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ABSTRACT 26 

The complexity of environmental factors affecting plants is gradually increasing due to global 27 

warming, an increase in the number and intensity of climate change-driven weather events, such 28 

as droughts, heat waves, and floods, and the accumulation of different pollutants. The impact of 29 

multiple stress conditions on plants was recently termed ‘multifactorial stress combination’ 30 

(MFSC) and defined as the occurrence of three or more stressors that impact plants 31 

simultaneously or sequentially. We recently reported that with the increased number and 32 

complexity of different stressors, the growth and survival of Arabidopsis thaliana seedlings 33 

declines; even if the level of each individual stress is low enough to have no significant effect on 34 

plants. This finding is alarming since it reveals that MFSCs of different low-level stressors could 35 

impact crops and cause a dramatic reduction in overall growth. However, whether MFSC would 36 

impact commercial crop cultivars has not been studied. Here, we reveal that a MFSC of 5 37 

different low level abiotic stresses (salinity, heat, the herbicide paraquat, phosphorus deficiency, 38 

and the heavy metal cadmium), applied in an increasing level of complexity, has a significant 39 

negative impact on the growth and biomass of a commercial rice (Oryza sativa) cultivar and a 40 

maize (Zea mays) hybrid. We further report on the first proteomics analysis of MFSC in plants 41 

that identified over 300 proteins common to all 4- and 5-MFSCs. Taken together our findings 42 

reveal that the impacts of MFSC on two different crop species are severe, and that MFSC may 43 

significantly affect agricultural productivity. 44 

 45 

  46 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 30, 2022. ; https://doi.org/10.1101/2022.12.28.522112doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.28.522112


 

3 
 

INTRODUCTION 47 

Global warming and climate change are subjecting plants to an increased frequency and intensity 48 

of different abiotic stressors that include droughts, heat waves, floods, and cold snaps (Bailey-49 

Serres et al., 2019; IPCC 2021; Zandalinas et al., 2021a). In many instances these stressors occur 50 

together, for example during episodes of drought and heat waves (e.g., Mittler, 2006; Mittler and 51 

Blumwald, 2010; Zhang and Sonnewald, 2017; Alizadeh et al., 2020; Cohen et al., 2021). On top 52 

of these abiotic stresses and their combinations, are different man-made pollutants, such as heavy 53 

metals, microplastics, and pesticides, that affect plant growth and reproduction (Rillig et al., 54 

2019, 2021; Zandalinas et al., 2021a). These could occur together with some of the different 55 

abiotic stresses and their combinations, highlighted above (Rillig et al., 2019, 2021; Zandalinas 56 

et al., 2021a; Zandalinas and Mittler, 2022). In addition to these stressors, are also climate-driven 57 

changes in the dynamics and distribution of different pathogen and insect populations that impact 58 

plants (Hamann et al., 2021; Kim et al., 2021). These conditions could be further augmented by 59 

poor nutrient content of different soils, as well as by a decrease in the complexity of soil 60 

microbiota. It was shown for example that the microbiome diversity of soils declined with the 61 

increased number of different climate change-driven stressors present in our environment (Rillig 62 

et al., 2019, 2021). The potential impact of the different complex abiotic and biotic stress 63 

conditions, described above, on plants was recently termed ‘multifactorial stress combination’ 64 

(MFSC) and defined as the occurrence of three or more different stressors that impact a plant 65 

simultaneously or sequentially (Rillig et al., 2019, 2021; Zandalinas et al., 2021a, 2021b). 66 

We recently reported that with the increased number and complexity of different stressors, 67 

occurring together during a MFSC, the growth and survival of Arabidopsis thaliana seedlings 68 

declines; even if the level of each individual stress is low enough to have no significant effect on 69 

plants (Zandalinas et al., 2021a, 2021b). This finding is extremely alarming since it reveals that a 70 

MFSC of different low-level stressors (some already existing at different regions around the 71 

globe) could impact crops and cause a dramatic reduction in overall growth (Zandalinas and 72 

