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Abstract 26 
Chlamydomonas reinhardtii is a unicellular green alga long studied as a biological model system but 27 
rarely considered from the perspective of its own ecology, thus epitomizing the disconnection between 28 
reductionist biology in the laboratory and life in nature. Here we present insights into its ecology 29 
understood from field strains. We examined bacterial communities that coenriched with C. reinhardtii 30 
from the field, revealing specific associations. We then compared the biology of C. reinhardtii field 31 
strains to laboratory strains, illuminating strain level heterogeneity and adaptations to life in the field vs. 32 
laboratory. Field strains exhibited more robust photosynthesis, higher abundances of pherophorin 33 
proteins, a propensity for pallmeloid formation, and high cell wall permeability. Finally, we phenotyped 34 
cocultures of C. reinhardtii with a coenriched bacterial partner, demonstrating how differences between 35 
field and laboratory strains manifest in biotic interactions. Although the organisms in question are 36 
classically understood as unicellular, our observations of field strains highlighted their participation in 37 
multicellular units, challenging the utility of unicellular frameworks in extending our knowledge of model 38 
organism biology in the laboratory towards understanding microbial ecology. 39 
 40 
Introduction 41 

Ecosystem complexity obscures details of microbiological function. Therefore, much of our 42 
microbiology knowledge comes from the reductionist approach of examining isolated organisms in the 43 
laboratory. While a large fraction of microbial diversity remains recalcitrant to cultivation, a few 44 
organisms became highly studied model systems and gave us substantial mechanistic understanding of 45 
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biology that would be impossible to resolve in environmental context. However, in lacking that context, 46 
what we learn from these systems may not accurately reflect how microbes operate in nature. 47 
 The unicellular green alga Chlamydomonas reinhardtii is a flagship model organism of the 48 
reductionist tradition [1,2]. C. reinhardtii has been extensively studied for almost a century, but 49 
predominantly as a model to understand other organisms—from chloroplast biology of plants to ciliary 50 
function of animal cells—receiving little attention for its own ecology. Moreover, C. reinhardtii is native 51 
to soil, a notoriously complex and difficult microbial ecosystem to study [3]. Thus, C. reinhardtii 52 
epitomizes the disconnect between reductionist biology and ecology. We have a wealth of knowledge 53 
concerning its biology in the laboratory, with almost no understanding of how that knowledge relates to 54 
the environment.  55 

Field strains are a bridge between the model system and the environment. We hypothesized that 56 
C. reinhardtii field strains recently removed from the environment would exhibit traits reflecting their 57 
ecology that were lost from laboratory strains selected over the years for manipulability in culture. 58 
Previous investigations have demonstrated extremely high genomic diversity among C. reinhardtii field 59 
strains [4,5], of which an extensive investigation to generate a pangenome is underway. Here, we focused 60 
on phenotypic differences, using proteomics to capture a comprehensive view of biological function 61 
complemented with observations of metabolism, physiology, and lifecycle. We found that unlike the 62 
baseline unicellular phenotype exhibited by common laboratory strains, the field strains displayed 63 
characteristics previously described in the context of the evolution of multicellularity [6–9]. We also 64 
identified bacteria associated with C. reinhardtii from the field and examined cocultures with those 65 
potential symbionts; unlike cocultures with the laboratory strains that grew as individual planktonic cells, 66 
cocultures with the field strains developed multicellular physical associations resembling biofilms. 67 
Together, our results emphasize the importance of understanding that biology does not exist in isolation—68 
it evolved and operates in the context of interactions.  69 

 70 
Materials and Methods  71 
Soil sampling 72 

We collected soil samples from Hampshire College Farm (Amherst, MA, USA) and Paradise 73 
Valley Farm (Bolinas, CA, USA). Field sites are described in Figure S1. Samples were collected from the 74 
soil surface (≤ 1 cm depth), in sterile Falcon tubes using implements sterilized with 70% ethanol.   75 
 76 
Strains and culture conditions 77 

We used the C. reinhardtii reference genome strain CC-4532 (Mets strain 2137 mt-) as our 78 
primary laboratory strain, CC-5390 (cw15 arg7-8:(ARG7) mt+ [Matagne 325 background]) as an 79 
example of a cell wall deficient laboratory strain, and AHS-32 (mt-, closely related to strain S24- [10], 80 
full haplotype information reported by Dupuis et al, 2024 [11]) as a standard laboratory strain for specific 81 
coculture experiments to enable direct comparison to prior work [11]. We obtained xenic field strains 82 
from the Greater Toronto Area (GTA), Ontario, Canada (BMS-1, CB6-3, CL3-1, JG4-1, W13-1, and 83 
W13-2) from Rob Ness at the University of Toronto. Amherst and Bolinas strains were enriched from soil 84 
samples in Bold’s minimal medium under continuous light with a photon flux density (PFD) of ~100 85 
µmol photons/m2/s. Enrichments were spread on agar plates and algal colonies were screened by PCR 86 
using the primer sets described by Ford et al [12]. Algal and bacterial isolates were separated from xenic 87 
cultures by serial streaking to single colonies. Algal isolates were also treated with a cocktail of 88 
antibiotics and antifungals as described by Kan et al [13]. Our experimental work focused on algal strains 89 
JG4-1 and W13-2 and bacterial strain Brevundimonas Bl-2. This choice was driven by the fact that we 90 
had JG4-1 and Bl-2 isolated into pure cultures relatively early in this work, and the data we had generated 91 
up to that point on bacterial associates of C. reinhardtii implicated the genus Brevundimonas more 92 
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frequently than any other bacterium. Thus, JG4-1 and Bl-2 represented a promising natural pairing that 93 
we could examine separately or together. We chose W13-2 as an additional algal subject to capture some 94 
of the diversity represented among the GTA set, as W13-2 was the most divergent from JG4-1 by the 95 
YPT4 gene [12]. The Amherst and Bolinas strains had not been isolated yet at the time of this choice, and 96 
therefore are featured in the community analyses but not experimental components of this study.  97 

