar 169 
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media. This may help mimic true drought stress since when water evaporates from the soil it 170 
can lead to an increase in the soil nutrient concentration, which can in turn impact gene 171 
expression (26). We note that due to its simplicity, our assay cannot mimic many additional 172 
effects drought stress can have on gene expression in real environments – such as those that 173 
arise from changes in soil structure, or the root microbiome (27). However, by inducing growth 174 
arrest and gene expression responses comparable to true drought, low-water agar offers a 175 
simple high-throughput method to screen phenotypes and probe gene regulatory networks that 176 
mediate drought responses. We describe the simple way to make low-water agar media in the 177 
Supplementary Methods. 178 
 179 
 180 
Supplementary  181 
 182 
Supplementary Methods 183 
 184 
Supplementary Figure 1 – Plant growth images under osmotic stress.  185 
Supplementary Figure 2 – Gene expression profiles of canonical drought markers in shoot 186 
tissue.  187 
Supplementary Figure 3 – Overlapping drought responsive and ABA responsive genes.  188 
Supplementary Figure 4 – Associating low-water agar’s impact on shoot size with plant fitness.   189 
 190 
 191 
 192 
Supplementary Table 1 – normalized gene expression counts. 193 
Supplementary Table 2 – list of differentially expressed genes. 194 
Supplementary Table 3 – osmotic stress assay biomass measurements. 195 
Supplementary Table 4 – drought stress assay biomass measurements. 196 
Supplementary Table 5 – GO Terms. 197 
Supplementary Table 6 – Plant Growth Tracker image values. 198 
 199 
 200 
 201 
 202 
 203 
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 204 
 205 
 206 

 207 
Figure 1 - Benchmarking the impact different osmotic assays have on Arabidopsis 208 
biomass and gene expression. A: Arabidopsis growth on plates under low-water agar, PEG, 209 
mannitol and NaCl treatments. B: Dry weight of Arabidopsis seedlings under different doses of 210 
each stress treatment (n = 12, * t-test adj. p < 0.01). C: Arabidopsis rosette dry weight after 3 to 211 
5 days of withholding water (n = 9 - 11, * paired t-test p < 0.01). D - E: Number and intersect of 212 
differentially expressed genes (DEGs) in response to each osmotic stress treatment within root 213 
and shoot tissue (adj. p-value < 0.05). F: Heatmap displaying the top 500 most significantly 214 
differentially expressed genes in each osmotic stress assay in the root. G: Heatmap displaying 215 
the top 500 most significantly differentially expressed genes in response to drought stress in the 216 
root.  217 
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 218 
Figure 2 - Comparative transcriptomic analysis reveals PEG, mannitol and NaCl 219 
downregulate drought inducible genes in the root.  A: Overlap analysis of genes found 220 
differentially expressed under drought treatment, compared to those under either PEG, 221 
mannitol, NaCl or low-water agar assays in both root and shoot (Fisher exact test adj. p < 0.05). 222 
B: Heatmap displaying genes differentially expressed under drought stress in root or shoot 223 
tissue compared to their expression under the highest dose of each osmotic stress assay. C - H: 224 
Expression patterns of drought marker genes under low, medium and high doses of each assay 225 
(where drought doses were Day 3, Day 4 and Day 5 respectively): HB12 (AT3G61890), GCL1 226 
(AT5G65280), LEA7 (AT1G52690), RAB18 (AT1G43890), RD21 (AT1G47128), ANNAT4 227 
(AT2G38750). I: Total rosette area of 20 Arabidopsis lines grown under either 100 % or 50 % 228 
low-water agar treatment.  229 
 230 
 231 
 232 
 233 
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 234 

 235 
 236 
Supplementary Figure 1 - Images of plants grown under different doses of each osmotic 237 
stress assay. Arabidopsis growth on plates under low-water (LW) agar, PEG-6000, mannitol 238 
and salt (NaCl) treatments.  239 
 240 
 241 
 242 
 243 
 244 
 245 
 246 
 247 
 248 
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 249 

 250 
Supplementary Figure 2 - Gene expression profiles of canonical drought markers in 251 
shoot tissue.  A - F: Expression patterns of drought marker genes under low, medium and high 252 
doses of each assay (where drought doses were Day 3, Day 4 and Day 5 respectively). RD29B 253 
(AT5G52300), RD20 (AT2G33380), HB7 (AT2G46680), NCED3 (AT3G14440), P5CS1 254 
(AT2G39800), ALDH10A8 (AT1G74920). 255 
 256 

