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SUMMARY 20 
 21 
The unicellular green alga Chlamydomonas reinhardtii is a widely-studied reference organism, 22 
particularly in photosynthesis research. It employs photoprotective mechanisms, such as state 23 
transitions (ST) and non-photochemical quenching (NPQ), to cope with rapid light changes. 24 
Most widely used strains share a recent common ancestor yet differ by up to ~50,000 nuclear 25 
variants–genetic diversity that is often overlooked. Even among "wild type" strains, we 26 
document significant phenotypic differences, such as pigment accumulation, and nutrient 27 
utilization. To elucidate the basis for this variation, we compared transcriptomes and 28 
physiological traits of seven commonly-used laboratory strains, including the reference strain 29 
and the CLiP mutant library parental strain. Despite identical growth conditions, ~40% of genes 30 
were differentially expressed between strains. Most of these differences are attributable to 31 
changes that have accrued during laboratory propagation, and adverse conditions may have 32 
driven transcriptomic drift. At the physiological level, we catalog the range of strain-dependent 33 
responses related to photosynthesis and high light (HL) acclimation. Specifically, (i) all strains 34 
develop NPQ upon HL exposure, but to various degrees, (ii) they show a substantial variation in 35 
ST capacity, and (iii) they regulate the composition of the photosynthetic apparatus differently. 36 
We find that NPQ levels do not correlate with LHCSR3 expression, suggesting an additional 37 
layer of NPQ regulation. ST are constantly activated and independent of growth light intensities. 38 
Overall, our findings highlight significant strain-to-strain differences in virtually all photosynthetic 39 
parameters, emphasizing the importance of careful strain selection in future research 40 
endeavors. 41 
 42 

 43 

INTRODUCTION 44 

The unicellular green alga Chlamydomonas reinhardtii has been adopted as a model organism 45 
for photosynthesis research for decades (Blaby-Haas and Merchant, 2013; Catalanotti et al., 46 
2013; Johnson and Alric, 2013; Yang et al., 2015; Salomé and Merchant, 2019). In the 47 
laboratory, C. reinhardtii can grow in either liquid or solid media in three trophic statuses: 48 
photoheterotrophic, photoautotrophic, and heterotrophic (Harris, E.H., 2009). In nature, C. 49 



 

reinhardtii lives in the soil, and it has a flexible metabolism that allows it to adjust to different 50 
environmental conditions, including nutrient shortages (Glaesener et al., 2013; Saroussi et al., 51 
2017; Merchant et al., 2020) and light fluctuations (Allahverdiyeva et al., 2015; Erickson et al., 52 
2015).  53 

In natural environments, light energy can fluctuate in both quality and intensity during the 54 
diurnal cycle and over shorter time scales, such as those caused by cloud cover or sun flecks. 55 
Continuous, moderate light drives photosynthesis with high efficiency. However, when the 56 
amount of absorbed light exceeds the capacity of the photosynthetic reactions, harmful 57 
chemical species are produced, and damage to the photosynthetic apparatus can occur 58 
(Erickson et al., 2015; Li et al., 2018). To limit the costly repair from photodamage (Theis and 59 
Schroda, 2016; Liu et al., 2019), photosynthetic organisms use a series of strategies on different 60 
time scales that permit them to survive and adapt to constantly changing environmental 61 
conditions (Rochaix, 2014; Erickson et al., 2015; Minagawa and Tokutsu, 2015; Moejes et al., 62 
2017).  63 