Media formulations are provided in Supplemental Tables S1-S3. Algal cultures were maintained 98 
on TP or TAP agar plates. Cultures for experiments were grown in liquid TP, TAP, TAP-Fe, or HSM 99 
medium, in the dark or under continuous white light (PFD of 200 µmol photons/m2/s), at 24° (for trophic 100 
comparisons) or 28°C (for cocultures), shaking at 130 rpm. Unless otherwise noted, cells were collected 101 
for analysis ~48 h after inoculation. Culture specifications and cell densities for each experiment are 102 
reported in Supplemental Tables S4-S5. Algal growth was measured by cell counts using a Z2 Coulter 103 
Particle Counter (laboratory strains) or manually in a hemocytometer (field strains). A comparison of 104 
these counting methods can be found in Figure S2. All experiments were inoculated in 3 replicate flasks 105 
following 2 rounds of precultures grown in the same medium background as the experimental condition. 106 
Significance was determined by two-tailed student’s t-test.  107 

Bacterial cultures were grown on TY agar plates or liquid TY, TPY, or HSY, in the dark, at 30°C, 108 
shaking at 200 rpm. Precultures for coculture experiments were grown in liquid medium overnight then 109 
washed in HSM to remove residual preculture medium. Spent medium and cell lysate was prepared as 110 
previously described [11]. Bacterial growth was measured by counting colonies grown from serial 111 
dilutions of culture spotted on TY agar plates. 112 
 113 
Genomic analyses 114 

Illumina sequencing data of xenic GTA strains [12] were retrieved from the European Nucleotide 115 
Archive under accession number PRJEB56236 and imported to KBase [14]. We classified taxonomy of 116 
the raw reads using Kaiju v1.9.0 [15] with the NCBI BLAST nr+euk reference database. To generate 117 
metagenome-assembled genome (MAG) bins, we assembled the reads into contigs using MEGAHIT 118 
v1.2.9 [16], assessed assemblies with QUAST v4.4 [17], binned bacterial genomes with CONCOCT v1.1 119 
[18] and MetaBAT2 v1.7 [19], optimized bins with DAS-Tool v1.1.2 [20], and assessed bins with 120 
CheckM v1.0.18 [21]. We then classified bins with GTDB-tk v2.3.2 [22], annotated them with RASTtk 121 
v1.073 [23], and distilled functional summaries with DRAM [24]. To identify potential gene copy number 122 
variants in W13-2 and JG4-1, we mapped reads from each strain the CC-4532 v6 assembly using bwa 123 
mem [25], computed coverage per nucleotide using the depth command in samtools v1.21 [26], and then 124 
calculated median coverage for coding sequence per gene. 125 

Genomes of bacterial isolates co-enriched with GTA strains were sequenced and assembled by 126 
SeqCenter and deposited in JGI GOLD under organism ID numbers Go0702081, Go0715798, 127 
Go0715799, Go0715800, Go0715801, and Go0715802. 128 

We analyzed the microbial communities in Amherst and Bolinas xenic algal strains and source 129 
soil samples by 18S and 16S rRNA amplicon sequencing. DNA was extracted using the Qiagen 130 
PowerSoil Pro kit. Amplicons were prepared and sequenced by CALeDNA [27]. Data were processed and 131 
deposited using the eDNAexplorer platform [28]. Further taxonomy assignments were done using SILVA 132 
[29]. 18S tree was generated in Geneious, aligned with MUSCLE [30] and built with PhyML [31].  133 
 134 
Proteomic analyses 135 

Samples were prepared and analyzed by TMT-labelled peptide mass spectrometry as previously 136 
described [32]. Raw data were deposited in the MassIVE repository under accession number 137 
MSV000100518. 138 
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Proteomic data are presented here as protein abundance values and z-scores of mean abundance 139 
values across all strains and conditions. The abundance values are derived from reporter ion abundances 140 
extracted from MS2 spectra via MASIC [33], grouped by unique peptide sequence and parsimony filtered 141 
gene ID, summed across within-plex fractions, log2 transformed, and mean central tendency normalized. 142 
Global analyses included all proteins detected above the LOQ in > 2 replicates of all conditions. 143 
Additional proteins detected in all samples of individual strains but not detected in other strains were 144 
included in specific analyses of cell wall and ribosomal proteins. Pherophorins were identified by Pfam 145 
domain PF12499; other proteins of interest were identified by annotations in the C. reinhardtii v6.1 146 
genome. Analyses were conducted using the R packages PCAtools v2.14.0, stats v4.3.2, and 147 
clusterProfiler v4.10.1; and visualized using ggplot2 v3.5.1 and pheatmap v1.0.12.  148 
 149 
Chlorophyll fluorometry 150 

We measured the maximum quantum yield of PSII (Fv/Fm, where Fm is the maximum chlorophyll 151 
fluorescence following a saturating light pulse and Fv is the difference between Fm and F0, the initial 152 
fluorescence of dark-adapted cells) using a Walz IMAG-MAX/L MAXI Imaging PAM, as previously 153 
described [32].  154 
 155 
O2 production and consumption 156 

We measured O2 production and consumption rates using a Hansatech Oxygraph Clark-type 157 
electrode. Respiratory O2 consumption was determined as the O2 consumption rate measured in the dark. 158 
Photosynthetic O2 production was determined as the O2 production rate measured in the light minus the 159 
respiratory rate measured in the dark, as previously described [34].  160 
 161 
ICPMS 162 
 Cells were collected by centrifugation at 2500×g for 3 minutes, washed in 1 mM EDTA pH 8 and 163 
digested in 70% nitric acid at 60°C overnight. Biomass elemental profiles were measured with an Agilent 164 
8900 inductively coupled plasma mass spectrometer (ICPMS), as previously described [35].  165 
 166 
Cell wall permeability  167 
 Cultures were treated with Triton X-100 at a final concentration of 0.1%, mixed for 4 min, and 168 
then collected by centrifugation at 10000×g for 2 min. Absorbance at 680 nm was measured with a plate 169 
reader on starting cultures, supernatants after detergent treatment, and supernatants from control cultures 170 
not treated with detergent. Data are presented as the percent of background subtracted absorbance of the 171 
starting culture released into the supernatant by detergent treatment. 172 
 173 
Total organic carbon 174 
 Cells were collected by centrifugation at 20000×g for 2 minutes and digested in 6N HCl at 65°C 175 
overnight. Supernatants and digested pellets were diluted in milliQ water to obtain total organic carbon 176 
(TOC) concentrations within the linear range (0.5 – 25 μg/mL). Supernatant samples were supplemented 177 
with HCl to the same final concentration as digest samples. The nonpurgable TOC content was 178 
determined with a Shimadzu TOC-L total organic carbon analyzer.  179 
 180 
Microscopy 181 