 257 

 258 

 259 

 260 

 261 

 262 
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 263 
Supplementary Figure 3 - Comparative transcriptomic analysis reveals ABA induced 264 
differential expression is comparable to drought and low-water (LW) agar signaling A: 265 
Intersect analysis of genes found differentially expressed under drought treatment, compared to 266 
those under either ABA, PEG, mannitol, NaCl or low-water agar assays in the root (Fisher exact 267 
test adj. p < 0.05). B: Heatmap displaying genes differentially expressed under drought stress in 268 
root tissue compared to their expression under the highest dose of each osmotic stress assay.   269 
 270 
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 282 
 283 

Supplementary Figure 4 -  Associating low-water agar’s impact on shoot size with plant 284 
fitness. Comparing the impact low-water agar treatment has on shoot size of 20 different 285 
Arabidopsis accessions to the change in their fitness found under drought conditions in the field, 286 
as reported in (25).  287 
 288 

 289 
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Data Availability  307 
 308 
Raw sequencing data can be found at the National Center for Biotechnology Information 309 
Sequence Read Archive (accession number PRJNA904764). Normalized read counts and raw 310 
phenotypic datasets can be found in the Supplementary Material. Our statistical pipeline 311 
(performed in R) is available upon request.  312 
 313 
 314 
 315 
Materials and Methods 316 
  317 
Low-Water Agar Assay – Arabidopsis seedlings were grown on vertical plates for 8 days (short 318 
day, 1x LS, 1% sucrose, 2% agar media), before transfer to ‘low-water’ plates that contained 319 
varying water content. The 100% treatment plate, where water is not lacking, contained 75 mL 320 
of 2% agar and 1x LS media. Drought was simulated by preparing the same media but reducing 321 
the amount of water present. For example, the 80% treatment plate contained 60 mL of 2.5% 322 
agar and 1.25x LS media. Plants were grown upon 3 different treatments (80%, 60%, and 40% 323 
water amount) for 14 days. On day 14, 2 hours after subjective dawn, shoot and root samples 324 
were flash frozen (6 plants per replicate). Dry weight measurements can be found in 325 
Supplementary Table 3.  326 
To test different Arabidopsis accessions on low-water agar, plants were sown on either 100% or 327 
50% treatments as described above, however supplemented with 0.5% or 1% sucrose 328 
respectively to encourage germination. Seedlings were grown for 3 weeks under short day 329 
conditions in before imaging plates in duplicate (2 - 5 plants per plate) (Supplementary Table 330 
6). Shoot area was calculated from images using Plant Growth Tracker (GitHub - 331 
https://github.com/jiayinghsu/plant_growth_tracker).  332 
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 333 
Vermiculite Drought Assay – Arabidopsis seedlings were grown on vertical plates for 17 days 334 
(short day, 1x LS, 1% sucrose, 2% agar media), before transfer to vermiculite (0.75x LS media). 335 
Plants were then grown on vermiculite at 100% field capacity (FC) for 12 days. On the 13th day, 336 
the first time point was sampled (4.5 hours after subjective dawn) where tissue was flash frozen 337 
in liquid nitrogen. After this, excess solution was drained from each pot, and then each pot was 338 
calibrated to 1x FC. Plant tissue was harvested each day on subsequent days at the same time 339 
of day. After the 5th day sample was taken, water was re-added to the remaining pots to an 340 
excess of 1x FC. ~ 15 plants were sampled per time point. Dry weight rosette and FC 341 
measurements can be found in Supplementary Table 4. 342 
   343 
Polyethylene Glycol (PEG) Osmotic Stress Assay – Arabidopsis seedlings were grown on 344 
vertical plates for 8 days (short day, 1x LS, 1% sucrose, 2% agar media) before transfer to 345 
polyethylene glycol (PEG) media of varying concentrations. PEG media plates were prepared 346 
by dissolving crystalline 6000 MW PEG into freshly autoclaved 1x LS media and pouring 50mL 347 
of PEG media solution onto 1x LS, 2% agar media plates, letting the PEG solution diffuse into 348 
the solid media overnight, then pouring off excess and transferring seedlings to PEG infused 349 
media plates. Plants were grown under 3 different treatments (12%, 20%, and 28% PEG 350 