In cyanobacteria, green algae, and plants, the light reactions of photosynthesis involve 64 
several multiprotein complexes embedded in the thylakoid membrane: photosystem II (PSII), 65 
cytochrome (Cyt.) b6f, photosystem I (PSI) and ATP synthase. Light energy absorbed via the 66 
light-harvesting complexes (LHCI and LHCII) of PSI and PSII is transferred to the reaction 67 
centers (RC) of the photosystems and used for charge separation (Croce and van Amerongen, 68 
2020). In PSII, the oxygen-evolving complex splits water molecules into oxygen, protons and 69 
electrons. The latter are transferred through the electron transport chain and used for NADPH 70 
reduction. The proton gradient created across the thylakoid membrane is used by the ATP 71 
synthase to form ATP. ATP and NADPH fuel CO2 reduction in the Calvin–Benson cycle. 72 
Noticeably, the organization and composition of the thylakoid membrane dynamically depend on 73 
light and carbon availability (Polukhina et al., 2016). An increase in light intensity results in a 74 
short-term (light shock) and long-term (acclimation) response in C. reinhardtii cells (Niyogi, K.K., 75 
2009; Erickson et al., 2015). The long-term high-light (HL) acclimation responses of C. 76 
reinhardtii have been previously investigated in several studies in various trophic statuses 77 
(Bonente et al., 2012; Polukhina et al., 2016; Nawrocki et al., 2020; Redekop et al., 2020; 78 
Meagher et al., 2021; Virtanen et al., 2021). At present, we know that HL acclimation involves 79 
modification of pigment content (Neale and Melis, 1986; Bonente et al., 2012; Polukhina et al., 80 
2016), photosystem stoichiometry and PSII antenna size (Polukhina et al., 2016). Changes in 81 
the expression of the PSII antenna proteins, LHCBM1-LHCBM9, are one contributing factor 82 
(Minagawa and Takahashi, 2004; Natali and Croce, 2015). 83 

In C. reinhardtii, there are two main short-term photoprotective responses: state 84 
transitions (ST) and non-photochemical quenching (NPQ) of excitation energy. ST are triggered 85 
by the redox state of the plastoquinone (PQ) pool, which largely reflects excitation imbalances 86 
between the two photosystems (Erickson et al., 2015; Minagawa and Tokutsu, 2015; Moejes et 87 
al., 2017). When light preferentially excites PSII, increasing the net reduction of the PQ pool, the 88 
Stt7 kinase phosphorylates LHCII, which then migrates from PSII to PSI (Depège et al., 2003) in 89 
a process known as the state I-to-state II transition. When light preferentially excites PSI and the 90 
PQ-pool becomes more oxidized, the phosphatases (PPH1/PBCP) dephosphorylate LHCII, 91 
which then migrates from PSI to PSII in the state II-to-state I transition. NPQ, the central 92 
process of photoprotection that dissipates excess excitation energy as heat (Ruban, 2016; 93 
Ruban, 2018), plays a key role in C. reinhardtii photoprotective strategy on a timescale shorter 94 
than antenna-to-PS ratio adjustments (Erickson et al., 2015). The essential players of NPQ in C. 95 
reinhardtii are the light-harvesting complex stress-related proteins LHCSR1 and LHCSR3 96 
(Peers et al., 2009), which are activated by the low lumenal pH (Bonente et al., 2011; Liguori et 97 
al., 2013). The accumulation of LHCSR3, the main player in NPQ, occurs in high light and other 98 



 

stress conditions (Zhang et al., 2004; Naumann et al., 2007; Terauchi et al., 2010; Polukhina et 99 
al., 2016). It is generally accepted that a linear correlation between the NPQ level and LHCSR3 100 
content exists (Bonente et al., 2012; Perozeni et al., 2018; Tian et al., 2019). Moreover, NPQ 101 
and ST have been shown to have partially overlapping and complementary functions (Roach 102 
and Na, 2017). LHCSR3 was suggested to be involved in ST (Allorent et al., 2013), and 103 
intriguingly, the mutants lacking Stt7 and consequently deficient in ST, exhibit a much higher 104 
NPQ capacity than their respective control cell lines (Bonente et al., 2011; Girolomoni et al., 105 
2019; Nawrocki et al., 2020). 106 