Mittler, 2022). However, whether MFSC would similarly impact commercial crop cultivars has 73 

not been reported. Here, we reveal that a MFSC of 5 different low level abiotic stresses (salinity, 74 

heat, paraquat, phosphorus deficiency, and cadmium), applied in an increasing level of 75 

complexity, has a significant negative impact on the growth and biomass of a commercial rice 76 
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(Oryza sativa) cultivar and a maize (Zea mays) hybrid. To increase our understanding of the 77 

molecular mechanisms associated with MFSC, in a commercial cultivar, we conducted a 78 

proteomics analysis of rice seedlings subjected to MFSC. This analysis identified over 300 79 

proteins common to all 4- and 5-MFSCs, including pathways involved in maintaining reactive 80 

oxygen species (ROS) and iron homeostasis. Taken together our findings reveal that the impacts 81 

of MFSC on two different crop species is severe and that MFSC may have a significant impact 82 

on agricultural productivity.  83 

 84 

RESULTS AND DISCUSSION 85 

Impact of MFSC on growth and biomass of rice and maize seedling 86 

To determine whether MFSC would affect the growth and biomass of agricultural crops, we 87 

obtained seeds of a commercial rice cultivar (Oryza sativa var. Diamond), and a maize (Zea 88 

mays var. P1151AM) hybrid and studied their growth and biomass in response to MFSC. 89 

Seedlings were grown for 21 days under a combination of 5 different growth conditions (low-90 

level stressors) that include: Salinity (50 mM NaCl), cadmium (400 µM CdCl2), paraquat (50 91 

µM), heat stress (42°/36°C or 40°/32°C, day/night temperature, for rice or maize, respectively), 92 

and phosphorus deficiency. Control rice and maize plants were grown at 30°/26°C, day/night 93 

temperature. Each condition was applied individually and in all possible combinations, as 94 

previously reported for Arabidopsis (Zandalinas et al., 2021b). As shown in Figure 1, with the 95 

increase in the number and complexity of MFSCs, plant height, growth rate, and biomass of both 96 

rice and maize seedlings significantly declined. These findings suggest that while each of the 97 

different stresses had a non-significant effect on the rice and maize seedlings, when applied 98 

individually, the cumulative effect of all 4- or 5-low-level stressors significantly reduced rice and 99 

maize seedling’s growth and biomass (Figures 1, S1). Taken together, our findings reveal that, 100 

like Arabidopsis, commercial crop cultivars, in this case rice and maize, are negatively impacted 101 

by MFSC. This finding is important since Arabidopsis, which is extensively used in laboratory 102 

studies, is very different from commercial cultivars of crops used for agriculture (Mittler and 103 

Blumwald, 2010). In addition, while Arabidopsis is a dicot, rice and maize are monocots, 104 

showing that the negative effects of MFSC on plants are broad and can also apply to monocots. 105 

Although the different growth conditions used in this study may or may not occur in the natural 106 
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or agricultural environment of different rice and maize genotypes, they nevertheless highlight the 107 

key principle of MFSC: With the increased number and complexity of different low-level 108 

stressors, occurring together during a MFSC, the growth of seedlings declines (Figure 1; 109 

Zandalinas et al., 2021a, 2021b; Zandalinas and Mittler, 2022). 110 

Survival of rice seedlings under conditions of MFSC 111 

To study the effects of MFSC on seedling survival in a crop plant, we focused on rice and used 112 

two different sets of growth conditions: (i) The MFSC conditions used above in Figure 1A 113 

(Figures 2A, S2A), and (ii) a different set of MFSC conditions that controlled for the possible 114 

interactions between paraquat and high light [Salinity (50 mM NaCl), cadmium (400 µM CdCl2), 115 

paraquat (50 µM), heat stress (40°/34°C day/night temperature), and low light (150 µmol 116 

photons m-2 s-1); Control plants were grown at 30°/26°C day/night temperature; 700 µmol 117 

photons m-2 s-1; Figures 2B; S2B]. The reason for using low light as a growth condition, was to 118 

control for the potential interactions between paraquat and high light intensities that can cause 119 

plant death (Zandalinas et al., 2021b). Low light intensity of 150 µmol photons m-2 s-1 is also 120 

considered a low-level stressor, as it provides rice plants with limited light energy for 121 

photosynthesis and growth (Yamori et al., 2016). As shown in Figure 2, each of the different 122 

individual growth conditions, as well as all the different 2- and 3-factor combinations, had no 123 

