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Abstract 21 

Global change factors associated with climate change and increased pollution are subjecting 22 
plants, microbes, and different ecosystems to conditions of multifactorial stress combination 23 
(MFSC). While recent studies centered on the effects of MFSC on different plants and 24 
ecosystems, much less is known about how these conditions impact unicellular organisms. 25 
Here, we report on the physiological and proteomic responses of wild type and respiratory burst 26 
oxidase homolog 1 (rbo1) mutant cells of Chlamydomonas reinhardtii to a MFSC of 5 different 27 
abiotic stresses. While several similarities were found between plant and C. reinhardtii 28 
responses to MFSC, our work revealed that MFSC induces aggregation in the unicellular 29 
organism C. reinhardtii. We further show that MFSC induced aggregation is enhanced in the 30 
rbo1 mutant and can be triggered by H2O2. As aggregation typically leads to reduced growth, 31 
respiration and/or photosynthesis, enhanced aggregation of unicellular organisms in different 32 
ecosystems subjected to MFSC could explain part of the negative impacts of MFSC on the 33 
services they provide. Our findings shed new light on the response of unicellular organisms to 34 
MFSC and suggest that one of the main drivers leading to multicellularity during evolution was 35 
early conditions of MFSC under an oxygenated environment.  36 

 37 
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Introduction 38 

Anthropogenic activities are altering the environmental conditions on our planet, subjecting 39 
different unicellular and multicellular organisms to a multitude of different stressors, 40 
simultaneously or sequentially (Lesk et al., 2016; Sage, 2020; Intergovernmental Panel on 41 
Climate Change, 2023; Richardson et al., 2023). Examples for such stress conditions include 42 
elevated day and night temperatures, increased levels of water, soil, and air pollutants, and in 43 
some areas of our planet, higher salinity levels, associated with flooding, droughts, and/or 44 
different agricultural practices (Mittler, 2006; Bailey-Serres et al., 2019; Zhang et al., 2021; 45 
Rhee et al., 2024). Recent studies revealed that with the increased number of different stressors, 46 
or global change factors (GCFs), simultaneously impacting an ecosystem (i.e., GCF 47 
combination; GCFc), the overall services provided by the ecosystem and its biological diversity 48 
significantly decline (Rillig et al., 2019; Rillig et al., 2021; Speißer et al., 2022). Similarly, 49 
recent studies conducted with Arabidopsis (Arabidopsis thaliana), tomato (Solanum 50 
lycopersicum), soybean (Glycine max), rice (Oryza sativa), and corn (Zea mays), subjected to 51 
a combination of multiple abiotic stresses (i.e., multifactorial stress combination; MFSC), 52 
revealed that with the increased number of stresses simultaneously impacting a plant, plant 53 
growth, physiological activity, yield, and/or survival significantly decline (Zandalinas et al., 54 
2021; Pascual et al., 2023; Peláez-Vico et al., 2023; Sinha et al., 2024). Taken together, the 55 
studies referenced above, reveal a new principle in biology, termed ‘the GCFc or MFSC 56 
principle’. This principle states that with the increased number, or complexity, of environmental 57 
stressors simultaneously impacting an organism or an ecosystem, the health of the organism or 58 
ecosystem will significantly (and dramatically) decline, even if the level of each stressor, when 59 
individually applied to the plant or ecosystem, is minimal (Rillig et al., 2019; Zandalinas et al., 60 
2021; Zandalinas and Mittler, 2022). 61 

Phenotypic, genetic, transcriptomic, proteomic, and/or mixomics analyses of Arabidopsis, 62 
soybean, and rice, subjected to MFSC suggested that pathways essential for the maintenance 63 
of reactive oxygen species (ROS), Fe, Cu, 2Fe-2S, and ascorbic acid homeostasis are crucial 64 
for plant survival under conditions of MFSC (Zandalinas et al., 2021; Peláez-Vico et al., 2023; 65 
Sinha et al., 2024). In addition, the expression level and abundance of many transcripts and 66 
proteins with unknown function were found to be elevated under conditions of MFSC 67 
(Zandalinas et al., 2021; Peláez-Vico et al., 2023; Sinha et al., 2024). These findings suggest 68 
that unique pathways, networks, and/or genes might be required for plant acclimation to MFSC.  69 

Although the negative impacts of GCFc on the diversity and respiration of soil microorganisms 70 
was studied (Rillig et al., 2019), little is known about how a single unicellular organism will 71 
respond at the physiological, molecular, and biochemical levels to MFSC. To study the 72 
response of a unicellular organism to MFSC, and compare it to that of multicellular organisms, 73 
we chose the unicellular green algae Chlamydomonas reinhardtii. C. reinhardtii belongs to an 74 
algal unicellular family that grows in different aquatic ecosystems, soils, and even on snow, 75 
and is likely subjected in nature to multiple stressors in different combinations, including 76 
salinity, different types of pollutants, temperature extremes, and cycles of hydration and 77 
dehydration (Li et al., 2013; Liu et al., 2014; Sasso et al., 2018; Hoham and Remias, 2020). C. 78 
reinhardtii is also a photosynthetic eukaryotic green alga and most, if not all, the molecular and 79 
physiological data we have access to from multicellular organisms subjected to MFSC comes 80 
from higher plants (Zandalinas et al., 2021; Pascual et al., 2023; Peláez-Vico et al., 2023; Sinha 81 
et al., 2024). C. reinhardtii is therefore an excellent candidate for a comparison between the 82 
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responses of a photosynthetic unicellular organism (i.e., C. reinhardtii) to that of a 83 
photosynthetic multicellular organism (i.e., a higher plant) to MFSC.  84 

 85 

Results and Discussion 86 

The impact of MFSC on the growth, chlorophyll content and extracellular H2O2 levels of 87 
C. reinhardtii.  To study the responses of C. reinhardtii to MFSC, we subjected wild type (WT) 88 
C. reinhardtii and a mutant of C. reinhardtii, deficient in respiratory burst oxidase homolog 1 89 
(rboh1, hereafter referred to as rbo1; Anderson et al., 2016), to a MFSC using liquid medium 90 
conditions. The rbo1 mutant was previously shown to have suppressed ROS production and 91 
impaired cell-to-cell ROS signaling in response to an excess light stress treatment, when grown 92 
as a lawn on agar plates (Fichman et al., 2023; Zhou et al., 2024). For MFSC, we used the 93 
following conditions: salinity (120 mM NaCl; S), the heavy metal cadmium (300 µM; Cd), 94 
excess light (700 μmol m−2 s−1; EL; a 7-fold increase over control growth conditions), acidic 95 
pH (pH 5.5; pH), and the herbicide paraquat (50 nM; PQ), applied for 24 hours (no changes in 96 
media pH were found following the stress treatments). Similar to experimental designs we used 97 
for higher plants (Zandalinas et al., 2021; Pascual et al., 2023; Peláez-Vico et al., 2023; Sinha 98 
et al., 2024), S, Cd, EL, and PQ were applied in all possible combinations, with pH added to 99 
the 4-stress combination to generate a 5-stress combination treatment.  100 

While most stresses (except EL) applied individually (1-stress condition) had a significant 101 
effect on the growth rate of WT and the rbo1 mutant, the impact of 2-stress combinations was 102 
significantly more severe, and the impact of 3-stress combinations reached the maximum 103 
negative effect, that was similar to the impact of 4- and 5-stress combination treatments 104 
(Figures 1A, S1). No differences were observed between the WT and the rbo1 mutant under 105 
any of the stress treatments (Figure 1A). The impact of MFSC on the growth rate of C. 106 
reinhardtii displayed therefore a similar pattern to that of MFSC on the growth of flowering 107 
plants (Zandalinas et al., 2021; Pascual et al., 2023; Peláez-Vico et al., 2023; Sinha et al., 2024). 108 
Interestingly, while differences were observed between WT and the respiratory burst oxidase 109 
homolog D (rbohD) mutant in Arabidopsis (Zandalinas et al., 2021), no such differences were 110 
observed in C. reinhardtii between WT and the rbo1 mutant (Figure 1). Changes in total 111 
chlorophyll content of the WT and rbo1 cells, in response to MFSC, displayed a similar pattern 112 
to that shown for growth rate (Figures 1B, S1), as well as to that found for chlorophyll content 113 
in Arabidopsis seedlings subjected to MFSC (Zandalinas et al., 2021), supporting the results 114 
obtained for C. reinhardtii growth under conditions of MFSC (Figures 1A, 1B, S2).  115 