For light microscopy, cultures were immobilized in a solution of 0.025% I2 and imaged with a 182 
Zeiss Axio Lab A1 microscope. For fluorescence microscopy, cultures were fixed in 4% 183 
paraformaldehyde in the dark for 1 hour at room temperature or 4°C overnight, washed with 1x PBS pH 184 
7, and stored in 1:1 PBS:ethanol at -20°C. Fixed cultures were spotted on 0.22 μm isopore polycarbonate 185 
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filters, washed with sterile water to remove residual salts, and mounted on slides with 5 μg/ml DAPI in 186 
Citifluor antifade mounting medium buffered with PBS. Filters were imaged using a Zeiss Axio Imager 187 
M2 microscope with DAPI (excitation at 350 nm) and CY5 (excitation 620 nm) filter sets. 188 
 189 
Results and Discussion 190 
Soil algae associate with specific bacteria 191 

Interactions between C. reinhardtii and bacteria are often studied as model autotroph-heterotroph 192 
interactions [36]. We hypothesized that field strains and the bacterial partners associated with them in the 193 
environment might engage in interactions distinct from those captured by laboratory strains and model 194 
partners. Therefore, we sought to identify the bacteria that coenriched with C. reinhardtii from the field.  195 

We obtained a set of xenic C. reinhardtii field strains from soil of the Greater Toronto Area 196 
(GTA), Ontario, Canada (strains BMS-1, CB6-3, CL3-1, JG4-1, W13-1, and W13-2, initially described by 197 
Ford et al [12]). Each strain was propagated from a single algal colony and thus contained a clonal 198 
population of the alga, but still retained other organisms that coenriched with the alga from the field. We 199 
conducted an isolation campaign to separate the algae and their associated bacteria into pure cultures, and 200 
recovered bacterial isolates of the genera Brevundimonas, Caulobacter, Hydrogenophaga, 201 
Microbacterium, Pseudomonas, and Variovorax.  202 

For a cultivation-independent window into their microbiota, we examined whole genome 203 
sequencing data generated from the GTA algae in their xenic state [12]. In some cases, we recovered more 204 
reads assigned to bacteria than to the alga itself (Figure S3). We analyzed the bacterial community 205 
composition represented in these data and were struck by the substantial recurrence of the same bacterial 206 
genera in different algal strains from different soil samples (Figure 1A). Genomic comparison of our 207 
Brevundimonas isolates and MAGs from the xenic DNA data demonstrated that the Brevundimonads 208 
associated with each alga were not identical, and therefore their recurrence was not an artifact of cross 209 
contamination (Figure S4). Given the overwhelming complexity of soil microbial communities, such 210 
recurrence suggested specific associations. 211 

To compare algal-associated communities to their source soil communities, we enriched for 212 
additional strains from Amherst, MA, USA and Bolinas, CA, USA (Figure S1). We found abundant C. 213 
reinhardtii in Amherst and other Chlamydomonads but not reinhardtii in Bolinas (Figure S5). We 214 
sequenced 16S rRNA amplicon libraries from xenic algal cultures and source soil samples for microbial 215 
community analyses. We again observed a high overlap in the bacteria detected in the xenic cultures, not 216 
only among C. reinhardtii strains, but also with the Bolinas algae, suggesting similarities in the 217 
phycosphere niche supported by different soil Chlamydomonads. The genera repeatedly coenriched with 218 
C. reinhardtii collectively represented most of the bacteria in the xenic cultures but only a small fraction 219 
in the source soil (Figure 1B). The gene content of all the MAGs we recovered of these bacteria 220 
demonstrated heterotrophy and oxygen respiration capacity (Figure S6), as expected from direct 221 
symbionts of oxygenic primary producers, which does not reflect the metabolic diversity of bulk soil 222 
communities.  223 

We interpreted the bacteria that repeatedly coenriched with C. reinhardtii but were not dominant 224 
members of source soil communities as meaningful symbiotic associations. This interpretation was 225 
strengthened by recent work from other groups. Durán and Flores-Uribe et al [37] seeded soil microbial 226 
communities with C. reinhardtii cultures and identified taxa that were reproducibly enriched in the 227 
presence of the algae. Bai et al [38] published a similar study with freshwater microbial communities. 228 
Both of those analyses highlighted many of the same taxa as ours. Of the 9 bacterial genera that we found 229 
associated with > 3 C. reinhardtii field strains—Acidovorax, Bosea, Brevundimonas, Caulobacter, 230 
Flavobacterium, Hydrogenophaga, Pseudomonas, Sphingomonas, and Variovorax—Durán and Flores-231 
Uribe et al identified 7, and Bai et al identified 8 (Figure 1A).  232 
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 233 
Growth of C. reinhardtii field strains under different trophic conditions 234 