significant effect on the survival of rice. In contrast, the two different combinations of 5- low-124 

level MFSCs had a significant effect on seedling survival, reducing it by about 40% (Figure 2), 125 

and the different 4-low-level stress combinations shown in Figure 2B had a significant effect of 126 

seedlings survival reducing it by about 25%. These findings suggest that while each of the 127 

different stress conditions used had a negligible effect on seedling survival, the cumulative effect 128 

of all 4- or 5-low-level stressors significantly reduced seedlings survival. Although our study was 129 

conducted with seedlings and did not evaluate grain yield per plant, a 25-50% decrease in 130 

biomass accumulation (Figure 1), and a 25-40% decrease in seedling survival (Figure 2), are 131 

likely to significantly decrease overall production of grain per unit area/field in rice.  132 

Proteomics analysis of MFSC in rice seedlings 133 

To gain better understanding of the molecular responses of a commercial cultivar to MFSC, and 134 

identify different proteins associated with MFSC in a crop plant (that could be used as an initial 135 

reference in breeding efforts), we conducted proteomics analysis of rice seedlings subjected to 136 
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the MFSC shown in Figure 1A. As shown in Table 1, proteomics coverage was in the range of 137 

4,100-4,600 identified proteins per treatment. To determine the effects of each stress, the 138 

abundance of the proteins identified in each treatment were compared to that of the control, and 139 

only proteins that had a significant change in their abundance (up- or down-regulated), compared 140 

to control in each treatment were considered for further analysis (Tables 1, S1-S31). 141 

Interestingly, under the conditions we used, paraquat and phosphorus deficiency resulted in a 142 

low number of proteins altered compared to control, (2 for paraquat and 8 for phosphorus 143 

deficiency). However, when these two stresses were combined (paraquat+phosphorus 144 

deficiency), 157 proteins were altered in their abundance. Similar findings were obtained with 145 

other individual low-level stresses and their combination [e.g., cadmium (78) and paraquat (2), 146 

and their combination (145), and cadmium (78) and phosphorus deficiency (8) and their 147 

combination (253); Table 1]. These findings suggest that with the increased complexity of some 148 

stresses, the response of plants increases, potentially indicating that some stresses may have a 149 

synergistic effect on each other (Zandalinas and Mittler, 2022). Of the different individual 150 

stresses used, heat stress had the highest impact on protein expression with over 1,500 proteins 151 

altered in their abundance (Table 1). This finding is consistent with the extensive impact of heat 152 

stress conditions on protein abundance in crops, including rice (e.g., Zou et al., 2011), and 153 

suggests that global warming is likely to play a key role in future responses of crops to MFSCs. 154 

To compare the overlap between the different stress treatments, we generated UpSet plots for all 155 

2-, 3- (Figure S3), and 4- and 5-stress combinations (Figure 3A). This analysis revealed that the 156 

expression of 332 proteins was common to all 4- and 5-stress combinations, that resulted in the 157 

most severe impact on plant height, growth rate, biomass, and survival; Figures 1A, 2A). Gene 158 

ontology (GO) annotation term analysis of this group of proteins revealed that they were 159 

enriched in redox, catabolic metabolism, ROS scavenging, chaperone activity, iron-sulfur 160 

metabolism, and other functions (Figure 3B; see full list of GO terms in Table S32). To further 161 

study the abundance of ROS scavenging enzymes in our dataset, we generated a heatmap for the 162 

abundance of the key ROS scavenging enzymes ascorbate peroxidase (APX), catalase (CAT), 163 

glutathione reductase (GR) and superoxide dismutase (Mittler et al., 2022), found in all samples 164 

by our proteomics analysis (Figure 3C; Tables S1-S32). This analysis revealed that the 165 

abundance of many ROS scavenging enzymes (e.g., APX1, APX4, GR, and CAT-B) was 166 

elevated in samples from plants subjected to 4- or 5-stress combinations, compared to plants 167 
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subjected to single stress conditions, or simple combinations of 2- and 3-stresses (Figure 3C). 168 

The identification of ROS and iron-sulfur metabolism categories in rice plants subjected to 4- 169 

and 5-stressors combined (Figures 3B, 3C) is in agreement with our previous transcriptomic 170 

study in Arabidopsis plants that identified these two categories as enriched in plants subjected to 171 