The majority of laboratory strains of C. reinhardtii belong to a common lineage that can 107 
be traced back to a single zygospore that was isolated in 1945 from soil collected in Amherst, 108 
MA. In a prior comparative genomics study, we demonstrated that the genomes of all extant 109 
strains in this "Amherst" lineage comprise a mosaic of two haplotypes, which we arbitrarily 110 
labelled haplotype 1 and haplotype 2 (Gallaher et al., 2015). The two haplotypes are 111 
approximately 2% divergent from each other at the nucleotide level (including single nucleotide 112 
variants and small insertions/deletions) and are presumed to represent the genetic contributions 113 
from the two parental gametes that produced the initial zygospore. Likely as the result of a 114 
series of backcrosses early in their history in the laboratory, all of the extant strains in the 115 
Amherst lineage carry a single haplotype, called haplotype 1, over approximately 3/4 of their 116 
genomes. The remaining 1/4 of the genome consists of "blocks" (portions of chromosomes) that 117 
may be either haplotype 1 or 2 depending on the strain. This mosaic distribution of haplotype 118 
blocks provides a fingerprint for each strain that is unique to that strain and readily identifiable. 119 
Nearly all (98.2%) of the inter-strain genetic diversity is attributable to the presence of the two 120 
haplotypes, such that two strains with different haplotypes may have up to 500,000 variants 121 
between them. The small remainder of inter-strain variants, typically less than 1000 between 122 
strains with the same haplotype, is due to mutations that have occurred in the laboratory over 123 
the decades since 1945 that these strains have been independently propagated.  124 

Despite their shared lineage, there are frequently significant phenotypic differences 125 
between "wild type" strains in the Amherst lineage. These differences include photosynthetic 126 
parameters (such as non-photochemical quenching mechanisms), cell wall presence (Pazour et 127 
al., 1995), and nutrient utilization capabilities (Fernández et al., 1989; Gallaher et al., 2015). 128 
Many examples of phenotypic variation are readily evident in day-to-day experiments, including 129 
cell size, pigment content, and trophic growth rates. For example, in an analysis of diel cycle 130 
cultures performed on three WT, Amherst-lineage strains (CC-124, CC-1009 and CC-1690), 131 
there were large differences in LHCSR3-dependent NPQ and state transition capacity 132 
(Nawrocki et al., 2021). Given that any two Amherst-lineage strains may differ at up to 500,000 133 
loci depending on their respective haplotypes, it would be expected that haplotype would have a 134 
profound effect on transcription. We sought to examine this directly by producing and comparing 135 
transcriptomes for various WT strains grown under identical laboratory conditions, termed here 136 
as "basal" conditions. For this analysis, we chose the five strains we had previously shown to be 137 
oldest lines within the Amherst lineage (CC-124, CC-125, CC-1009, CC-1690, and CC-1691). 138 
Collectively, these five strains represent all the genetic diversity attributable to the two 139 
haplotypes. Two additional strains were added based on their importance to the 140 
Chlamydomonas research community: strain CC-4532 is the source of the current reference 141 
genome for C. reinhardtii (Craig et al., 2023), and CC-4533 (CMJ030) is the parental strain of 142 
the widely used Chlamydomonas Library Project (CLiP) collection of mutant strains (Li et al., 143 
2019). In addition to our basal transcriptome analysis, we performed extensive functional and 144 
biochemical studies, comparing the capacity of these seven strains to acclimate to continuous 145 
high light (HL). By comparing strains under a standard set of conditions, we sought to reveal 146 
differences between the reference WT strains and to potentially explain discrepancies observed 147 
between studies performed in different laboratories. We show that while the global strategies of 148 



 

HL acclimation are similar in these seven genetically distinct WT strains, substantial variation in 149 
photosynthetic parameters exists, which may contribute to different interpretations and 150 
conclusions across laboratories. 151 