solution) for 14 days. On day 14, 2 hours after subjective dawn, shoot and root samples were 351 
flash frozen (6 plants per replicate). Dry weight measurements can be found in Supplementary 352 
Table 3. 353 
  354 
Mannitol and NaCl Osmotic Stress Assays – Arabidopsis seedlings were grown on vertical 355 
plates for 8 days (short day, 1x LS, 1% sucrose, 2% agar media) before transfer to either 356 
mannitol or salt (NaCl) media of varying concentrations.  Mannitol and NaCl media plates were 357 
prepared by adding respective volume of stock solution to 1x LS, 2% agar media before 358 
autoclaving for desired molar concentration. Plants were grown under 3 different treatments of 359 
mannitol or NaCl (50mM, 100mM and 200mM for mannitol, 30mM, 75mM, and 150mM for 360 
NaCl) for 14 days. On day 14, 2 hours after subjective dawn, shoot and root samples were flash 361 
frozen (6 plants per replicate). Dry weight measurements can be found in Supplementary 362 
Table 3. 363 
  364 
Abscisic Acid (ABA) Exogenous Treatment Assay – Arabidopsis seedlings were grown on 365 
vertical plates for 8 days (short day, 1x LS, 1% sucrose, 2% agar media) before transfer to 1x 366 
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LS, 2% agar, control media and grown for 14 days. On day 14, four abscisic acid (ABA) 367 
solutions of 10uM, 5uM, 1uM, and 0uM concentration were prepared from 10mM ABA dissolved 368 
in ethanol stock, the 0uM solution containing the same 0.1% ethanol concentration as the 369 
highest ABA dose. 30 min after subjective dawn, 15 mL of each solution was dispersed onto the 370 
roots of the seedlings. After 1 min of treatment, the ABA solution was removed from the plates, 371 
and the plates returned to the growth chamber. 2 hours after subjective dawn, shoot and root 372 
samples were flash frozen (6 plants per replicate). Dry weight measurements can be found in 373 
Supplementary Table 3. 374 
  375 
RNA-extraction and Library Preparation – Plant tissue was crushed using the TissueLyser 376 
(Agilent) and RNA extracted using RNeasy Mini Kit (Qiagen). RNA quality was assessed using 377 
Tape station High Sensitivity RNA assay (Agilent). 0.5 - 1 ug of total RNA proceeded to library 378 
preparation, where libraries were prepared using TruSeq stranded mRNA kit (Illumina). 379 
Resulting libraries were sequenced on the NovaSeq 6000 (Illumina) with 2x150 bp paired-end 380 
read chemistry. Read sequences were aligned to the Arabidopsis TAIR10 genome using 381 
HISAT2 (28), and gene counts called using HT-seq (29), by relying on Araport11 annotation 382 
(30). Normalized counts can be found in Supplementary Table 1. For each organ, libraries 383 
from all experiments were normalized together before calling differential expression.  384 
 385 
Statistical Analysis – Differential gene expression was called using DESeq2 (31). Specifically, 386 
for plate based assays, we called differential expression by comparing the control treatment to 387 
the highest treatment dose (i.e. either PEG 28%, Mannitol 200 mM, NaCl 175 mM, Dry Plate 40 388 
%, ABA 10 uM), using an adjusted p-value threshold of 0.05. To detect differential expression in 389 
our drought assay on vermiculite, we called differential expression using a linear model, using 390 
design ~ water-loss, where ‘water-loss’ was the amount of water that had evaporated from the 391 
pot. The complete list of differentially expressed genes for each experiment can be found in 392 
Supplementary Table 2.  Resulting heatmaps were generated using Morpheus (Broad 393 
Institute). Overlap analyses were performed using Fisher exact tests, with an adjusted p-value 394 
threshold of 0.05. The background for these intersect was all expressed genes within the 395 
respective organ. GO Term analysis was performed in VirtualPlant (32), with all expressed 396 
genes within the respective organ used as background.  397 
 398 
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Supplementary Figure 2 – Gene expression profiles of canonical drought markers in shoot 6 

tissue.  7 
Supplementary Figure 3 – Overlapping drought responsive and ABA responsive genes.  8 
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Supplementary Table 2 – list of differentially expressed genes. 14 
Supplementary Table 3 – osmotic stress assay biomass measurements. 15 