MFSC, as well as revealed that mutants deficient in ROS scavenging or signaling (apx1 or 172 

respiratory burst oxidase homolog D; rbohD), or in balancing iron and ROS levels (plants with 173 

suppressed expression of AtNEET; AT5G51720) were less tolerant to MFSC (Zandalinas et al., 174 

2021b). As ROS metabolism and NEET proteins, that regulate iron and ROS metabolism, are 175 

conserved among eukaryotic organisms (Mittler et al., 2019, 2022; Nechushtai et al., 2012), 176 

augmenting the ability of different crops to scavenge ROS or balance ROS and iron levels could 177 

be a viable strategy to increase their resistance to MFSC. Further studies are needed to determine 178 

the role of these pathways, as well as other pathways identified by our analysis (Figure 3; Tables 179 

S1–S32) in augmenting the tolerance of plants to MFSC. Our omics studies of MFSC in 180 

Arabidopsis (Zandalinas et al., 2021b) and rice (Figures 3, S3) further demonstrate that the 181 

response of plants to each different stress combination contains unique transcripts and proteins, 182 

and that only a few pathways are common to all different 4- and 5-stress combinations (e.g., 183 

ROS, iron metabolism, and chaperones). These could serve as a starting point in the search for 184 

genes that could augment the tolerance of different plants to different types of MFSCs 185 

(Zandalinas and Mittler, 2022; Rivero et al., 2022). 186 

Conclusions 187 

Our findings highlight the growing risk global warming, climate change, and industrial pollution 188 

pose to agriculture. The impact of MFSC on plants, documented under controlled environmental 189 

conditions (Figures 1, 2; Zandalinas et al., 2021b), highlight the urgent need for studies that 190 

quantify the impact of complex multifactorial stress factors under real-world conditions, as well 191 

as efforts aimed at identifying strategies to alleviate the impacts of MFSC on agriculture. 192 

Additional studies are also needed to determine the role of the different pathways identified by 193 

our proteomics (Table 1, Figure 3) and transcriptomics (Zandalinas et al., 2021b) analyses in 194 

augmenting the tolerance of different crops to MFSC. If we will not act to enhance the tolerance 195 

of our crops, and/or reduce the number, complexity, and intensity of different stressors affecting 196 

them, future episodes of MFSC could have a devastating impact on agriculture, potentially even 197 
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leading to the destabilizing of multiple societies (Lobell et al., 2011; Challinor et al., 2014; IPCC 198 

2021; Zsögön et al., 2021; Zandalinas et al., 2021a). 199 

 200 

MATERIAL AND METHODS 201 

Plant growth and stress treatments 202 

All experiments were conducted in four identical growth chambers (BDR16, Conviron; Canada) 203 

under controlled growth conditions, and seedlings were randomized into the different growth 204 

conditions as described in (Sinha et al., 2022). Rice (Oryza sativa var. Diamond) and maize (Zea 205 

mays hybrid P1151AM) seeds, obtained from Tanner Seed Co., MO, USA, and Pioneer, 206 

Johnston, IA, USA, respectively, were germinated in peat and vermiculite growth media (1:1 207 

mix) soaked in ¼ strength Hoagland solution with or without ammonium phosphate (Caisson 208 

Labs, Cat # HOP02, Smithfield, UT, USA), for control (CT) and phosphorus deficiency (-P), 209 

respectively. For CT conditions rice and maize seedlings were grown at 30/26°C - day/night 210 

temperature, 700 µmol photons m-2 s-1 light intensity, and 14/10 - hour day/night photoperiod. 211 

For salinity (S), cadmium (Cd), and/or paraquat (Pq) stresses, seeds were germinated in growth 212 

media mix soaked in ¼ Hoagland with 50 mM NaCl (Fisher Scientific, Hampton, NH, USA), 213 

400 µM CdCl2 (Sigma-Aldrich, MO, USA), and/or 50 µM paraquat (Sigma-Aldrich, St. Louis, 214 

MO, USA). For salinity, cadmium, and/or paraquat, without phosphorus stresses, seeds were 215 

germinated in growth media mix soaked in ¼ Hoagland without phosphate with 50 mM NaCl, 216 