As WT and the rbo1 mutant are expected to differ in the levels of ROS they produce during 116 
stress (Fichman et al., 2023; Zhou et al., 2024), we measured the H2O2 concentration in the 117 
media of WT and rbo1 cells subjected to MFSC. As shown in Figure 1C, compared to WT and 118 
rbo1 cells subjected to control, 1-, or 2-stress combinations, the levels of H2O2 in the media of 119 
WT cells increased significantly under the 3-stress combinations, and the levels of H2O2 120 
increased significantly in WT and rbo1 under the 4- and 5-stress combinations (Figures 1C, 121 
S1). As expected from a rboh mutant (Mitter et al., 2022), the levels of H2O2 found in the media 122 
of rbo1 cells were significantly lower than those in the media of WT cells, subjected to 3-, 4-, 123 
and 5-stress combinations (Figure 1C). H2O2 found in the media of cells could originate from 124 
H2O2 produced inside the cell (e.g., produced in the chloroplast or mitochondria and released 125 
into the media through peroxiporins or simple diffusion), or it could be a result of RBOHs 126 
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found on the plasma membrane of cells (Mittler et al., 2022; Smirnoff and Arnaud, 2019). 127 
Further studies are needed to determine the exact source of the H2O2 found in the media of WT 128 
and the rbo1 mutant during MFSC. The finding that H2O2 levels in the media of the rbo1 mutant 129 
were reduced (Figure 1C) suggests nonetheless that at least part of the H2O2 found in the media 130 
of C. reinhardtii cells during MFSC is generated by RBO1 and the superoxide radicals 131 
produced by this enzyme dismutate into H2O2, spontaneously or enzymatically via superoxide 132 
dismutases (SODs; Mittler et al., 2022; Smirnoff and Arnaud, 2019). 133 

Enhanced cell aggregation in the rbo1 mutant during MFSC. While subjecting C. 134 
reinhardtii cells to MFSC for 24 hours, we observed that cells grown at high levels of stress 135 
combinations tended to form aggregates (Figure S2). We therefore quantified the number of 136 
single cells and cell aggregates in WT and rbo1 C. reinhardtii cells in response to MFSC. As 137 
shown in Figure 2 and S1, compared to WT cells, rbo1 cells tended to aggregate even in the 138 
absence of stress. In response to 1- and 2- stress combinations, WT aggregated to similar levels 139 
as the rbo1 mutant (significantly higher than WT under control conditions). In contrast, in 140 
response to 3- and 4- stress combinations, both WT and rbo1 had a higher aggregation content 141 
compared to control conditions and 1- and 2-stress combinations. In response to 5-stress 142 
combinations, that included acidic pH, a known inducer of aggregation in C. reinhardtii, both 143 
WT and rbo1 cells displayed the highest level of aggregations, with rbo1 having significantly 144 
more aggregation compared to WT (Figures 2, S1). As aggregation in C. reinhardtii is typically 145 
associated with stress (Ratcliff et al., 2013; de Carpentier et al., 2019), our findings could 146 
suggest that under control conditions, or in response to the 5-stress combination conditions, 147 
rbo1 cells experience more stress compared to WT. While this result is interesting, and perhaps 148 
expected, the findings that WT and rbo1 did not differ in their growth rate and chlorophyll 149 
content during MFSC (Figure 1) could suggest that aggregation is a result of differences in 150 
inter- or intra-cellular H2O2 levels or media pH. We therefore tested the effect of extracellular 151 
H2O2 application on aggregation of WT and rbo1 cells in the absence of stress. As shown in 152 
Figure 3A-3B, while addition of low concentrations of H2O2 (i.e., 0.5 or 1.5 µM) to the media 153 
prompted similar aggregation in WT and rbo1, compared to WT, rbo1 cells produced more 154 
aggregates at higher H2O2 levels of 3 or 5 µM.  155 

Taken together, the results shown in Figures 2 and 3A-3B suggest that although the rbo1 mutant 156 
accumulated less H2O2 in its growth media, it was more sensitive to H2O2 and formed cell 157 
aggregates in response to lower levels of H2O2. This result could suggest that the rbo1 mutant 158 
is more sensitive to H2O2 due to higher sensing of H2O2, or lower ability to scavenge H2O2 (a 159 
potential result of acclimating to a lower production rate of H2O2; Mittler et al., 2022). 160 

To test whether C. reinhardtii cells subjected to the MFSC treatments can recover, we subjected 161 
WT and rbo1 cells to the 4- or 5- stress MFSC treatments (S+Cd+EL+PQ or 162 
S+PQ+Cd+EL+pH, respectively) for 24 hours, and allowed them to recover. As shown in 163 
Figure 3C-3E, C. reinhardtii cells subjected to these MFSC treatments were able to recover 164 
and grow, as well as recover some of their photosynthetic parameters. These findings reveal 165 
that although C. reinhardtii cells stopped growing and aggregated during MFSC, at least under 166 
the conditions we used, they did not die and were able to recover.  167 

To further dissect the responses of WT and the rbo1 mutant to MFSC and study the expression 168 
of stress-response and ROS-metabolizing enzymes in these two genotypes subjected to MFSC, 169 
we conducted a whole-cell proteomics analysis of WT and rbo1 subjected to MFSC. 170 
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Proteomics analysis of C. reinhardtii response to MFSC. Whole-cell proteomics analysis 171 
was conducted using WT and rbo1 C. reinhardtii cells subjected to the same MFSC conditions 172 
shown in Figures 1 and 2 (Figures 4, 5, S3-S8; Tables S1-S46). While the response of C. 173 
reinhardtii to each of the individual stresses applied resulted in the identification of pathways 174 
and genes that matched each stress (e.g., Fe-S proteins in Cd, oxidoreductases in PQ, ion 175 
channels in S, photosynthesis in EL, and ATPase-coupled transporters in pH; Figure S3, Tables 176 
S45 and S46), we found no overlapping proteomic responses shared by all 5 individual stresses 177 
(Figure 4A). When different stresses were combined at the 2-stress level, we found shared 178 
responses between PQ+EL and Cd+PQ, but fewer shared responses between other stresses 179 
(Figure 4B). At the 3-, 4- and 5-stress combination level, similarities in responses were mainly 180 
observed between different combinations that included S, Cd, EL, PQ, and pH, but this 181 
similarity was also low (Figure 4C). Pathways identified in WT cells subjected to the 4- and 5-182 
stress combinations included amino acid and pigment biosynthesis and degradation, motility, 183 
cytoskeleton organization, and response to chemicals (Figure 4D). Some of these corresponded 184 
with the increase in cell aggregation under MFSC (e.g., enhanced motility, membrane 185 
structures, etc.). Proteomics analysis of the rbo1 mutant revealed that, even in this mutant, there 186 
were no overlapping proteomic responses shared by all 5 individual stresses (Figure S4). The 187 
majority of proteins found to differ between WT and the rbo1 mutant in responses to the 188 
different stresses (Figures S4, S5) were involved in cell motility and metabolic processes, 189 
however, the major stress-response groups of WT and rbo1 were overall similarly expressed 190 
(Figures 4, 5A, S3-S6). In response to the 4- and 5-stress combinations, and in agreement with 191 
the cell aggregation results (Figures 2, 3), the abundance of proteins associated with motility, 192 
membrane and extracellular organization, and cytoskeleton/cilium functions was also high in 193 
the rbo1 mutant (Figures 4, 5A, S3-S6).  194 

As RBO1 is associated with ROS production in cells (Fichman et al., 2023; Zhou et al., 2024), 195 
we compared the abundance of ROS-metabolizing proteins between WT and rbo1 cells 196 
subjected to MFSC (Figures 5B, S7). This analysis revealed that while the ROS scavenging 197 
enzyme glutathione peroxidase 5 (GPX5; Ma et al., 2020; Youssef et al., 2023) increased in 198 
abundance in WT during the 4- and 5-stress combinations, the level of this protein did not 199 
change in the rbo1 mutant under the same conditions (Figure 5B). In contrast, the abundance 200 
of mitochondrial cytochrome c-peroxidase increased in the rbo1 mutant, but not WT under the 201 
5-stress combination (Figure 5B). Interestingly, many of the other major H2O2 scavenging 202 
enzymes, such as catalase, peroxiredoxin, and ascorbate peroxidase, did not significantly 203 
increase in their abundance in response to the 4- and 5-stress combinations, while manganese 204 
superoxide dismutase (MSD2 and/or MSD3) significantly increased in abundance in both WT 205 
and the rbo1 mutant under the same conditions (Figure 5B). Under non stress conditions, rbo1 206 
cells accumulated a thioredoxin-dependent peroxiredoxin isoform that was not accumulated in 207 
WT (Figure S7B). Taken together, the findings presented in Figures 1C, 2, 3, 5B and S7 suggest 208 
that under a combination of multiple stresses (especially the 4- and 5-stress combinations) rbo1 209 
cells produce less H2O2 due to the lack of RBO1, but are more sensitive to H2O2, and aggregate 210 
more, possibly due to the suppressed expression of GPX5. Further studies are required to 211 
determine the exact subcellular distribution of different ROS in WT and rbo1 cells under the 212 
different stress conditions, as well as the function of all main ROS producing and scavenging 213 
enzymes of C. reinhardtii WT and rbo1 cells under conditions of MFSC. 214 
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To compare between the responses of C. reinhardtii, A. thaliana (Zandalinas et al., 2021), and 215 
rice (Sinha et al., 2024) to MFSC, we compiled a list of all proteins altered in their abundance 216 
in C. reinhardtii WT in response to the 3-, 4- and 5-MFSCs (Table S35). We then used the 217 
Ensembl BioMart Homologues and OMA Browser genome pair orthology tools 218 
(https://www.ensembl.org/biomart; Altenhoff et al., 2021) to identify their A. thaliana 219 
homologs (1,207; Tables S36). A similar analysis was done to determine the A. thaliana 220 
homologs of rice proteins altered in their response to MFSC (3,143; Sinha et al., 2024; Table 221 
S37). We then determined the overlap between the lists of C. reinhardtii proteins (1,207; Table 222 
S38), Arabidopsis transcripts (3,512; Zandalinas et al., 2021; Peláez-Vico et al., 2024; Table 223 
S40), and rice proteins (3,143 proteins in rice; Sinha et al., 2024; Table S39), altered in response 224 
to MFSC. As shown in Figure 5C, 165 homologs were found to be common to the responses 225 
of A. thaliana, rice, and C. reinhardtii to MFSC (Table S41). A GO analysis of these 165 226 
homologs identified transcripts involved in nitrogen, geranylgeranyl diphosphate, glutamine, 227 
and oxoacid metabolism, as well as nutrient stress and reactive nitrogen and oxygen species, 228 
as enriched in this conserved group (Figures 5D, S8). Most of these transcripts were not 229 
previously identified as involved in MFSC and their function should be addressed in future 230 
studies.   231 