Supplementary Table 4 – drought stress assay biomass measurements. 16 
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Supplementary Table 6 – Plant Growth Tracker image values. 18 
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 29 
 30 
Supplementary Figure 1 - Images of plants grown under different doses of each osmotic 31 

stress assay. Arabidopsis growth on plates under low-water (LW) agar, PEG-6000, mannitol and 32 
salt (NaCl) treatments.  33 
 34 
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 43 

 44 

Supplementary Figure 2 - Gene expression profiles of canonical drought markers in shoot 45 
tissue.  A - F: Expression patterns of drought marker genes under low, medium and high doses 46 
of each assay (where drought doses were Day 3, Day 4 and Day 5 respectively). RD29B 47 

(AT5G52300), RD20 (AT2G33380), HB7 (AT2G46680), NCED3 (AT3G14440), P5CS1 48 
(AT2G39800), ALDH10A8 (AT1G74920). 49 

 50 
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 57 
Supplementary Figure 3 - Comparative transcriptomic analysis reveals ABA induced 58 
differential expression is comparable to drought and low-water (LW) agar signaling A: 59 

Intersect analysis of genes found differentially expressed under drought treatment, compared to 60 
those under either ABA, PEG, mannitol, NaCl or low-water agar assays in the root (Fisher exact 61 
test adj. p < 0.05). B: Heatmap displaying genes differentially expressed under drought stress in 62 

root tissue compared to their expression under the highest dose of each osmotic stress assay.   63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 26, 2022. ; https://doi.org/10.1101/2022.11.25.517922doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.25.517922
http://creativecommons.org/licenses/by/4.0/


 76 

 77 

Supplementary Figure 4 -  Associating low-water agar’s impact on shoot size with plant 78 

fitness. Comparing the impact low-water agar treatment has on shoot size of 20 different 79 
Arabidopsis accessions to the change in their fitness found under drought conditions in the field, 80 
as reported in (1).  81 
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Materials and Methods 93 

  94 
Low-Water Agar Assay – Arabidopsis seedlings were grown on vertical plates for 8 days (short 95 

day, 1x LS, 1% sucrose, 2% agar media), before transfer to ‘low-water’ plates that contained 96 

varying water content. The 100% treatment plate, where water is not lacking, contained 75 mL of 97 
2% agar and 1x LS media. Drought was simulated by preparing the same media but reducing the 98 

amount of water present. For example, the 80% treatment plate contained 60 mL of 2.5% agar 99 

and 1.25x LS media. Plants were grown upon 3 different treatments (80%, 60%, and 40% water 100 
amount) for 14 days. On day 14, 2 hours after subjective dawn, shoot and root samples were 101 

flash frozen (6 plants per replicate). Dry weight measurements can be found in Supplementary 102 

Table 3.  103 
To test different Arabidopsis accessions on low-water agar, plants were sown on either 100% or 104 

50% treatments as described above, however supplemented with 0.5% or 1% sucrose 105 
respectively to encourage germination. Seedlings were grown for 3 weeks under short day 106 
conditions in before imaging plates in duplicate (2 - 5 plants per plate) (Supplementary Table 6). 107 

Shoot area was calculated from images using Plant Growth Tracker (GitHub - 108 
https://github.com/jiayinghsu/plant_growth_tracker).  109 

 110 

Vermiculite Drought Assay – Arabidopsis seedlings were grown on vertical plates for 17 days 111 
(short day, 1x LS, 1% sucrose, 2% agar media), before transfer to vermiculite (0.75x LS media). 112 
Plants were then grown on vermiculite at 100% field capacity (FC) for 12 days. On the 13th day, 113 

the first time point was sampled (4.5 hours after subjective dawn) where tissue was flash frozen 114 
in liquid nitrogen. After this, excess solution was drained from each pot, and then each pot was 115 
calibrated to 1x FC. Plant tissue was harvested each day on subsequent days at the same time 116 

of day. After the 5th day sample was taken, water was re-added to the remaining pots to an excess 117 
of 1x FC. ~ 15 plants were sampled per time point. Dry weight rosette and FC measurements can 118 

be found in Supplementary Table 4. 119 

   120 
Polyethylene Glycol (PEG) Osmotic Stress Assay – Arabidopsis seedlings were grown on vertical 121 

plates for 8 days (short day, 1x LS, 1% sucrose, 2% agar media) before transfer to polyethylene 122 

glycol (PEG) media of varying concentrations. PEG media plates were prepared by dissolving 123 
crystalline 6000 MW PEG into freshly autoclaved 1x LS media and pouring 50mL of PEG media 124 

solution onto 1x LS, 2% agar media plates, letting the PEG solution diffuse into the solid media 125 

overnight, then pouring off excess and transferring seedlings to PEG infused media plates. Plants 126 
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were grown under 3 different treatments (12%, 20%, and 28% PEG solution) for 14 days. On day 127 