400 µM CdCl2, and/or 50 µM paraquat. Briefly, 40 g of vermiculite and peat mix (1:1) was 217 

soaked with 160 ml of Hoagland solution (with/without stressors) and filled into free-draining 218 

pots of 12x8x6 cm3 dimension (length x width x height). About 20 or 12 rice or maize seeds were 219 

planted in each pot respectively (1 cm below soil surface). Pots were watered one more time with 220 

the above-mentioned stressors and their combinations. Afterwards, seedlings were periodically 221 

watered with deionized water and once a week with ¼ Hoagland with or without phosphate for 222 

the respective treatments, avoiding excessive watering. For CT, or stress treatments without HS, 223 

seedlings were grown at 30/26°C day/night temperature, 700 µmol photons m-2 s-1, 14/10 hour 224 

day/night photoperiod. For HS and the different combinations that included HS, rice plants were 225 

germinated and grown under 42/36°C day/night temperature, 700 µmol photons m-2 s-1, 14/10-226 

hour photoperiod, while maize plants were germinated and grown at 40/32°C day/night 227 
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temperature under the same light conditions. For low light (LL) stress conditions, rice seedlings 228 

were subjected to low light (150 µmol photons m-2 s-1, 30C/26°C day/night temperature, 14/10-229 

hour photoperiod). Rice and maize MFSC experiments were carried out separately using the 230 

same growth chambers. 231 

Physiological measurements  232 

Seedlings were grown for 21 days and scored for plant height at 10 and 18 days as described in 233 

Zandalinas et al., (2021b). Plant growth rate was calculated from the two height measurements of 234 

day 10 and 18. Survival, and shoot biomass were scored at day 21 as described in Zandalinas et 235 

al., (2021b) and Sinha et al., (2022), by weighing individual plants (shoot biomass) and scoring 236 

for the ability of plants to recover from the different stress treatment and re-grow (survival).  237 

Proteomics analysis  238 

Rice shoots were collected at day 15 post germination from CT and all stress treatments (Table 239 

1). About 20 rice shoots from each treatment were pooled and flash frozen in liquid nitrogen as 240 

an individual biological replicate, and the entire experiment contained 3 biological replicates per 241 

treatment. Total protein was isolated using the phenol extraction protocol described in (Mooney 242 

and Thelen, 2004), and protein pellets were resuspended in 6 M urea, 2 M thiourea and 100 mM 243 

ammonium bicarbonate. Protein concentration was determined using Pierce 660 nm Protein 244 

Assay (Thermo Fisher Scientific, Waltham, MA, USA). 30 μg of proteins from each sample 245 

were reduced, alkylated, and digested as described in Zandalinas et al., (2020). An EvoSep One 246 

liquid chromatography system coupled to a modified trapped ion mobility spectrometry 247 

quadrupole time-of-flight mass spectrometer (timsTOF Pro 2, Bruker Daltonik, GmbH, 248 

Germany) was used for all proteomics analyses as described by Zandalinas et al., (2020).  249 

Proteomics data analysis  250 

The FragPipe computational platform (version 18.0) with MSFragger (version 3.5), Philosopher 251 

(version 4.4.0), and EasyPQP (version 0.1.33) components were used to build the spectral 252 

library, and the protein sequence database Oryza sativa subsp. Japonica, UniProt-UP000059680-253 

48,899, was used for protein identification (da Veiga et al., 2020; Kong et al., 2017; Tyanova et 254 

al., 2016). dia-PASEF raw data was analyzed with DIA-NN version 1.8 (Demichev et al, 2020). 255 

Data was exported from DIA-NN for further analysis using Perseus version 1.6.15.0. Differential 256 
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expression analysis by two-sided unpaired t-test was performed between each treatment and the 257 