Metabolic activities drive ecological relationships. C. reinhardtii grows autotrophically in the 235 
presence of light and absence of acetate, heterotrophically in the presence of acetate and absence of light, 236 
and mixotrophically in the presence of both light and acetate. To examine differences between field 237 
strains and their laboratory-adapted counterparts across their metabolic landscape, we grew axenic 238 
cultures of two distinct GTA strains (JG4-1 and W13-2) and a reference laboratory strain (CC-4532) 239 
under four different conditions (nutrient replete autotrophic, heterotrophic, mixotrophic, and iron limited 240 
mixotrophic growth, Figure 2A-B). For all strains, we observed the highest growth under mixotrophy, 241 
moderate growth under autotrophy, and low growth under heterotrophy. The only significant differences 242 
between strains were under iron limitation, where we observed growth defects of 62% from CC-4532, 243 
78% from JG4-1, and 87% from W13-2.  244 
 245 
Variance across proteomes is dominated by differences between strains 246 
 To capture a comprehensive window into their biology, we examined the proteomes of each C. 247 
reinhardtii strain grown under each trophic condition. We detected similar ranges of protein abundances 248 
from each sample, indicating that we recovered comparable proteomes across this dataset (Figure S7). 249 
Principal component analysis (PCA) illustrated that the variance among these proteomes was dominated 250 
by differences between strains that persisted across all conditions (Figure 2C) but also captured 251 
differences between conditions (Figure 2D). PC1 separated CC-4532 from both field strains, while PC2 252 
separated all three strains. PC3 separated iron limitation from the other conditions, showing that across all 253 
strains, growth under iron limitation changed the proteome more than any of the other trophies. PC4 254 
separated light (autotrophic and mixotrophic) from dark (heterotrophic) growth; notably, this separation 255 
was far more pronounced for CC-4532 than either of the field strains, indicating that heterotrophic growth 256 
was accompanied by more proteomic changes for this laboratory strain than field strains. Additional 257 
minor principal components did not reveal further patterns.  258 
 K-means clustering revealed 6 protein clusters with different abundance patterns (Figure 2E), 259 
echoing the differences captured by the PCA. Like PC1, the largest clusters (clusters 1 and 2) 260 
distinguished CC-4532 from both field strains, across all trophic conditions. Like PC2, clusters 3 and 4 261 
distinguished individual field strains as end members. Like PC3 and 4, clusters 5 and 6 captured 262 
differences between conditions, with iron limitation standing out across all strains, and heterotrophy 263 
standing out for just CC-4532. To examine the functional content, we identified gene ontology (GO) 264 
terms significantly enriched in each protein cluster. In cluster 1, which contains proteins exhibiting higher 265 
abundances in both field strains than CC-4532, the only enriched GO term was “structural constituent of 266 
the cell wall”. In cluster 2, which contains proteins exhibiting lower abundances in both field strains than 267 
CC-4532, and cluster 3, which contains proteins lower in JG4-1 than the other two strains, GO terms 268 
relating to ribosomes and translation were enriched. In cluster 5, which contains proteins exhibiting lower 269 
abundances under iron limitation, and cluster 6, which contains proteins exhibiting higher abundances 270 
under iron limitation, enriched GO terms reflected known responses to iron limitation such as decreased 271 
photosynthesis and increased transporters.  272 

The proteomic differences between strains cannot be explained by differences in gene copy 273 
number. Genome sequence reads from JG4-1 and W13-2 mapped onto the CC-4532 reference genome 274 
largely fell in a normal distribution, and gene coverage did not broadly correlate with protein abundance 275 
(Figure S8A-B). However, a small subset (3 proteins in JG4-1 and 7 proteins in W13-2) exhibited 276 
significantly higher gene coverage and protein abundance (Figure S8C). Only one of these proteins 277 
(PGK2) is annotated with a gene symbol in the C. reinhardtii v6.1 genome. Large-scale genome 278 
duplications that can span tens to hundreds of kilobases have been identified in both laboratory and field 279 
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strains of C. reinhardtii [4], although the effect of gene copy number variants on protein abundance is not 280 
known.  281 
 282 
Heterogeneity in carbon and energy metabolism 283 

To explore how the biology underpinning different metabolic modes varied across strains, we 284 
examined the abundances of known proteins directly involved in photosynthesis, respiration, carbon 285 
metabolism, and iron homeostasis (Figure 3A). To understand how these differences in protein 286 
abundances might relate to metabolic activities, we measured photosynthetic capacity (Figure 3B-C), 287 
respiratory capacity (Figure 3D), and biomass elemental content (Figure 3E) of each strain grown under 288 
each condition.  289 

The field strains expressed higher abundances of photosynthetic reaction center proteins, 290 
particularly PSBY1, PSAI1, and PsaJ. While CC-4532 decreased photosynthesis protein abundances in 291 
the dark, the field strains maintained that machinery at comparable levels as in the light. All strains had 292 
less photosynthesis proteins under iron limitation, although that decrease was less dramatic for W13-2 293 
than for the other two strains. These differences in photosynthesis proteins correlated with differences in 294 
photosynthetic activity measurements—the field strains exhibited higher Fv/Fm and O2 production rates 295 
than did CC-4532, particularly when grown heterotrophically, and W13-2 maintained higher 296 
photosynthetic activity under iron limitation than did the other two strains.  297 

Unlike the photosynthesis proteins, abundances of mitochondrial electron transport chain proteins 298 
were not reflected in higher respiratory activity. W13-2 had higher abundances of respiratory complex I, 299 
III, and IV subunits across all conditions, but did not exhibit higher respiratory activity except under 300 
heterotrophic growth. Under iron limitation, all strains decreased several complex I subunits, while only 301 
CC-4532 decreased complex III and IV subunits. Nonetheless, all strains had higher per cell respiration 302 
rates under iron limitation than did their corresponding iron replete control.   303 

Although all strains were grown under the same atmospheric CO2 level (0.04%), we observed 304 
differences in the abundance of proteins involved in inorganic carbon uptake. CC-4532 expressed higher 305 
abundances of proteins reflecting low CO2 induced carbon concentrating mechanisms (CCM) including 306 
CCP2, HLA3, LCIB1, LCIC1, and LCID1. Different carbonic anhydrases exhibited distinct abundance 307 
patterns between strains and conditions. For example, among the chloroplast localized carbonic 308 
anhydrases CAH3, CAH6, and CAH7, CAH3 was most abundant in CC-4532, while CAH6 was more 309 
abundant in the field strains, and CAH7 increased under the lower growth conditions (heterotrophy and 310 
iron limitation) for all strains.  311 

Many proteins involved in acetate metabolism and fermentation pathways were more abundant in 312 
CC-4532 than in the field strains, and were highly expressed across all conditions for CC-4532 but only 313 
under heterotrophic growth for the field strains. The higher abundance of acetate metabolism proteins 314 
observed in CC-4532 was not reflected in higher respiration rates. However, all strains exhibited higher 315 
per cell respiration rates under heterotrophy, the condition with the highest abundance of acetate 316 
metabolism proteins in the field strains. We again observed distinct abundance patterns from different 317 
isoforms of proteins including the acetate kinases, acetyl-CoA synthetases, citrate synthases, malate 318 
dehydrogenases, and acetate transporters.  319 