Summary. Previous studies of MFSC focused on flowering plants, which are multicellular 232 
photosynthetic organisms. In contrast, the work presented here focused on a unicellular 233 
photosynthetic organism (C. reinhardtii). While several similarities were identified between 234 
the responses of multicellular and unicellular organisms to MFSC (e.g., the impact of MFSC 235 
on growth, chlorophyll content, ROS accumulation, and the increased abundance of Cu, Fe, 236 
and Fe-S binding proteins; Figures 1, 4, 5; Table S38), our work revealed a novel response to 237 
MFSC, i.e., enhanced cell aggregation (Figure 2). We further show that aggregation in response 238 
to MFSC is elevated in the rbo1 mutant, which is impaired in ROS metabolism, and that it can 239 
be induced by external application of H2O2 (Figures 2, 3). Aggregation is considered an ancient 240 
form of multicellularity and is induced in many unicellular organisms by stress (Márquez-241 
Zacarías et al., 2021; Tong et al., 2022). Our findings that aggregation is triggered in C. 242 
reinhardtii by MFSC and is associated with ROS metabolism (Figures 2-5), could shed new 243 
light on the response of unicellular organisms to MFSC, and suggest that one of the main 244 
drivers leading to multicellularity during evolution was early conditions of MFSC under an 245 
oxygenated environment. As aggregation on solid surfaces can reduce growth, respiration 246 
and/or photosynthesis (due e.g., to diffusion barriers; Márquez-Zacarías et al., 2021; Tong et 247 
al., 2022), enhanced aggregation of unicellular organisms in different ecosystems subjected to 248 
MFSC could also explain part of the negative impacts MFSC has on the services provided by 249 
these complex biosystems (Rillig et al., 2019; Rillig et al., 2021; Speißer et al., 2022). Further 250 
studies are needed to determine the negative effects of different types of MFSC (including for 251 
example heat stress) on different unicellular organisms across ecosystems worldwide, the role 252 
of aggregation in these negative impacts, and the relationships between these processes and 253 
anthropogenic activities. 254 

 255 

Materials and Methods 256 

Organisms, stress treatments, growth rate, and chlorophyll content. C. reinhardtii WT and 257 
rbo1 (lmj.ry0402.234817 from the Chlamydomonas Resource Center, University of 258 
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Minnesota, St. Paul, MN, USA, and UTEX Culture Collection of Algae; Fichman et al., 2023; 259 
Zhou et al., 2024) were grown in liquid TAP media, pH 7, 21ºC, 8 h/16 h light/dark, 100 μmol 260 
m−2 s−1, and 150 rpm. Stress conditions included excess light (700 μmol m−2 s−1; EL), paraquat 261 
(50 nM; PQ), salinity (120 mM NaCl; S), heavy metal (Cd, 300 μM CdCl2), and acidity (pH = 262 
5.5). Cd, EL, S, and PQ were applied in all possible combinations, and pH was added as single 263 
stress, as well as in combination with Cd+EL+S+PQ to generate five-stress combination 264 
(Pascual et al., 2023; Peláez-Vico et al., 2023; Sinha et al., 2024) in 6-wells plate using a media 265 
volume of 4 mL.  C. reinhardtii WT and rbo1 were inoculated at an initial OD750 of 0.2 and 266 
subjected to the different stresses for 1 day. OD750 was assessed at 6, 12 and 24 h using a 267 
Cytation 5 imaging plate reader (Agilent, USA) as described in Bernd and Cook (2002). 268 
Measurements were taken after 30 seconds of shaking and the growth rate was calculated based 269 
on the change in OD over time. pH was measured before and after applying stressors to the 270 
media. Chlorophyll content was quantified as described in Zhang et al., (2022). Three different 271 
replicates for each genotype and condition were measured. 272 

Microscopy. Cells from each condition and genotype were mounted on slides and imaged using 273 
an EVO XL Cell Imaging System Amex3300 Inverted Digital Microscope (Thermo Scientific, 274 
Massachusetts, USA). Images were taken at 20X and 40X and the number of aggregated 275 
Chlamydomonas cells (defined as three or more cells in close proximity) and individual cells 276 
(cells exhibiting no palmelloid formation) were counted. A minimum of 20 images were taken 277 
for each condition. To determine the role of H2O2 in aggregation (Figure 3), H2O2 (0, 0.5, 1.5, 278 
3 and 5 µM) was applied to the TAP media and cells were grown as described above for 24 h 279 
before images were taken.  280 

H2O2 concentration. H2O2 in the growth media was quantified using Amplex-Red (10-Acetyl-281 
3,7-dihydroxyphenoxazine; Thermo Fisher Scientific, Waltham, Massachusetts, USA). 2 mL 282 
of culture was centrifuged for 10 minutes at 12,000 g, 4ºC, and the supernatant was recovered 283 
and buffered with 1 M phosphate buffer pH 7.4. H2O2 quantification was performed according 284 
to the MyQubit-AmplexRed Peroxide Assay manual (Thermo Fisher Scientific), using an H2O2 285 
calibration curve (Thermo Fisher Scientific).  286 

Recovery experiments and photosynthetic measurements. To determine whether WT and 287 
rbo1 cells can recover from the 24 hour 4- or 5- MFSC treatments (S+PQ+Cd+EL, or 288 
S+PQ+Cd+EL+pH, respectively), stress and control treated cells were centrifuged for 10 min 289 
at 3,000 g at the end of the stress treatment, resuspended in TAP media, pH 7, and kept at 21ºC, 290 
8 h/16 h light/dark, 100 μmol m−2 s−1, and 150 rpm for 72 hours. OD750 was assessed at 0, 6, 291 
12, 24, 48 and 72 h post stress using a Cytation 5 imaging plate reader (Agilent, USA). In 292 
addition, the ratio of variable fluorescence to maximum fluorescence (Fv/Fm; Hemker et al., 293 
2024) was measured using a Hexagon imaging PAM (HEXAGON-IMAGING-PAM, Walz, 294 
Effeltrich, Germany) apparatus at 0 (following the end of the 24 hour stress treatments), and at 295 
24, 48, and 72 hours of recovery, according to manufacturer instructions.  296 

Proteomics Analysis. Cultures (4 mL) of cells grown and stressed as described above for 24 h 297 
were centrifuged for 10 minutes at 12,000 g, 4ºC. Pellets were resuspended in 1X Laemmli 298 
buffer, boiled, and centrifuged at 16,000 g for 10 min. The supernatant was precipitated with 299 
cold acetone. The resulting protein pellets were resuspended in a solution containing 6 M urea, 300 
2 M thiourea, and 100 mM ammonium bicarbonate. Protein concentration was quantified using 301 
the Pierce 660 nm Protein Assay. 20 µg of protein from each sample were reduced, alkylated, 302 
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and digested by trypsin as described in Sinha et al., (2024). 500 ng of digested peptides were 303 
subjected to proteomics analysis as described in Sinha et al., (2024) using an Evosep One LC 304 
system interfaced with a Bruker timsTOF PRO2 mass spectrometer (Bruker) using the C. 305 
reinhardtii UniProt database (accession UP000006906), which comprises 18,829 protein 306 
entries. A false discovery rate of 1% was set for peptide spectrum match, peptide, and protein 307 
identification. Protein quantification was performed using MaxLFQ based on the area of MS2, 308 
with cross-run normalization enabled and no imputation applied. Differential abundance testing 309 
was conducted using unpaired t-tests, and significant candidates were identified based on a 310 
significance threshold of p-value < 0.01, q-value < 0.05, and an absolute average log2 (fold 311 
change) > 0.58. For all proteins studied, the reference was the expression value obtained for 312 
the CT conditions. 313 