CT (Zandalinas et al., 2020). Benjamini-Hochberg correction for multiple hypothesis testing was 258 

applied, with FDR ≤0.05 reported as significant. KEGG and quantification of significantly 259 

represented GO terms (q-value 0.05) were conducted using g:profiler 260 

(https://biit.cs.ut.ee/gprofiler/gost). Upset Plots were created in upsetr 261 

(https://gehlenborglab.shinyapps.io/upsetr). 262 

Statistical analysis  263 

All experiments were conducted with 3 biological repeats. Each biological repeat was conducted 264 

with 3 technical repeats. Each technical repeat included 50 seedlings of rice or maize per 265 

treatment (20 rice seeds per repeat for proteomics). Treatments and growth chambers were 266 

randomized with each biological repeat. Statistical analysis for box plots in Figures 1 and 2 was 267 

performed using one-way ANOVA followed by Tukey post hoc test (different letters denote 268 

statistical significance at P < 0.05). Statistical analysis for Supplementary Figures S1 and S2 was 269 

performed using a student’s t-test (asterisks denote statistical significance at P < 0.05 compared 270 

to control).  271 
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Figure Legends  362 

Figure 1. The impact of multifactorial stress combinations on the height, growth rate, and 363 

biomass of commercial rice (Oryza sativa) and maize (Zea mays) seedlings. The effects of 364 

multifactorial stress conditions (heat, salt, phosphorus deficiency, cadmium, and paraquat) 365 

applied in all different combinations (up to a combination of all five factors) was determined on 366 

the height, growth rate, and biomass of rice (A-C) and maize (D-F) seedlings. Box plots show 367 

the median (horizontal line), the lower and upper bounds of each box plot denote the first and 368 

third quartiles (the 25th and 75th percentiles, respectively), and whiskers above and below the 369 

box plot indicate 1.5 times the interquartile range. Statistical analysis was performed by one-way 370 

ANOVA followed by a Tukey post hoc test (different letters denote statistical significance at P < 371 

0.05).  372 

Figure 2. The impact of multifactorial stress combinations on the survival of rice (Oryza sativa) 373 

seedlings. The effects of multifactorial stress conditions (heat, salt, phosphorus deficiency, 374 

cadmium, and paraquat; A; or heat, salt, low light, cadmium, and paraquat; B) applied in all 375 

different combinations (up to a combination of all five factors) was determined on the survival of 376 

commercial rice seedlings. Box plots show the median (horizontal line), the lower and upper 377 

bounds of each box plot denote the first and third quartiles (the 25th and 75th percentiles, 378 

respectively), and whiskers above and below the box plot indicate 1.5 times the interquartile 379 

range. Statistical analysis was performed by one-way ANOVA followed by a Tukey post hoc test 380 

(different letters denote statistical significance at P < 0.05).  381 

Figure 3. Proteomics analysis of multifactorial stress combination in rice seedlings. A. An UpSet 382 

plot showing the overlap between proteins significantly altered in their expression in all the 383 

different 4- and 5-stress combinations (UpSet plots for all 2- and 3-combinations are shown in 384 

Supplementary Figure S1). B. Selected gene ontology (GO) enrichment analysis terms for the 385 

332 proteins common to all 4- and 5-combinations shown in A (a complete list of GO terms for 386 

the 322 proteins is shown in Supplementary Table S32). C. Heatmap for the abundance of 387 

different ROS-scavenging enzymes in all stress treatments used for the study. Benjamini-388 

Hochberg with an FDR ≤0.05 was applied for proteomics analysis to determine significance. 389 

Summary of all proteomics results is shown in Table 1 and all proteins significantly altered in 390 

their abundance in each treatment are shown in Supplementary Tables S1-S31. Abbreviations: 391 
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CT, control; S, salt; Cd, cadmium; Pq, paraquat; -P, phosphorus deficiency; HS, heat stress; 392 

ROS, reactive oxygen species. 393 

Table 1. Summary of proteomics results for the multifactorial stress combination analysis in 394 

rice. Average results are shown for each treatment (3 biological replicates). All proteins 395 

significantly altered in each treatment are shown in Supplementary Tables S1-S31. 396 

Abbreviations: CT, control; S, salt; Cd, cadmium; Pq, paraquat; -P, phosphorus deficiency; HS, 397 

heat stress. 398 

Supplementary Figure S1. The impact of multifactorial stress combinations on the height, 399 

growth rate, and biomass of commercial rice (Oryza sativa) and maize (Zea mays) seedlings (In 400 

support of Figure 1). The effects of multifactorial stress conditions (heat, salt, phosphorus 401 

deficiency, cadmium, and paraquat) applied in all different combinations (up to a combination of 402 

all five factors) was determined on the height, growth rate, and biomass of rice (A-C) and maize 403 