Although differences between trophic conditions were relatively minor in the scope of our full 320 
proteomes, they reflect dramatically different lifestyles. With the combination of proteomic and activity 321 
data, this dataset provides a rich window into strain-level metabolic variation in C. reinhardtii, and this 322 
variation suggests field strains are more reliant on and more adept at photosynthesis under atmospheric 323 
CO2, while CC-4532 is more adapted to life in culture with acetate. The field strains maintained 324 
photosynthesis proteins under heterotrophic growth, but did not maintain acetate metabolism proteins 325 
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under autotrophic growth; CC-4532 exhibited the opposite, and may rely on a greater abundance of CCM 326 
proteins.  327 

 328 
W13-2 exhibits unique response to iron limitation 329 
 In the proteomes of all strains under iron limitation, we observed known hallmarks of iron 330 
deficiency including dramatic increases of proteins involved in iron uptake FOX1, FTR1, FEA1, FEA2, 331 
and NRAMP4; decrease of ferredoxin FDX1; decrease of the iron superoxide dismutase FSD1 and its 332 
replacement with the manganese superoxide dismutase MSD3; and increase of ferritin FER1 (Figure 3A) 333 
[39]. Notably, the ferric reductase FRE1, a sentinel gene upregulated upon iron deficiency, increased in 334 
CC-4532 and JG4-1, but not in W13-2. Taken together with the growth (Figure 2B) and activity (Figure 335 
3B-C) data, this suggests a distinct response to iron limitation for W13-2.  336 

Biomass iron content showed a comparable scarcity in all strains under iron limitation, suggesting 337 
no major differences in iron uptake or availability (Figure 3E). Esteves et al [40] previously reported on 338 
the elemental composition of biomass of other C. reinhardtii field strains grown under autotrophic, 339 
mixotrophic, and nutrient limited conditions. Consistent with their findings, we observed higher 340 
accumulation of most elements except copper in biomass grown autotrophically than mixotrophically and 341 
higher accumulation of copper under iron limitation. However, while they observed dramatic (> 10-fold) 342 
differences in elemental composition between strains, we did not observe differences greater than 3-fold 343 
for any elements, with the exception of calcium in W13-2 under iron limitation.  344 

Iron homeostasis in C. reinhardtii centers on iron storage and mobilization from lysosome-related 345 
organelles resembling acidocalcisomes, with high levels of calcium and polyphosphate [39,41]. Under 346 
iron limitation, we observed decreased calcium content of biomass for all strains, with vanishingly low 347 
calcium remaining in W13-2. This could be a signal of acidocalcisomes being emptied to mobilize stored 348 
iron. Interestingly, the vacuolar transporter chaperone VTC1, responsible for polyphosphate accumulation 349 
within acidocalcisomes [41], was more abundant in W13-2 than in the other two strains, across all 350 
conditions. Most other candidate acidocalcisome proteins identified by Long et al [42] did not exhibit the 351 
same pattern, though many were more abundant under iron limitation in all strains (Figure S9).  352 

Future work is required to reach a mechanistic understanding of the unique response to iron 353 
limitation exhibited by W13-2. However, the phenomenon we captured—that W13-2 grew the least but 354 
maintained the most photosynthetic activity under iron limitation—illustrated a tradeoff between growth 355 
and maintenance, highlighting an important dimension of phenotype plasticity in responses to nutrient 356 
deficiency. 357 

 358 
Field strains have more abundant cell wall proteins and higher cell wall permeability 359 
 To explore major differences between strains expressed across all trophic conditions, we followed 360 
the leads suggested by our GO analysis (Figure 2E). The cluster of proteins more abundant in both field 361 
strains than CC-4532 was enriched with cell wall proteins; we therefore examined the abundance patterns 362 
of various proteins associated with the cell wall including matrix metalloproteinases, pherophorins, and 363 
other hydroxyproline rich glycoproteins. To complement these proteomic observations with an empirical 364 
measure of cell wall function, we assayed its capacity to protect the cell membrane from detergent 365 
solubilization. 366 

Each strain exhibited distinct patterns of cell wall proteins, with notably higher abundances in 367 
both field strains than in CC-4532, especially of pherophorins (Figure 4A-B). The high total pherophorin 368 
content in the field strains was not due to dominance of individual extremely abundant proteins; in fact, 369 
the highest abundance of any one pherophorin was from CC-4532. Rather, the field strains achieved 370 
higher total pherophorin content through higher abundance of a greater diversity of pherophorins. While 371 
only 5 pherophorins were consistently more abundant in CC-4532, as many as 54 were consistently more 372 
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abundant in one or both field strains. Only a small subset of these proteins was detected in a prior dataset 373 
generated with CC-5390, a cell wall deficient laboratory strain [43] (Figure 4C). While CC-5390 374 
exhibited the highest cell wall permeability, both field strains exhibited significantly higher cell wall 375 
permeability than did CC-4532 (Figure 4D). 376 

The observation of highly abundant pherophorins in field strains invokes known transitions 377 
toward multicellularity. C. reinhardtii is a member of the Volvocine lineage, a set of related algae 378 
spanning unicellular species (e.g., C. reinhardtii), undifferentiated multicellular colonial species (e.g., 379 
Gonium pectorale), and multicellular species with differentiated cell types (e.g., Volvox carteri). Studies 380 
on the evolution of multicellularity in this lineage identified twelve major developmental transitions, two 381 
of which center on pherophorins [6,7]. Between C. reinhardtii and G. pectorale, existing pherophorins are 382 
co-opted into new roles without genomic expansion; between G. pectorale and V. carteri, pherophorin 383 
genes are greatly expanded but retain close homology to their unicellular relatives [44,45]. Across these 384 
transitions, pherophorin adaptive plasticity facilitates remodeling the unicellular cell wall into an 385 
increasingly extensive and developmentally complex extracellular matrix.  386 

Pherophorins are also involved in multicellular communal behaviors of C. reinhardtii itself. 387 
Triggered by a wide range of biotic and abiotic stressors, C. reinhardtii will form multicellular structures 388 
that have a survival advantage over single cells [46]. Under selection pressure, this behavior develops into 389 
a heritable multicellular lifecycle [8,9]. Different pherophorins were identified with both pro- and anti- 390 
aggregative roles in this behavior, leading to the hypothesis that their equilibrium is regulated to control 391 
the formation of multicellular structures [47]. We saw both roles represented among the pherophorins 392 
more abundant in the field strains, consistent with this hypothesis. Their high expression of diverse 393 
pherophorins under baseline conditions—not as a stress response—suggests the field strains are adapted 394 
to operate in multicellular units.   395 