Statistical Analysis. All experiments were repeated in 3 biological repeats, each with at least 314 
3 technical repeats.  Box plots are presented with mean as X ± SE; median is the line in the box 315 
and box borders are 25th and 75th percentiles; whiskers are the 1.5 interquartile range. Statistical 316 
analysis was performed with Statgraphics Plus v.5.1. software (Statistical Graphics Corp., 317 
Herndon, VA, United States) by two-way analysis of variance (ANOVA) followed by Fisher’s 318 
post hoc test (different letters denote statistical significance at p < 0.05), or by two-tailed 319 
Student’s t-test (asterisks denote statistical significance at p < 0.05 compared to time 0h). 320 
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Figure Legends 435 

Figure 1. The response of C. reinhardtii to a multifactorial stress combination of five different 436 
abiotic stresses. A) and B) The negative impacts of multifactorial stress combination (MFSC) 437 
on the growth rate (A) and chlorophyll content (B) of wild type (WT) and the respiratory burst 438 
oxidase homolog 1 (rbo1) mutant of C. reinhardtii grown in liquid cultures. Salinity (S; 120 439 
mM), cadmium (Cd; 300 µM), excess light (EL; 700 μmol m−2 s−1; a 7-fold increase over 440 
control growth conditions), acidic pH (pH; pH 5.5), and the herbicide paraquat (PQ; 50 nM) 441 
were used to generate 1-, 2-, 3-, 4-, and 5-stress combinations. C) Hydrogen peroxide (H2O2) 442 
levels in the media of WT and rbo1 cells subjected to the MFSC conditions shown in A and B. 443 
All experiments were repeated in 3 biological repeats, each with at least 3 technical repeats. In 444 
the graphs, 1 represents an average of all individual stresses (S, Cd, EL, pH, PQ), 2 represents 445 
an average of all 2-stress combinations (S+Cd, S+EL, S+PQ, Cd+EL, Cd+PQ, EL+PQ ), 3 446 
represents an average of all 3-stress combinations (Cd+EL+S, EL+S+PQ, Cd+EL+PQ, Cd+ 447 
S+PQ), 4 represents the 4-stress combination (Cd+EL+S+PQ), and 5 is the 5-stress 448 
combination (Cd+EL+S+PQ+pH). Statistical analysis was performed by 2-way ANOVA 449 
followed by a Fisher post hoc test (different letters denote statistical significance at p < 0.05). 450 

Figure 2. Enhanced aggregation in wild type and the rbo1 mutant in response to a multifactorial 451 
stress combination of five different abiotic stresses. A) Enhanced number of aggregates (top) 452 
and decreased number of individual cells (bottom) in wild type (WT) and the respiratory burst 453 
oxidase homolog 1 (rbo1) mutant of C. reinhardtii subjected to multifactorial stress 454 
combination (MFSC; as described in Figure 1). B) Representative images of WT and rbo1 cells 455 
grown under control (CT) conditions or subjected to a MFSC of salinity (S), cadmium (Cd), 456 
excess light (EL), acidic pH (pH), and (PQ) combined (5-stress MFSC). All experiments were 457 
repeated in 3 biological repeats, each with at least 3 technical repeats. Statistical analysis was 458 
performed by 1-way ANOVA followed by a Fisher post hoc test (different letters denote 459 
statistical significance at p < 0.05). Bars in images indicate 100 µm. 460 

Figure 3. Enhanced aggregation in C. reinhardtii wild type and rbo1 cells in response to 461 
exogenous H2O2 application, and recovery from MFSC. A) Enhanced number of aggregates in 462 
wild type (WT) and the respiratory burst oxidase homolog 1 (rbo1) mutant of C. reinhardtii 463 
treated with different concentrations of H2O2. B) Representative images of WT and rbo1 cells 464 
grown under control (CT) conditions or subjected different concentrations of H2O2. C) 465 
Recovery from the 24 hour 4- and 5- MFSCs (Cd+EL+S+PQ, Cd+EL+S+PQ+pH, 466 
respectively) measure by culture OD750. D) Same as in C, but measured by the ratio between 467 
variable and maximum fluorescence (Fv/Fm). E) Representative images of C. reinhardtii 468 
cultures imaged for Fv/Fm.  All experiments were repeated in 3 biological repeats, each with 469 
at least 3 technical repeats. Statistical analysis was performed by 2-way ANOVA followed by 470 
a Fisher post hoc test (different letters denote statistical significance at p < 0.05), or by two-471 
tailed Student’s t-test (asterisks denote statistical significance at p < 0.05 compared to time 0 472 
hour). Bars in images indicate 100 µm. 473 

Figure 4. Proteomics analysis of wild type C. reinhardtii cells subjected to a multifactorial 474 
stress combination of five different abiotic stresses. A) Venn (top) and upset (bottom) plots 475 
showing the overlap between different proteins with a significant change in abundance in 476 
response to treatment with salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), or 477 
paraquat (PQ). B) and C) Upset plots showing the overlap between different proteins with a 478 
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significant change in abundance in response to all 2-stress combination treatments (B), or all 479 
3-, 4-, and 5-stress combination treatments (C). D) Gene ontology (GO) annotation of proteins 480 
with a significant change in abundance in response to 4- (left) or 5- (right) stress combinations.  481 

Figure 5. Proteomics analysis of rbo1 C. reinhardtii cells subjected to multifactorial stress 482 
combination (MFSC) and a comparison between the responses of Arabidopsis thaliana and C. 483 
reinhardtii to MFSC. A) Gene ontology (GO) annotation of proteins with a significant change 484 
in abundance in response to 4- (left) or 5- (right) stress combinations in the respiratory burst 485 
oxidase homolog 1 (rbo1) mutant. B) Partial heatmaps of reactive oxygen species (ROS) 486 
metabolizing enzymes abundance in WT (left) and rbo1 (right) cells subjected to a MFSC of 487 
salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), and/or paraquat (PQ). Complete 488 
heatmaps are shown in Figure S7. C) Venn diagram showing the overlap between Arabidopsis 489 
homologs of C. reinhardtii wild type proteins significantly altered in their abundance in 490 
response to a MFSC of 3-, 4-, and 5-stress combinations, Arabidopsis homologs of rice proteins 491 
significantly altered in their abundance in response to 3-, 4-, and 5-stress MFSC, and 492 
Arabidopsis transcripts significantly altered in their expression in response to a MFSC of 3-, 493 
4-, 5-, and 6-stress combinations. D) GO analysis of the 165 Arabidopsis homologs common 494 
to the response of C. reinhardtii, A, thaliana, and rice to MFSC (from C). 495 

Supplementary Figures 496 

Figure S1. The impacts of multifactorial stress combination (MFSC) on the growth rate (A, 497 
B), chlorophyl (C) and media H2O2 (D) content, and aggregation (E, F) of C. reinhardtii wild 498 
type (WT) and the respiratory burst oxidase homolog 1 (rbo1) mutant cells. Cells were grown 499 
in liquid TAP media cultures and subjected to: Salinity (120 mM; S), cadmium (300 µM; Cd), 500 
excess light (700 μmol m−2 s−1; a 7-fold increase over control growth conditions; EL/HL), 501 
acidic pH (pH 5.5; pH), and paraquat (50 nM; PQ) in 1-, 2-, 3-, 4-, and 5-stress combinations. 502 
All experiments were repeated in 3 biological repeats, each with at least 3 technical repeats. In 503 
support of Figures 1 and 2.  504 

Figure S2. Representative images of C. reinhardtii wild type (WT) and respiratory burst 505 
oxidase homolog 1 (rbo1) cells grown in liquid cultures and subjected to: Salinity (120 mM; 506 
S), cadmium (300 µM; Cd), excess light (700 μmol m−2 s−1; a 7-fold increase over control 507 
growth conditions; EL), acidic pH (pH 5.5; pH), and paraquat (50 nM; PQ) in 1-, 2-, 3-, 4-, and 508 
5-stress combinations. All experiments were repeated in 3 biological repeats, each with at least 509 
3 technical repeats. In support of Figures 1 and 2. 510 

Figure S3. Gene ontology (GO) annotation of wild type (WT) proteins with a significant 511 
change in abundance in response to multifactorial stress combination. A) GO annotation of 512 
proteins with a significant change in abundance in response to treatment with salinity (S), 513 
cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat (PQ). B) Same as A, but for all 514 
2-stress combinations. C) Same as A, but for all 3-, 4-, and 5-stress combinations. D) Heatmaps 515 
of Fe-S proteins, oxidorrecductases, ion channels, photosynthesis proteins and ATPase-cpupled 516 
transporters in WT (left) and rbo1 (right) C. reinhardtii cells subjected to a MFSC of salinity 517 
(S), cadmium (Cd), excess light (EL), acidic pH (pH), and/or paraquat (PQ). In support of 518 
Figures 4 and 5. 519 