(D-E) seedlings. Results are shown as average and SE for each treatment separately (significance 404 

change from control, *P < 0.05 was determined with a student’s t-test). Abbreviations: CT, 405 

control; S, salt; Cd, cadmium; Pq, paraquat; -P, phosphorus deficiency; HS, heat stress. 406 

Supplementary Figure S2. The impact of multifactorial stress combinations on the survival of 407 

rice (Oryza sativa) seedlings (In support of Figure 2). The effects of multifactorial stress 408 

conditions (heat, salt, phosphorus deficiency, cadmium, and paraquat; A; or heat, salt, low light, 409 

cadmium, and paraquat; B) applied in all different combinations (up to a combination of all five 410 

factors) was determined on the survival of commercial rice seedlings. Results are shown as 411 

average and SE for each treatment separately (significance change from control, *P < 0.05 was 412 

determined with a student’s t-test). Abbreviations: CT, control; S, salt; Cd, cadmium; LL, low 413 

light; Pq, paraquat; -P, phosphorus deficiency; HS, heat stress. 414 

Supplementary Figure S3. Proteomics analysis of multifactorial stress combination in rice 415 

seedlings (In support of Figure 3). A. An UpSet plot showing the overlap between proteins 416 

significantly altered in their abundance in all the different 2-stress combinations.  B. An UpSet 417 

plot showing the overlap between proteins significantly altered in their abundance in all the 418 

different 3-stress combinations. Benjamini-Hochberg with an FDR ≤0.05 was applied for 419 

proteomics analysis to determine significance. Summary of all proteomics results is shown in 420 

Table 1 and all proteins significantly altered in each treatment are shown in Supplementary 421 
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Tables S1-S31. Abbreviations: CT, control; S, salt; Cd, cadmium; Pq, paraquat; -P, phosphorus 422 

deficiency; HS, heat stress. 423 

  424 
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Table 1. Summary of proteomics results for the multifactorial stress combination analysis in 425 
rice.  426 

                 427 

Average results are shown for each treatment (3 biological replicates). All proteins significantly 428 
altered in each treatment are shown in Supplementary Tables S1-S31. Abbreviations: CT, 429 
control; S, salt; Cd, cadmium; Pq, paraquat; -P, phosphorus deficiency; HS, heat stress. 430 

Treatments Proteins altered Total number of proteins 
CT 4446.00
S 275 4600.00

Cd 78 4511.67
Pq 2 4472.33
-P 8 4483.67
HS 1520 4600.00

S+HS 1555 4541.67
Cd+Pq 145 4549.00
-P+Cd 253 4451.67
Cd+HS 1536 4424.33
-P+Pq 157 4315.00
Pq+HS 1515 4519.33
S+Cd 395 4468.33
S+Pq 575 4609.33
-P+S 622 4594.00

-P+HS 1472 4495.67
S+Cd+HS 1846 4483.67
-P+S+Pq 135 4330.67
S+Pq+HS 1609 4415.33
-P+S+HS 1628 4475.00
-P+Cd+Pq 232 4309.00
-P+Cd+HS 1651 4475.67
S+Cd+Pq 895 4478.67
-P+S+Cd 748 4500.67

Cd+Pq+HS 1630 4487.00
-P+Pq+HS 1536 4460.00

-P+S+Cd+Pq 1976 4103.67
S+Cd+Pq+HS 1208 4194.00
-P+S+Pq+HS 1505 4414.67
-P+S+Cd+HS 1739 4463.00
-P+Cd+Pq+HS 1318 4178.67