Cell wall permeability relates directly to biotic interactions. As primary producers, algae provide 396 
growth substrates to other organisms. Algal symbionts of lichens and invertebrates release much more 397 
fixed carbon than do their free-living relatives [48]. While the permeability of CC-5390 is the outcome of 398 
engineered cell wall deficiency reflected in a dearth of cell wall proteins, the permeability of the field 399 
strains is a natural adaptation accompanied by a complex array of abundant cell wall proteins. 400 
Understanding that these field strains coexisted with specific symbionts in the field, we interpreted their 401 
high permeability as a hallmark of life in symbiosis.   402 

 403 
Field strains have less abundant ribosomal proteins but more robust autotrophic growth 404 

The clusters of proteins less abundant in both field strains than in CC-4532 and less abundant in 405 
JG4-1 than in the other two strains were enriched in GO terms relating to ribosomes and translation 406 
(Figure 2E). We therefore examined the abundance patterns of ribosomal proteins. Under all trophic 407 
conditions, we observed significantly lower ribosomal protein abundance in both field strains than in CC-408 
4532 (Figure 5A-B).  409 

Ribosome content is generally understood to be positively correlated with microbial growth rate 410 
[49,50]. We did not observe significant differences in growth as measured by cell counts (Figure 2B). 411 
However, we noted that the field strain cells are on average bigger (Figure 5D) and clumpier (Figure 5E-412 
F) than is CC-4532; thus cell counts tend to underrepresent their growth in terms of biomass generated.  413 

To compare growth more directly, we focused on autotrophic JG4-1 and CC-4523 since they 414 
exhibited the largest disparity in ribosomal protein abundance. Once again, our cell counts were not 415 
significantly different (Figure 5C). However, total organic carbon (TOC) measurements demonstrated that 416 
JG4-1 cultures generated more than double the biomass of CC-4532 (Figure 5G). Taken together with the 417 
observation that CC-4532 expresses more proteins reflecting CO2 limitation (Figure 3A), this suggests 418 
that JG4-1 is more adept at autotrophic growth under atmospheric CO2 levels than is the laboratory strain. 419 
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The apparent departure from the microbial growth law with respect to ribosomal proteins could be due to 420 
heterogeneity of growth rates within clumps, where cells on the periphery are more metabolically active 421 
than are cells in the center [51].  422 
 423 
JG4-1 clumping phenotype arises from multiplet division not just aggregation 424 

The clumpy growth phenotype observed in the field strains (Figure 5F) complements their 425 
proteomic signatures of multicellular behavior (Figure 4A-C). To better understand the ontogeny of this 426 
phenotype, we examined the cell cycle of JG4-1. We generated a synchronized population by growing 427 
them autotrophically in a photobioreactor under diurnal light and compared them to the previously 428 
characterized cell cycle of laboratory strain CC-5390 [32,34]. Like CC-5390, JG4-1 cells grew 429 
autotrophically during the light phase (Figure 6A) and divided upon nightfall. However, under the same 430 
conditions that yielded exactly 2 daughter cells for CC-5390, JG4-1 underwent multiplet division, 431 
yielding clusters of daughter cells (Figure 6B). While CC-5390 daughter cells separated promptly after 432 
division, the JG4-1 clusters remained intact for the duration of the dark phase, separating only upon 433 
daybreak and even then separating incompletely. These clusters of cells observed in the context of the cell 434 
cycle resembled the clumps observed in unsynchronized JG4-1 cultures (Figure 5F), suggesting a similar 435 
origin.  436 

Multicellular structures arising from cell division without separation (palmelloids) and those 437 
arising from separate individuals coming together (aggregates) have different implications. Both can 438 
provide communal survival advantage over individual cells [47], and both are known routes to the 439 
establishment of multicellularity [52,53]. However, they are subject to different evolutionary dynamics. 440 
Multicellular groups with a unicellular origin experience stronger selection between groups than within 441 
groups, favoring the development of more cooperativity. In contrast, the initial diversity within an 442 
aggregated group enhances internal competition and selection, and thus the potential development of 443 
cheater lines. In laboratory strains of C. reinhardtii, the palmelloid phenotype is induced as a stress 444 
response [54–56], and can be selected for as a heritable trait [8,9]. Like the high expression of 445 
pherophorin proteins, its prevalence in the field strains under baseline conditions may reflect adaptation to 446 
multicellular cooperativity. 447 
 448 
Natural C. reinhardtii symbiont Brevundimonas sp. Bl-2 is supported by live algal partners 449 

To examine a symbiosis between C reinhardtii and their bacterial associates, we chose isolate 450 
Brevundimonas sp. Bl-2, which coenriched from the field with JG4-1. We began by comparing this 451 
symbiosis to previous work presented by Dupuis et al [11] on the model algal-bacterial symbiosis 452 
between C. reinhardtii and Mesorhizobium japonicum (Figure 7A-B). Both Brevundimonas and 453 
Mesorhizobium are aerobic heterotrophic Alphaproteobacteria [57]; while Brevundimonas is repeatedly 454 
implicated in ecological association with C. reinhardtii (Figure 1A, [37,38]), Mesorhizobium is not. With 455 
M. japonicum, we observed similar growth yields in C. reinhardtii spent medium as in coculture with live 456 
C. reinhardtii, and significantly higher growth on C. reinhardtii lysate. Based on the bacterial growth 457 
yields on lysate, we calculated the amount of algal lysis required to explain the bacterial growth in 458 
coculture and found that it was equal to the algal death occurring in those cultures. Therefore, we 459 
concluded that M. japonicum growth in coculture was predominantly due to substrates derived from algal 460 
death rather than transferred from live partners. In contrast, Bl-2 exhibited significantly more growth in 461 
coculture than in spent medium, demonstrating a much more active symbiosis. Moreover, only 8% of the 462 
Bl-2 growth in coculture could be attributed to algal lysis, demonstrating that Bl-2 growth must be 463 
supported by live algal partners.  464 