Figure S4. Proteomics analysis of respiratory burst oxidase homolog 1 (rbo1) C. reinhardtii 520 
cells subjected to a multifactorial stress combination of five different abiotic stresses. A) Venn 521 
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(top) and upset (bottom) plots showing the overlap between different proteins with a significant 522 
change in abundance in response to treatment with salinity (S), cadmium (Cd), excess light 523 
(EL), acidic pH (pH), or paraquat (PQ). B) and C) Upset plots showing the overlap between 524 
different proteins with a significant change in abundance in response to all 2-stress combination 525 
treatments (B), or all 3-, 4-, and 5-stress combination treatments (C). D) Gene ontology (GO) 526 
annotation of proteins with a significant change in abundance in response to 4- (left) or 5- 527 
(right) stress combinations. In support of Figures 4 and 5. 528 

Figure S5. Venn diagrams showing the overlap between proteins with a significant change in 529 
abundance in C. reinhardtii wild type (WT) and respiratory burst oxidase homolog 1 (rbo1) 530 
cells subjected to: Salinity (120 Mm; S), cadmium (300 µM; Cd), excess light (700 μmol m−2 531 
s−1; a 7-fold increase over control growth conditions; EL), acidic pH (pH 5.5; pH), and paraquat 532 
(50 nM; PQ) in 1-, 2-, 3-, 4-, and 5-stress combinations. In support of Figures 4 and 5. 533 

Figure S6. Gene ontology (GO) annotation of respiratory burst oxidase homolog 1 (rbo1) C. 534 
reinhardtii proteins with a significant change in abundance in response to multifactorial stress 535 
combination. A) GO annotation of proteins with a significant change in abundance in response 536 
to treatment with salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat 537 
(PQ). B) Same as A, but for all 2-stress combinations. C) Same as A, but for all 3-, 4-, and 5-538 
stress combinations. In support of Figures 4 and 5. Fold change data is available in the 539 
supplemental tables S42 and S43. 540 

Figure S7. Heatmaps of reactive oxygen species (ROS) metabolizing enzymes abundance in 541 
WT and the rbo1 mutant. A) Heatmaps of ROS metabolizing enzymes abundance in WT (left) 542 
and rbo1 (right) C. reinhardtii cells subjected to a MFSC of salinity (S), cadmium (Cd), excess 543 
light (EL), acidic pH (pH), and/or paraquat (PQ). B) Heatmap of protein expression level of 544 
the different ROS metabolizing proteins in WT and rbo1 in the absence of stress (CT). In 545 
support of Figure 5. 546 

Figure S8. Gene ontology (GO) annotation of conserved proteins with a significant change in 547 
abundance in response to multifactorial stress combination. A) GO annotation of proteins 548 
common to Arabidopsis and C. reinhardtii from Figure 5D. B) GO annotation of proteins 549 
common to C. reinhardtii and rice from Figure 5D. C) GO annotation of proteins common to 550 
rice and Arabidopsis from Figure 5D. In support of Figure 5. 551 

 552 

List of Supplementary Tables 553 

Table S1. Proteins altered in Chlamydomonas wild type in response to cadmium (Cd), 554 
compared to control. 555 

Table S2. Proteins altered in Chlamydomonas wild type in response to salinity (S), compared 556 
to control. 557 

Table S3. Proteins altered in Chlamydomonas wild type in response to excess light (EL), 558 
compared to control. 559 

Table S4. Proteins altered in Chlamydomonas wild type in response to paraquat (PQ), 560 
compared to control. 561 
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compared to control. 595 

Table S22. Proteins altered in Chlamydomonas rbo1 mutant in response to pH = 5.5, compared 596 
to control. 597 

.CC-BY-ND 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted May 19, 2025. ; https://doi.org/10.1101/2025.05.16.654601doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.16.654601
http://creativecommons.org/licenses/by-nd/4.0/


16 
 

Table S23. Proteins altered in Chlamydomonas rbo1 mutant in response to salinity and 598 
paraquat (S+PQ), compared to control. 599 

Table S24. Proteins altered in Chlamydomonas rbo1 mutant in response to salinity and 600 
cadmium (S+Cd), compared to control. 601 

Table S25. Proteins altered in Chlamydomonas rbo1 mutant in response to paraquat and 602 
cadmium (PQ+Cd), compared to control. 603 

Table S26. Proteins altered in Chlamydomonas rbo1 mutant in response to excess light and 604 
salinity (EL+S), compared to control. 605 

Table S27. Proteins altered in Chlamydomonas rbo1 mutant in response to excess light and 606 
cadmium (EL+Cd), compared to control. 607 

Table S28. Proteins altered in Chlamydomonas rbo1 mutant in response to paraquat and excess 608 
light (PQ+EL), compared to control. 609 

Table S29. Proteins altered in Chlamydomonas rbo1 mutant in response to salinity, paraquat 610 
and cadmium (S+PQ+Cd), compared to control. 611 

Table S30. Proteins altered in Chlamydomonas rbo1 mutant in response to salinity, cadmium 612 
and excess light (S+Cd+EL), compared to control. 613 

Table S31. Proteins altered in Chlamydomonas rbo1 mutant in response to salinity, paraquat 614 
and excess light (S+PQ+EL), compared to control. 615 

Table S32. Proteins altered in Chlamydomonas rbo1 mutant in response to salinity, cadmium 616 
and excess light (PQ+Cd+EL), compared to control. 617 

Table S33. Proteins altered in Chlamydomonas rbo1 mutant in response to salinity, paraquat, 618 
cadmium and excess light (S+PQ+Cd+EL), compared to control. 619 

Table S34. Proteins altered in Chlamydomonas rbo1 mutant in response to salinity, paraquat, 620 
cadmium, excess light and pH=5.5 (S+PQ+Cd+EL+pH), compared to control. 621 

Table S35. Proteins significantly altered in response to 3-, 4- and 5- stress combination in 622 
Chlamydomonas wild type. 623 

Table S36. Arabidopsis thaliana homologs of the Chlamydomonas proteins significantly 624 
altered in response to 3-, 4- and 5- stress combination (from Table S35). 625 

Table S37. Significant proteins altered in response to 3-, 4-, and 5- stress combination in rice 626 
(data extracted from Sinha et al. 2024). 627 

Table S38. Significant transcripts altered in response to 3-, 4-, 5- and 6- multifactorial stress 628 
combination in Arabidopsis thaliana (data extracted from Zandalinas et al. 2021) and common 629 
to significant proteins expressed in WT Chlamydomonas reinhardtii in response to 3-, 4- and 630 
5- multifactorial stress combination. 631 

Table S39. Significant proteins altered in response to 3-, 4-, and 5- multifactorial stress 632 
combination in rice (data extracted from Sinha et al. 2024) and common to significant proteins 633 
expressed in WT Chlamydomonas reinhardtii in response to 3-, 4- and 5- multifactorial stress 634 
combination.  635 
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Table S40. Significant transcripts altered in response to 3-, 4-, 5- and 6- multifactorial stress 636 
combination in Arabidopsis thaliana (data extracted from Zandalinas et al. 2021) and common 637 
to significant proteins altered in response to 3-, 4-, and 5- multifactorial stress combination in 638 
rice (data extracted from Sinha et al. 2024). 639 

Table S41. Significant transcripts altered in response to 3-, 4-,  5- and 6- multifactorial stress 640 
combination in Arabidopsis thaliana (data extracted from Zandalinas et al. 2021) and common 641 
to significant proteins altered in response to 3-, 4-, and  5- multifactorial stress combination in 642 
rice (data extracted from Sinha et al. 2024) and significant proteins altered in response to 3-, 643 
4-, and  5- multifactorial stress combination in WT Chlamydomonas. 644 

Table S42. Significant proteins related to ROS wave altered in response to multifactorial stress 645 
combination in WT Chlamydomonas reinhardtii. 646 

Table S43. Significant proteins related to ROS wave altered in response to multifactorial stress 647 
combination in rbo1 Chlamydomonas reinhardtii. 648 

Table S44. Significant proteins related to Fe-S proteins, oxidoreductases, ion channels, 649 
photosynthesis proteins and ATPase-coupled transporters altered in response to individual 650 
stresses in WT Chlamydomonas reinhardtii. Growth rate at 24h is also included.  651 

Table S45. Significant proteins related to Fe-S proteins, oxidoreductases, ion channels, 652 
photosynthesis proteins and ATPase-coupled transporters altered in response to individual 653 
stresses in rbo1 Chlamydomonas reinhardtii. Growth rate at 24h is also included.  654 

Table S46. Proteins related to ROS wave expression values under non-stress conditions in WT 655 
and rbo1 Chlamydomonas reinhardtii.  656 