-P+S+Cd+Pq+HS 1402 4251.67
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Figure 1. The impact of multifactorial stress combinations on the height, growth rate, and biomass of commercial rice (Oryza sativa) and maize (Zea
mays) seedlings. The effects of multifactorial stress conditions (heat, salt, phosphorus deficiency, cadmium, and paraquat) applied in all different
combinations (up to a combination of all five factors) was determined on the height, growth rate, and biomass of rice (A-C) and maize (D-F)
seedlings. Box plots show the median (horizontal line), the lower and upper bounds of each box plot denote the first and third quartiles (the 25th and
75th percentiles, respectively), and whiskers above and below the box plot indicate 1.5 times the interquartile range. Statistical analysis was
performed by one-way ANOVA followed by a Tukey post hoc test (different letters denote statistical significance at P < 0.05).
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Figure 2. The impact of multifactorial stress combinations on the survival of rice (Oryza sativa) seedlings. The
effects of multifactorial stress conditions (heat, salt, phosphorus deficiency, cadmium, and paraquat; A; or heat,
salt, low light, cadmium, and paraquat; B) applied in all different combinations (up to a combination of all five
factors) was determined on the survival of commercial rice seedlings. Box plots show the median (horizontal
line), the lower and upper bounds of each box plot denote the first and third quartiles (the 25th and 75th
percentiles, respectively), and whiskers above and below the box plot indicate 1.5 times the interquartile range.
Statistical analysis was performed by one-way ANOVA followed by a Tukey post hoc test (different letters
denote statistical significance at P < 0.05).
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Figure 3. Proteomics analysis of multifactorial stress combination in rice seedlings. A. An UpSet plot
showing the overlap between proteins significantly altered in their expression in all the different 4- and 5-
stress combinations (UpSet plots for all 2- and 3-combinations are shown in Supplementary Figure S1). B.
Selected gene ontology (GO) enrichment analysis terms for the 332 proteins common to all 4- and 5-
combinations shown in A (a complete list of GO terms for the 322 proteins is shown in Supplementary
Table S32). C. Heatmap for the abundance of different ROS-scavenging enzymes in all stress treatments
used for the study. Benjamini-Hochberg with an FDR ≤0.05 was applied for proteomics analysis to
determine significance. Summary of all proteomics results is shown in Table 1 and all proteins
significantly altered in their abundance in each treatment are shown in Supplementary Tables S1-S31.
Abbreviations: CT, control; S, salt; Cd, cadmium; Pq, paraquat; -P, phosphorus deficiency; HS, heat stress;
ROS, reactive oxygen species.
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Supplementary Figure S1. The impact of multifactorial stress combinations on the height, growth rate, and
biomass of commercial rice (Oryza sativa) and maize (Zea mays) seedlings (In support of Figure 1). The effects
of multifactorial stress conditions (heat, salt, phosphorus deficiency, cadmium, and paraquat) applied in all
different combinations (up to a combination of all five factors) was determined on the height, growth rate, and
biomass of rice (A-C) and maize (D-E) seedlings. Results are shown as average and SE for each treatment
separately (significance change from control, *P < 0.05 was determined with a student’s t-test). Abbreviations:
CT, control; S, salt; Cd, cadmium; Pq, paraquat; -P, phosphorus deficiency; HS, heat stress.
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Supplementary Figure S2. The impact of multifactorial stress combinations on the
survival of rice (Oryza sativa) seedlings (In support of Figure 2). The effects of
multifactorial stress conditions (heat, salt, phosphorus deficiency, cadmium, and
paraquat; A; or heat, salt, low light, cadmium, and paraquat; B) applied in all different
combinations (up to a combination of all five factors) was determined on the survival
of commercial rice seedlings. Results are shown as average and SE for each treatment
separately (significance change from control, *P < 0.05 was determined with a
student’s t-test). Abbreviations: CT, control; S, salt; Cd, cadmium; LL, low light; Pq,
paraquat; -P, phosphorus deficiency; HS, heat stress.
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Supplementary Figure S3. Proteomics analysis of multifactorial stress combination in
rice seedlings (In support of Figure 3). A. An UpSet plot showing the overlap between
proteins significantly altered in their abundance in all the different 2-stress
combinations. B. An UpSet plot showing the overlap between proteins significantly
altered in their abundance in all the different 3-stress combinations. Benjamini-
Hochberg with an FDR ≤0.05 was applied for proteomics analysis to determine
significance. Summary of all proteomics results is shown in Table 1 and all proteins
significantly altered in each treatment are shown in Supplementary Tables S1-S31.
Abbreviations: CT, control; S, salt; Cd, cadmium; Pq, paraquat; -P, phosphorus
deficiency; HS, heat stress.
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