To investigate how differences in algal cell wall affect organic carbon exudation, we measured 465 
the TOC of spent medium from different C. reinhardtii strains in monoculture and coculture with Bl-2 466 
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(Figure 7F). Among the laboratory strains, we observed significantly higher TOC released from CC-5390 467 
than from CC-4532, as expected based on their relative cell wall permeability (Figure 4D). However, 468 
TOC released from JG4-1 was higher still, demonstrating that exudation of organic carbon was not simply 469 
a function of permeability. Notably, JG4-1 was the only strain with a significant decrease in spent medium 470 
TOC between monoculture and coculture, likely reflecting bacterial consumption of exuded substrates.  471 

Species- and even strain-level variations are known to impact the outcomes of host-microbe 472 
interactions [58]. Our data show that interactions in the C. reinhardtii phycosphere are no exception. 473 
Unlike M. japonicum, Bl-2 grows on substrates provided by live algal partners. Unlike the laboratory 474 
strains of C. reinhardtii, JG4-1 exudes substrates consumed by Bl-2 in higher fluxes. Thus, the trophic 475 
transfers occurring between these different pairings of organisms are distinct. As the JG4-1 and Bl-2 476 
pairing originated in the environment, their interaction may reflect adaptions to living in partnership with 477 
each other.  478 
 479 
Cocultures of JG4-1 and Bl-2 form shared biofilms 480 

Coculture with Bl-2 did not impact the growth of any C. reinhardtii strain (Figure 7D-E), and all 481 
C. reinhardtii strains supported robust Bl-2 growth (Figure 7C). Among the laboratory strains, the 482 
magnitude of Bl-2 growth correlated with cell wall permeability (Figure 4D) and organic carbon 483 
exudation (Figure 7F), providing an additional line of evidence that this symbiosis is supported by algal 484 
exudates. Although we observed less Bl-2 growth with its native partner JG4-1 than with either of the 485 
laboratory strains (Figure 7C), we note that bacterial growth was measured by counting colony-forming 486 
units (CFU) from serially diluted cultures spotted onto agar plates, another growth metric confounded by 487 
the clumpiness of JG4-1. Microscopy revealed that cocultured JG4-1 and Bl-2 formed shared biofilms 488 
with abundant bacteria embedded in extracellular polymeric substances (Figure 7G), whereas cocultures 489 
with laboratory strains (Figure 7H) and monocultures did not.   490 
Biofilms are dense consortia held together by an extracellular matrix and have long been recognized for 491 
emergent properties that distinguish them from communities of free-living planktonic cells [59]. The 492 
matrix environment provides stability, protection, and structure, within which heterogeneous nutrient 493 
dynamics, physiologies, and interactions operate. Up to 80% of microbial life on Earth, and essentially all 494 
microbial life in soil is estimated to exist in biofilms [60]. Recognizing that cocultures of Bl-2 with its 495 
native algal partner JG4-1 develop biofilms while cocultures with laboratory strains do not highlights the 496 
importance of studying natural pairings to capture interactions in their ecologically relevant form. While 497 
the experiments presented here were all conducted in liquid culture, other cultivation conditions even 498 
more conducive to biofilm formation (solid substrates, soil analogs) may be more representative of their 499 
natural form.  500 
 501 
Conclusions 502 

We examined field strains of C. reinhardtii for insights into their ecology, and found several lines 503 
of evidence demonstrating their participation in multicellular units. They expressed high levels of diverse 504 
pherophorin proteins similar to major developmental transitions in the evolution of multicellularity. Their 505 
palmelloid clumping phenotype resembled a multicellular lifecycle. Their permeable cell walls and 506 
association with bacteria supported by their exudates highlighted their adaptation to symbioses with other 507 
organisms, and their formation of a shared biofilm matrix with those potential symbionts showed that 508 
their interactions involve collective organization. Whether understood as individuals or communities, 509 
multicellular units like palmelloids and biofilms have emergent properties beyond the sum of their 510 
unicellular constituents. Thus, we must consider their biology through the lens of their interactions, rather 511 
than as unicellular individuals, to understand how it underpins their ecology.   512 
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Even on the cell biological level, the characteristics that distinguished laboratory and field strains 513 
underscored the importance of interactions, since the most prominent difference we observed concerned 514 
their cell walls. As the exterior of a cell, the cell wall controls its recognizability to other organisms. As 515 
the barrier between a cell and the world around it, cell walls distinguish a unicellular individual from its 516 
environment and mediate the crosstalk between those entities including the release of exudates. In the 517 
transition from unicellularity to multicellularity, including the multicellularity of palmelloids and 518 
biofilms, the cell wall is remodeled into an extracellular matrix. Thus, strain-level differences in cell wall 519 
likely shape and coevolve with interactions.  520 