 657 
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Figure 1. The response of C. reinhardtii to a 
multifactorial stress combination of five different 
abiotic stresses. A) and B) The negative impacts of 
multifactorial stress combination (MFSC) on the 
growth rate (A) and chlorophyll content (B) of wild 
type (WT) and the respiratory burst oxidase homolog 
1 (rbo1) mutant of C. reinhardtii grown in liquid 
cultures. Salinity (S; 120 mM), cadmium (Cd; 300 
µM), excess light (EL; 700 μmol m−2 s−1; a 7-fold 
increase over control growth conditions), acidic pH 
(pH; pH 5.5), and the herbicide paraquat (PQ; 50 
nM) were used to generate 1-, 2-, 3-, 4-, and 5-stress 
combinations. C) Hydrogen peroxide (H2O2) levels 
in the media of WT and rbo1 cells subjected to the 
MFSC conditions shown in A and B. All 
experiments were repeated in 3 biological repeats, 
each with at least 3 technical repeats. In the graphs,
1 represents an average of all individual stresses (S,
Cd, EL, pH, PQ), 2 represents an average of all 2-
stress combinations (S+Cd, S+EL, S+PQ, Cd+EL,
Cd+PQ, EL+PQ ), 3 represents an average of all 3-
stress combinations (Cd+EL+S, EL+S+PQ,
Cd+EL+PQ, Cd+ S+PQ), 4 represents the 4-stress
combination (Cd+EL+S+PQ), and 5 is the 5-stress
combination (Cd+EL+S+PQ+pH). Statistical
analysis was performed by 2-way ANOVA followed
by a Fisher post hoc test (different letters denote
statistical significance at p < 0.05).
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Figure 2. Enhanced aggregation in wild type and the rbo1 mutant in response to a multifactorial stress combination of five different abiotic stresses. 
A) Enhanced number of aggregates (top) and decreased number of individual cells (bottom) in wild type (WT) and the respiratory burst oxidase 
homolog 1 (rbo1) mutant of C. reinhardtii subjected to multifactorial stress combination (MFSC; as described in Figure 1). B) Representative images 
of WT and rbo1 cells grown under control (CT) conditions or subjected to a MFSC of salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), 
and (PQ) combined (5-stress MFSC). All experiments were repeated in 3 biological repeats, each with at least 3 technical repeats. Statistical analysis
was performed by 2-way ANOVA followed by a Fisher post hoc test (different letters denote statistical significance at p < 0.05). Bars in images
indicate 100 µm.
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Figure 3. Enhanced aggregation in C. reinhardtii wild type and rbo1 cells in response to exogenous H2O2 application, and recovery from MFSC. A) Enhanced number of aggregates in 
wild type (WT) and the respiratory burst oxidase homolog 1 (rbo1) mutant of C. reinhardtii treated with different concentrations of H2O2. B) Representative images of WT and rbo1 cells 
grown under control (CT) conditions or subjected different concentrations of H2O2. C) Recovery from the 24 hour 4- and 5- MFSCs (Cd+EL+S+PQ, Cd+EL+S+PQ+pH, respectively)
measure by culture OD750. D) Same as in C, but measured by the ratio between variable and maximum fluorescence (Fv/Fm). E) Representative images of C. reinhardtii cultures imaged
for Fv/Fm.  All experiments were repeated in 3 biological repeats, each with at least 3 technical repeats. Statistical analysis was performed by 2-way ANOVA followed by a Fisher post hoc 
test (different letters denote statistical significance at p < 0.05), or by two-tailed Student’s t-test (asterisks denote statistical significance at p < 0.05 compared to time 0 hour). Bars in 
images indicate 100 µm.
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Figure 4. Proteomics analysis of wild type C. reinhardtii cells subjected to a multifactorial stress combination of five different abiotic stresses. A) 
Venn (top) and upset (bottom) plots showing the overlap between different proteins with a significant change in abundance in response to treatment 
with salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat (PQ). B) and C) Upset plots showing the overlap between different 
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treatments (C). D) Gene ontology (GO) annotation of proteins with a significant change in abundance in response to 4- (left) or 5- (right) stress 
combinations. 
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Figure 5. Proteomics analysis of rbo1 C. reinhardtii cells subjected to multifactorial stress combination (MFSC) and a comparison between the 
responses of Arabidopsis thaliana and C. reinhardtii to MFSC. A) Gene ontology (GO) annotation of proteins with a significant change in 
abundance in response to 4- (left) or 5- (right) stress combinations in the respiratory burst oxidase homolog 1 (rbo1) mutant. B) Partial heatmaps of 
reactive oxygen species (ROS) metabolizing enzymes abundance in WT (left) and rbo1 (right) cells subjected to a MFSC of salinity (S), cadmium 
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2437

160381
165

Number of proteins

CHLRE_09g417150v5 Catalase
CHLRE_09g401886v5 Cytochrome c peroxidase, mitochondrial
CHLRE_16g687294v5 Ferredoxin thioredoxin reductase
CHLRE_03g193950v5 Ferredoxin-thioredoxin reductase, chloroplastic
Fer1 Ferritin
CHLRE_01g014350v5 Glutaredoxin-dependent peroxiredoxin
CHLRE_10g449550v5 Glutaredoxin-dependent peroxiredoxin
CHLRE_10g456750v5 Glutathione dehydrogenase (ascorbate)
CHLRE_07g319500v5 Glutathione gamma-glutamylcysteinyltransferase
CHLRE_03g197750v5 Glutathione peroxidase
GPX5 Glutathione peroxidase-like peroxiredoxin GPX5
CHLRE_06g285150v5 L-ascorbate peroxidase
apx1 L-ascorbate peroxidase
CHLRE_17g712100v5 Monodehydroascorbate reductase (NADH)
CHLRE_02g114600v5 Peroxiredoxin
thioredoxin peroxidase Peroxiredoxin
CHLRE_06g263550v5 Peroxiredoxin-like 2A
MSD1 Superoxide dismutase
MSD2 Superoxide dismutase
MSD3 Superoxide dismutase
FSD1 Superoxide dismutase

8.21E-04
1.18E-03
2.75E-04
2.75E-04
9.24E-04
1.08E-03
1.08E-03
2.64E-04
6.27E-04
3.59E-05
3.59E-05
1.78E-04
8.57E-07
1.79E-06
3.10E-04
6.26E-06
1.05E-03
5.12E-05
1.30E-03
5.93E-07
5.93E-07
5.14E-06
5.76E-04
1.41E-04
1.91E-06
1.61E-04
9.30E-05
2.98E-04
9.57E-12
9.57E-12
4.87E-10
1.72E-11
3.72E-10
1.98E-04
5.02E-04
6.40E-04
4.71E-04
5.34E-04
1.02E-03
7.04E-04
5.50E-11

1.01E-03
5.68E-04
1.14E-03

4.10E-04
4.10E-04

1.76E-15
2.18E-15

1.22E-13
1.84E-10
4.85E-05

0 50 100 150 200 250

cilium-dependent cell motility
cilium or flagellum-dependent cell motility

cilium movement
proton motive force-driven ATP synthesis

ATP biosynthetic process
ATP metabolic process

cell motility
isoprenoid metabolic process

isoprenoid biosynthetic process
monocarboxylic acid biosynthetic process

purine ribonucleoside triphosphate biosynthetic process
purine nucleoside triphosphate biosynthetic process

nucleoside triphosphate biosynthetic process
nucleoside triphosphate metabolic process

purine nucleoside triphosphate metabolic process
ribonucleoside triphosphate biosynthetic process

ribonucleoside triphosphate metabolic process
purine ribonucleoside triphosphate metabolic process

electron transport chain
intraciliary transport

transport along microtubule
cytoskeleton-dependent intracellular transport

microtubule-based transport
protein-containing complex localization

purine ribonucleotide biosynthetic process
purine nucleotide biosynthetic process

purine-containing compound biosynthetic process
ribonucleotide biosynthetic process

ribose phosphate biosynthetic process
purine nucleotide metabolic process

purine-containing compound metabolic process
microtubule-based movement

carboxylic acid metabolic process
intracellular transport

establishment of localization in cell
oxoacid metabolic process

organic acid metabolic process
cilium organization

plasma membrane bounded cell projection organization
cell projection organization
microtubule-based process

cellular localization
organelle organization

small molecule metabolic process
cellular component organization

cellular component organization or biogenesis
organonitrogen compound metabolic process

cellular metabolic process
metabolic process

cellular process
Unclassified

Number of proteins

Negative regulation of translational frameshifting
Negative regulation of translational elongation

Regulation of translational frameshifting
Regulation of nucleobase-containing compound metabolic process

Ammonia assimilation cycle
Nitrogen utilization

Intracellular nitrogen homeostasis
Geranylgeranyl diphosphate biosynthetic process

Geranylgeranyl diphosphate metabolic process
Geranyl diphosphate biosynthetic process

Geranyl diphosphate metabolic process
Nitrate assimilation

Nitrate metabolic process
Reactive nitrogen species metabolic process

Nitrogen cycle metabolic process
Farnesyl diphosphate biosynthetic process

Farnesyl diphosphate metabolic process
Response to arsenic-containing substance

Glutamine family amino acid biosynthetic process
Glutamate metabolic process
Glutamine metabolic process