14, 2 hours after subjective dawn, shoot and root samples were flash frozen (6 plants per 128 
replicate). Dry weight measurements can be found in Supplementary Table 3. 129 

  130 

Mannitol and NaCl Osmotic Stress Assays – Arabidopsis seedlings were grown on vertical plates 131 
for 8 days (short day, 1x LS, 1% sucrose, 2% agar media) before transfer to either mannitol or 132 

salt (NaCl) media of varying concentrations.  Mannitol and NaCl media plates were prepared by 133 
adding respective volume of stock solution to 1x LS, 2% agar media before autoclaving for desired 134 

molar concentration. Plants were grown under 3 different treatments of mannitol or NaCl (50mM, 135 

100mM and 200mM for mannitol, 30mM, 75mM, and 150mM for NaCl) for 14 days. On day 14, 2 136 
hours after subjective dawn, shoot and root samples were flash frozen (6 plants per replicate). 137 

Dry weight measurements can be found in Supplementary Table 3. 138 

  139 
Abscisic Acid (ABA) Exogenous Treatment Assay – Arabidopsis seedlings were grown on vertical 140 
plates for 8 days (short day, 1x LS, 1% sucrose, 2% agar media) before transfer to 1x LS, 2% 141 

agar, control media and grown for 14 days. On day 14, four abscisic acid (ABA) solutions of 10uM, 142 
5uM, 1uM, and 0uM concentration were prepared from 10mM ABA dissolved in ethanol stock, 143 

the 0uM solution containing the same 0.1% ethanol concentration as the highest ABA dose. 30 144 
min after subjective dawn, 15 mL of each solution was dispersed onto the roots of the seedlings. 145 
After 1 min of treatment, the ABA solution was removed from the plates, and the plates returned 146 

to the growth chamber. 2 hours after subjective dawn, shoot and root samples were flash frozen 147 
(6 plants per replicate). Dry weight measurements can be found in Supplementary Table 3. 148 
  149 
RNA-extraction and Library Preparation – Plant tissue was crushed using the TissueLyser 150 

(Agilent) and RNA extracted using RNeasy Mini Kit (Qiagen). RNA quality was assessed using 151 
Tape station High Sensitivity RNA assay (Agilent). 0.5 - 1 ug of total RNA proceeded to library 152 
preparation, where libraries were prepared using TruSeq stranded mRNA kit (Illumina). Resulting 153 

libraries were sequenced on the NovaSeq 6000 (Illumina) with 2x150 bp paired-end read 154 
chemistry. Read sequences were aligned to the Arabidopsis TAIR10 genome using HISAT2 (2), 155 
and gene counts called using HT-seq (3), by relying on Araport11 annotation (4). Normalized 156 

counts can be found in Supplementary Table 1. For each organ, libraries from all experiments 157 
were normalized together before calling differential expression.  158 
 159 
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Statistical Analysis – Differential gene expression was called using DESeq2 (5). Specifically, for 160 

plate based assays, we called differential expression by comparing the control treatment to the 161 
highest treatment dose (i.e. either PEG 28%, Mannitol 200 mM, NaCl 175 mM, Dry Plate 40 %, 162 

ABA 10 uM), using an adjusted p-value threshold of 0.05. To detect differential expression in our 163 

drought assay on vermiculite, we called differential expression using a linear model, using design 164 
~ water-loss, where ‘water-loss’ was the amount of water that had evaporated from the pot. The 165 

complete list of differentially expressed genes for each experiment can be found in 166 
Supplementary Table 2.  Resulting heatmaps were generated using Morpheus (Broad Institute). 167 

Overlap analyses were performed using Fisher exact tests, with an adjusted p-value threshold of 168 

0.05. The background for these intersect was all expressed genes within the respective organ. 169 
GO Term analysis was performed in VirtualPlant (6), with all expressed genes within the 170 

respective organ used as background.  171 

 172 
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