To apply the C. reinhardtii model system to ecological questions—in particular, interactions 521 
between C. reinhardtii and other organisms—is a growing area of research interest [36]. As such, we 522 
emphasize the importance of considering multicellular dynamics and strain-level differences in adaptation 523 
to symbiosis when designing such research. The observations presented here are limited to the small 524 
number of strains examined, therefore we cannot distinguish unique characteristics of these strains from 525 
universal characteristics of field vs. laboratory strains. Nonetheless, the differences we observed 526 
underscore the importance of choosing the right strain for the task, depending on the questions and 527 
methods involved. Some frameworks developed with laboratory strains are readily extended to field 528 
strains, demonstrated here by genomic and proteomic data mapped to the CC-4532 reference genome. 529 
Others are not, demonstrated here by growth measures (algal cell counts and bacterial CFUs) that work 530 
well with laboratory strains but are confounded with field strains. Well-characterized laboratory strains 531 
amenable to growth in homogenous culture provide high resolving power for dissecting biological 532 
processes at the mechanistic level; field strains provide a window into the ecological relevance lost over 533 
decades of adaptation to life in the laboratory.  534 
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 730 
 731 
Figure Legends 732 
Figure 1. Bacterial associates of C. reinhardtii from the field. A, Relative abundance of recurring C. 733 
reinhardtii associates (bacterial genera identified in > 1 xenic C. reinhardtii strain, clustered by 734 
taxonomy) in C. reinhardtii strains from GTA, Ontario, Canada; C. reinhardtii strains and source soil 735 
communities from Amherst, MA, USA; and other Chlamydomonads and source soil communities from 736 
Bolinas, CA, USA. Bolded sample names indicate C. reinhardtii strains; symbols indicate broader algal 737 
taxonomic groups; arrows indicate bacterial genera identified by Durán & Flores-Uribe et al [37] and Bai 738 
et al [38]; circles indicate bacterial isolates and MAGs. B, Fraction of all bacterial reads from each 739 
sample represented by the taxa presented in A.  740 
 741 
Alt Text: Heatmap illustrating recurring bacterial genera associated with xenic algal strains.  742 
 743 
Figure 2. Comparison of C. reinhardtii strains CC-4532 (laboratory reference), JG4-1 (field), and W13-2 744 
(field) under different trophic conditions. A, Trophic conditions examined. B, Growth of each strain under 745 
each condition, as collected for proteomic analyses. For the iron limited condition, white numbers in bars 746 
indicate the percent of growth relative to an iron replete control inoculated in parallel. C-D, PCA of 747 
protein abundances illustrating variance in proteomes of each strain under each condition. PC1 and PC2 748 
highlight differences between strains (C), while PC3 and PC4 capture differences between conditions (D). 749 
E, K-means clustered heatmap of normalized protein abundances (z-scores of mean abundance values) 750 
illustrating distinct patterns across these proteomes, annotated with significantly enriched GO terms 751 
indicating the prevalence of proteins with related functions in a cluster.  752 
 753 
Alt Text: Various plots presenting differences in growth and proteomes between different algal strains 754 
grown under different trophic conditions.  755 
 756 
Figure 3. Metabolism and nutrition of C. reinhardtii strains. A, Normalized abundance (z-scores of mean 757 
abundance values) and abundance range (minimum and maximum abundance values) of proteins involved 758 
in metabolism and nutrition. B-C, Photosynthetic activity measured by variable Chl fluorescence (B) and 759 
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O2 production rate (C). D, Respiratory activity measured by O2 consumption rate. For the Fe limited 760 
condition, white numbers in bars indicate the percent of activity per cell relative to an iron replete control 761 
inoculated in parallel. E, Elemental content of biomass measured by ICPMS, presented as a ratio to sulfur 762 
as a proxy for normalizing to total biomass.  763 
 764 
Alt Text: Various plots presenting proteomic and physiological data concerning metabolism and nutrition.  765 
 766 
Figure 4. Cell wall proteins and permeability of C. reinhardtii strains. A, Normalized abundance (z-767 
scores of mean abundance values) and abundance range (minimum and maximum abundance values) of 768 
cell wall proteins detected in all strains and conditions. B, Total abundance (sum of abundance values) of 769 
pherophorins in each proteome. C, Count of pherophorins detected in each strain across all conditions. 770 
CC-5390, a cell wall deficient laboratory strain, is included for comparison. D, Cell wall permeability 771 
measured by membrane susceptibility to solubilization by detergent, presented as the percent of 772 
absorbance at 680 nm released from cells upon Triton X-100 treatment.  773 
 774 
Alt Text: Various plots presenting data concerning cell wall protein abundance and cell wall permeability.  775 
 776 
Figure 5. Ribosomal proteins and growth of C. reinhardtii strains. A, Normalized abundance (z-scores of 777 
mean abundance values) of ribosomal proteins detected in all strains and conditions. B, Total abundance 778 
(sum of abundance values) of ribosomal proteins detected in each strain across all conditions. C, Growth 779 
of autotrophic CC-4532 and JG4-1 cultures measured by cell counts. D, Average size of autotrophic CC-780 
4532 and JG4-1 cells. E-F, Light microscopy of autotrophic CC-4532 (E) and JG4-1 (F) cultures. G, 781 
Biomass TOC of autotrophic CC-4532 and JG4-1 cultures. Despite a lower abundance of ribosomal 782 
proteins, JG4-1 exhibits more robust autotrophic growth when measured as biomass TOC rather than cell 783 
counts. 784 
 785 
Alt Text: Various plots presenting data concerning ribosomal protein abundance and autotrophic growth, 786 
accompanied by microscopy images illustrating unicellular vs. palmelloid phenotypes.  787 
 788 
Figure 6. Synchronized cell cycle of JG4-1. A, Optical density of photobioreactor cultures demonstrating 789 
growth in the light and quiescence in the dark. B, Fluorescence microscopy around the cell cycle 790 
demonstrating multiplet division in the night and dispersal upon daybreak. DAPI staining is shown in 791 
cyan; Chl fluorescence is shown in magenta. White numbers indicate timepoint in diel time (hours 792 
relative to lights on).  793 
 794 
Alt Text: Microscopy images taken around the diel cycle, illustrating cell growth during the day and 795 
division at night.  796 
 797 
Figure 7. Chlamydomonas-Brevundimonas symbiosis. A, Growth of Bl-2 when inoculated into minimal 798 
medium with no organic carbon source, in spent medium from C. reinhardtii, in coculture with C. 799 
reinhardtii, and in C. reinhardtii cell lysate, plotted with previously published data of model bacterial 800 
partner M. japonicum [11]. This experiment was conducted with autotrophic C. reinhardtii lab strain 801 
AHS-32 and bacteria inoculated at much higher density than the cocultures shown in panels C-F to enable 802 
direct comparison to the M. japonicum system. B, Algal death required to account for observed growth of 803 
each bacterium in coculture if all growth was derived from algal necromass, calculated based on bacterial 804 
growth on algal lysate. Actual algal death measured by CellTox fluorescence. Numbers above bars 805 
indicate the percent of required values realized by measured values. C, Growth of Bl-2 in monoculture vs. 806 
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coculture with different autotrophic C. reinhardtii strains. D-E, Growth of autotrophic C. reinhardtii 807 
strains in monoculture vs. coculture, measured by cell counts (D) and biomass TOC (E). F, TOC of spent 808 
medium from autotrophic C. reinhardtii strains in monoculture vs. coculture demonstrating strain-level 809 
differences in exudation. G-H, Fluorescence microscopy of Bl-2 cocultures with JG4-1 (G) and CC-5390 810 
(H). DAPI staining is shown in cyan; Chl fluorescence is shown in magenta.  811 
 812 
Alt Text: Various plots presenting data concerning algal and bacterial growth in cocultures, accompanied 813 
by microscopy images illustrating cocultures growing in a shared biofilm vs. growing as free-floating 814 
planktonic cells.  815 