Protein repair
Ribosomal small subunit assembly

Glutamine family amino acid metabolic process
Ribosomal small subunit biogenesis
Dicarboxylic acid metabolic process

Protein-rna complex assembly
Sulfur compound biosynthetic process

Response to nutrient levels
L-amino acid biosynthetic process

Alpha-amino acid biosynthetic process
Amino acid biosynthetic process

Proteinogenic amino acid biosynthetic process
Cellular response to oxidative stress
Cellular response to chemical stress

Proteinogenic amino acid metabolic process
L-amino acid metabolic process

Alpha-amino acid metabolic process
Response to oxidative stress

Amino acid metabolic process
Carboxylic acid biosynthetic process

Organic acid biosynthetic process
Ribonucleoprotein complex biogenesis

Small molecule biosynthetic process
Carboxylic acid metabolic process

Organelle organization
Oxoacid metabolic process

Organic acid metabolic process
Small molecule metabolic process

Response to chemical
Macromolecule biosynthetic process

Rice 3-, 4- and 5-
Stresses
(3,143)

Arabidopsis 3-, 4-, 
5- and 6- Stresses

(3,512)

WT Chlamydomonas
3-, 4- and 5- Stresses

(1,207) 
.CC-BY-ND 4.0 International licensemade available 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 
The copyright holder for this preprintthis version posted May 19, 2025. ; https://doi.org/10.1101/2025.05.16.654601doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.16.654601
http://creativecommons.org/licenses/by-nd/4.0/


0

12

24

36

48

60

72

84

96
150

250

350

450

550

aaa

b

c
c

d d

e

ef

efgefgh

fghi
ghi ghighi

efgh

ghi ghihi hi
i i i

i
iii

i
i

i
ii

fghi

i

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0h 12h 24h

O
D

75
0

WT

CT

Cd

PQ

S

pH

EL

S+PQ

S+Cd

PQ+Cd

EL+S

PQ+EL

EL+Cd

S+PQ+Cd

S+PQ+EL

S+Cd+EL

PQ+Cd+EL

S+PQ+Cd+EL

S+PQ+Cd+EL+pH

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0h 12h 24h

O
D

75
0

rbo1

CT

Cd

PQ

S

pH

EL

S+PQ

S+Cd

PQ+Cd

EL+S

PQ+EL

EL+Cd

S+PQ+Cd

S+PQ+EL

S+Cd+EL

PQ+Cd+EL

S+PQ+Cd+EL

S+PQ+Cd+EL+pH

Figure S1. The impacts of multifactorial stress combination (MFSC) on the growth rate (A, B), chlorophyl (C) and media H2O2 (D) content, and aggregation (E, F) of C. reinhardtii
wild type (WT) and the respiratory burst oxidase homolog 1 (rbo1) mutant cells. Cells were grown in liquid TAP media cultures and subjected to: Salinity (120 mM; S), cadmium
(300 µM; Cd), excess light (700 μmol m−2 s−1; a 7-fold increase over control growth conditions; EL/HL), acidic pH (pH 5.5; pH), and paraquat (50 nM; PQ) in 1-, 2-, 3-, 4-, and 5-
stress combinations. All experiments were repeated in 3 biological repeats, each with at least 3 technical repeats. In support of Figures 1 and 2. 
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Figure S3. Gene ontology (GO) annotation of wild type (WT) proteins with a significant change in abundance in response 
to multifactorial stress combination. A) GO annotation of proteins with a significant change in abundance in 
response to treatment with salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat (PQ). B) Same as A, 
but for all 2-stress combinations. C) Same as A, but for all 3-, 4-, and 5-stress combinations. D) Heatmaps of Fe-S proteins,
oxidorrecductases, ion channels, photosynthesis proteins and ATPase-cpupled transporters in WT (left) and rbo1 (right) C.
reinhardtii cells subjected to a MFSC of salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), and/or paraquat (PQ).
In support of Figures 4 and 5.
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Figure S3. Gene ontology (GO) annotation of wild type (WT) proteins with a significant change in abundance in response 
to multifactorial stress combination. A) GO annotation of proteins with a significant change in abundance in 
response to treatment with salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat (PQ). B) Same as A, 
but for all 2-stress combinations. C) Same as A, but for all 3-, 4-, and 5-stress combinations. D) Heatmaps of Fe-S proteins,
oxidorrecductases, ion channels, photosynthesis proteins and ATPase-cpupled transporters in WT (left) and rbo1 (right) C.
reinhardtii cells subjected to a MFSC of salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), and/or paraquat (PQ).
In support of Figures 4 and 5.
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Figure S3. Gene ontology (GO) annotation of wild type (WT) proteins with a significant change in abundance in response 
to multifactorial stress combination. A) GO annotation of proteins with a significant change in abundance in 
response to treatment with salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat (PQ). B) Same as A, 
but for all 2-stress combinations. C) Same as A, but for all 3-, 4-, and 5-stress combinations. D) Heatmaps of Fe-S proteins,
oxidorrecductases, ion channels, photosynthesis proteins and ATPase-cpupled transporters in WT (left) and rbo1 (right) C.
reinhardtii cells subjected to a MFSC of salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), and/or paraquat (PQ).
In support of Figures 4 and 5.

.CC-BY-ND 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted May 19, 2025. ; https://doi.org/10.1101/2025.05.16.654601doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.16.654601
http://creativecommons.org/licenses/by-nd/4.0/


C
d

S PQ H
L

pH

CHLRE_07g338350v5 Iron-sulfur cluster biosynthesis family
CHLRE_06g310950v5 FAD-dependent oxidoreductase domain-containing protein 1
CHLRE_09g394658v5 NADP-dependent oxidoreductase domain-containing protein
CHLRE_09g416150v5 Mitochondrial NADH:ubiquinone oxidoreductase 19 kDa subunit
CHLRE_10g459750v5 Mitochondrial NADH:ubiquinone oxidoreductase 7.5 kDa subunit
CHLRE_10g461900v5 NADP-dependent oxidoreductase domain-containing protein
CHLRE_17g727300v5 NADH:flavin oxidoreductase/NADH oxidase N-terminal domain-containing protein
CHLRE_04g216350v5 NADP-dependent oxidoreductase domain-containing protein
CHLRE_10g434450v5 Putative NADH:ubiquinone oxidoreductase 39 kDa subunit
CHLRE_12g493500v5 FAD dependent oxidoreductase domain-containing protein
CHLRE_07g346800v5 FAD dependent oxidoreductase domain-containing protein
CHLRE_16g692800v5 NADP-dependent oxidoreductase domain-containing protein
Gclp1 Mitochondrial NADH:ubiquinone oxidoreductase 32 kDa subunit
CHLRE_01g015350v5 NADPH-protochlorophyllide oxidoreductase
CHLRE_02g095127v5 NADP-dependent oxidoreductase domain-containing protein
CHLRE_02g096350v5 FAD dependent oxidoreductase domain-containing protein
CHLRE_16g684750v5 NADP-dependent oxidoreductase domain-containing protein
CHLRE_14g617826v5 Mitochondrial NADH:ubiquinone oxidoreductase 23 kDa subunit
CHLRE_11g467622v5 NADP-dependent oxidoreductase domain-containing protein
CHLRE_03g178250v5 NADH:ubiquinone oxidoreductase 13 kD-like subunit
CHLRE_03g201327v5 NADP-dependent oxidoreductase domain-containing protein
CHLRE_06g294450v5 NADP-dependent oxidoreductase domain-containing protein
CHLRE_05g245158v5 Anion-transporting ATPase-like domain-containing protein
CHLRE_06g263950v5 Cation-transporting P-type ATPase N-terminal domain-containing protein
CHLRE_09g388850v5 Calcium-transporting ATPase
CHLRE_09g398400v5 Ion transport domain-containing protein
CHLRE_09g410050v5 Cation-transporting P-type ATPase N-terminal domain-containing protein
FTR1 Iron transporter Ftr1
CHLRE_16g681750v5 Calcium-transporting ATPase
PTB2 Phosphate transporter
CTR1 Transmembrane copper transporter CTR1
CHLRE_02g144300v5 Sugar phosphate transporter domain-containing protein
CHLRE_10g434600v5 Ion transport domain-containing protein
atpB ATP synthase subunit beta, chloroplastic
atpE ATP synthase epsilon chain, chloroplastic
atpH ATP synthase subunit c, chloroplastic
atpI ATP synthase subunit a, chloroplastic
CHLRE_01g030650v5 Photolyase/cryptochrome alpha/beta domain-containing protein
CHLRE_12g486300v5 PSI subunit V
LhcI-1 Chlorophyll a-b binding protein, chloroplastic
psaC Photosystem I iron-sulfur center
psbH Photosystem II reaction center protein H
REP27 Photosystem-II repair protein
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psbL Photosystem II reaction center protein L
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Figure S3. Gene ontology (GO) annotation of wild type (WT) proteins with a significant change in abundance in response 
to multifactorial stress combination. A) GO annotation of proteins with a significant change in abundance in 
response to treatment with salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat (PQ). B) Same as A, 
but for all 2-stress combinations. C) Same as A, but for all 3-, 4-, and 5-stress combinations. D) Heatmaps of Fe-S proteins,
oxidorrecductases, ion channels, photosynthesis proteins and ATPase-cpupled transporters in WT (left) and rbo1 (right) C.
reinhardtii cells subjected to a MFSC of salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), and/or paraquat (PQ).
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Figure S4. Proteomics analysis of respiratory burst oxidase homolog 1 (rbo1) C. reinhardtii cells subjected to a multifactorial stress combination of five different abiotic 
stresses. A) Venn (top) and upset (bottom) plots showing the overlap between different proteins with a significant change in abundance in response to treatment with 
salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat (PQ). B) and C) Upset plots showing the overlap between different proteins with a significant 
change in abundance in response to all 2-stress combination treatments (B), or all 3-, 4-, and 5-stress combination treatments (C). D) Gene ontology (GO) annotation of 
proteins with a significant change in abundance in response to 4- (left) or 5- (right) stress combinations. In support of Figures 4 and 5.
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Figure S5. Venn diagrams showing the overlap between proteins with a significant change in abundance in C. reinhardtii wild type (WT) and respiratory burst oxidase homolog 1 (rbo1) cells 
subjected to: Salinity (120 Mm; S), cadmium (300 µM; Cd), excess light (700 μmol m−2 s−1; a 7-fold increase over control growth conditions; EL), acidic pH (pH 5.5; pH), and paraquat (50 nM; PQ) 
in 1-, 2-, 3-, 4-, and 5-stress combinations. In support of Figures 4 and 5.
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Figure S6. Gene ontology (GO) annotation of respiratory burst oxidase homolog 1 (rbo1) C. reinhardtii proteins with a significant change in abundance in 
response to multifactorial stress combination. A) GO annotation of proteins with a significant change in abundance in response to treatment with salinity (S), 
cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat (PQ). B) Same as A, but for all 2-stress combinations. C) Same as A, but for all 3-, 4-, and 5-
stress combinations. In support of Figures 4 and 5. Fold change data is available in the supplemental tables S42 and S43.
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Figure S6. Gene ontology (GO) annotation of respiratory burst oxidase homolog 1 (rbo1) C. reinhardtii proteins with a significant change in abundance in 
response to multifactorial stress combination. A) GO annotation of proteins with a significant change in abundance in response to treatment with salinity (S), 
cadmium (Cd), excess light (EL), acidic pH (pH), or paraquat (PQ). B) Same as A, but for all 2-stress combinations. C) Same as A, but for all 3-, 4-, and 5-
stress combinations. In support of Figures 4 and 5. Fold change data is available in the supplemental tables S42 and S43.
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Figure S6. Gene ontology (GO) annotation of respiratory burst oxidase homolog 1 (rbo1) C. reinhardtii proteins with a 
significant change in abundance in response to multifactorial stress combination. A) GO annotation of proteins with a 
significant change in abundance in response to treatment with salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), 
or paraquat (PQ). B) Same as A, but for all 2-stress combinations. C) Same as A, but for all 3-, 4-, and 5-stress combinations. 
In support of Figures 4 and 5. Fold change data is available in the supplemental tables S42 and S43.
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CELRE_07g328075v5 Uncharacterized protein
CELRE_07g350750v5 Ubiquinol oxidase
CELRE_10g463900v5 Uncharacterized protein

-3 30

CELRE_12g530100v5 Acid phosphatase/vanadium-dependent haloperoxidase-related protein
CELRE_11g467630v5 Amidase domain-containing protein
CELRE_17g715350v5 Arf-GAP domain-containing protein
CELRE_09g417150v5 Catalase
CELRE_09g401886v5 Cytochrome c peroxidase, mitochondrial
CELRE_12g553700v5 DSBA-like thioredoxin domain-containing protein
CELRE_03g188300v5 FAD-binding FR-type domain-containing protein
CELRE_16g687294v5 Ferredoxin thioredoxin reductase α-domain-containing protein
CELRE_03g193950v5 Ferredoxin-thioredoxin reductase, cELoroplastic
Fer1 Ferritin
CELRE_01g014350v5 Glutaredoxin-dependent peroxiredoxin
CELRE_10g449550v5 Glutaredoxin-dependent peroxiredoxin
CELRE_10g456750v5 Glutathione dehydrogenase (ascorbate)
CELRE_07g319500v5 Glutathione gamma-glutamylcysteinyltransferase
CELRE_03g197750v5 Glutathione peroxidase
GPX5 Glutathione peroxidase-like peroxiredoxin GPX5
CELRE_05g247550v5 Glutathione S-transferase
CELRE_15g636800v5 Glutathione S-transferase
CELRE_02g142200v5 Glutathione S-transferase
CELRE_15g636750v5 Glutathione S-transferase
CELRE_01g044700v5 Glutathione S-transferase
CELRE_17g710800v5 Glutathione synthetase
CELRE_17g742450v5 Glutathione transferase
CELRE_09g396252v5 Glutathione-disulfide reductase
CELRE_04g216100v5 Lactoylglutathione lyase
CELRE_06g285150v5 L-ascorbate peroxidase
APX1 L-ascorbate peroxidase
CELRE_17g712100v5 Monodehydroascorbate reductase (NADH)
CELRE_03g210513v5 NADH:flavin oxidoreductase/NADH oxidase N-terminal domain-containing protein
CELRE_01g050150v5 NADH:flavin oxidoreductase/NADH oxidase N-terminal domain-containing protein
CELRE_02g114600v5 Peroxiredoxin
thioredoxin peroxidase Peroxiredoxin
CELRE_06g263550v5 Peroxiredoxin-like 2ª
CELRE_05g240000v5 Phosphatidic acid phosphatase type 2/haloperoxidase domain-containing protein
CELRE_01g045700v5 Plant heme peroxidase family profile domain-containing protein
CELRE_05g233900v5 Plant heme peroxidase family profile domain-containing protein
CELRE_02g120250v5 Protein kinase domain-containing protein
CELRE_03g158800v5 S-formylglutathione hydrolase
MSD1 Superoxide dismutase
MSD2 Superoxide dismutase
MSD3 Superoxide dismutase
FSD1 Superoxide dismutase
CELRE_02g093750v5 Thioredoxin domain-containing protein
CELRE_04g232602v5 Thioredoxin domain-containing protein
CELRE_05g243050v5 Thioredoxin domain-containing protein
CELRE_07g315100v5 Thioredoxin domain-containing protein
CELRE_07g326600v5 Thioredoxin domain-containing protein
CELRE_07g328150v5 Thioredoxin domain-containing protein
CELRE_12g509250v5 Thioredoxin domain-containing protein
CELRE_13g585350v5 Thioredoxin domain-containing protein
CELRE_13g586050v5 Thioredoxin domain-containing protein
CELRE_14g624201v5 Thioredoxin domain-containing protein
CELRE_17g712850v5 Thioredoxin domain-containing protein
CELRE_17g732850v5 Thioredoxin domain-containing protein
TRXo Thioredoxin o
Q9FE86 Thioredoxin peroxidase
TRXf1 Thioredoxin f1
CELRE_01g054150v5 Thioredoxin reductase
CELRE_07g355600v5 Thioredoxin reductase
TRXx Thioredoxin x
CELRE_10g422300v5 Thioredoxin-dependent peroxiredoxin
CELRE_17g743897v5 Thioredoxin-dependent peroxiredoxin
CELRE_08g368400v5 Thioredoxin-disulfide reductase
CELRE_03g172500v5 Ubiquinol oxidase
CELRE_07g328075v5 Uncharacterized protein
CELRE_07g350750v5 Ubiquinol oxidase
CELRE_10g463900v5 Uncharacterized protein

Figure S7. Heatmaps of reactive oxygen species (ROS) metabolizing enzymes abundance in WT and the rbo1 mutant. A) Heatmaps of ROS metabolizing enzymes abundance in WT (left)
and rbo1 (right) C. reinhardtii cells subjected to a MFSC of salinity (S), cadmium (Cd), excess light (EL), acidic pH (pH), and/or paraquat (PQ). B) Heatmap of protein expression level of
the different ROS metabolizing proteins in WT and rbo1 in the absence of stress (CT). In support of Figure 5.
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Figure S8. Gene ontology (GO) annotation of conserved proteins with a significant change in abundance in response to multifactorial stress combination. A) GO annotation of proteins common to Arabidopsis and C. reinhardtii from Figure 5D.
B) GO annotation of proteins common to C. reinhardtii and rice from Figure 5D. C) GO annotation of proteins common to rice and Arabidopsis from Figure 5D. In support of Figure 5.
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