 152 

 153 

RESULTS 154 

Over the course of our many biochemical studies performed on C. reinhardtii, we have observed 155 
numerous examples of significant phenotypic differences between different, commonly-used 156 
strains, despite their recent shared ancestry. These differences can have a confounding effect 157 
on experiments, such as comparisons between a WT and a mutant strain, if the researcher 158 
does not take this into account in choosing their WT strain. Here we examine a few such 159 
phenotypic traits. 160 

 161 

Chl production in the dark-grown and Cu-deficient cultures 162 

The conversion of protochlorophyllide to chlorophyllide during Chl biosynthesis is catalyzed in 163 
two different ways: in a light dependent reaction dependent on a nucleus-encoded enzyme and / 164 
or in a light-independent reaction dependent on a plastid-encoded multi-subunit enzyme (Li and 165 
Timko, 1996). Many green algae, including Chlamydomonas spp. have both enzymes, and 166 
accordingly accumulate Chl proteins, and thus appear green, even when grown 167 
heterotrophically in the dark. Nevertheless, some laboratory strains have lost the light-168 
independent pathway (Cahoon and Timko, 2000). The Chl content of CC-4532 is only slightly 169 
reduced in cells maintained in the dark, 2.8 ± 0.1 pg·cell-1, compared to illuminated cells, 3.2 ± 170 
0.5 pg·cell-1 (Figure 1B). In contrast, we note that dark-grown heterotrophic cultures of a 171 
different WT strain, CC-1009, are unable to accumulate Chl, which is measured at 0.2 ± 0.1 172 
pg·cell-1 (4%) compared to 4.4 ± 0.4 pg·cell-1 for illuminated cells. Despite the inability of CC-173 
1009 to accumulate Chl in the dark, both strains grow at comparable rates in both the light and 174 
the dark (Figure 1A).  175 

 176 

 177 

Figure 1. Chl content in the dark and in Cu deficiency is strain dependent.  178 

(A) Cultures of CC-4532 and CC-1009 were pre-acclimated to either photoheterotrophic (light + acetate) 179 
or heterotrophic (dark + acetate) conditions, and grown to stationary phase under the same conditions. 180 
Growth was monitored by cell counting. (B) Cells from photoheterotrophic (light gray) and heterotrophic 181 
(black) cultures were sampled for Chl analysis at a density of 2-3 ×10

6 
cells·mL

-1
 as indicated by the 182 

arrows in panel A. (C) Separately, cultures of CC-4532 and CC-4402 were grown photoheterotrophically 183 
under three nutrient conditions: replete medium, (20 µM Fe, 2.5 µM Cu, light gray), Cu-deficient medium 184 



 

(20 µM Fe, no added Cu, black), and Fe-excess, Cu-deficient medium (200 µM Fe, no added Cu, dark 185 
gray). The mean of three independent cultures is shown for each condition, error bars represent SD. 186 

 187 

Another distinctive pigment phenotype is evident in micronutrient-deficient cells. Iron-188 
deficient cells are typically chlorotic because of the Fe-requirement of a key enzyme in Chl 189 
biosynthesis, namely the aerobic oxidative cyclase, which has a di-iron active site (Tottey et al., 190 
2003; Spiller et al., 1982). Chl content can therefore be an indicator of Fe status. We noted that 191 
the Fe content of certain laboratory strains is more-notably dependent on Cu nutrition, which is 192 
attributed to the role of a multi-copper oxidase in high affinity Fe uptake (La Fontaine et al., 193 
2002; Herbik et al., 2002). For instance, Cu-deficient cultures of CC-4402 (closely related to CC-194 
124) are chlorotic with Chl reduced by 69% from 3.6 ± 0.3 pg·cell-1 in replete to 1.12 ± 0.07 195 
pg·cell-1 in Cu-deficient cultures (Figure 1C). The reduction is attributed to Fe-deficiency 196 
because the phenotype can be rescued (3.4 ± 0.4 pg Chl·cell-1) by provision of more Fe in the 197 
growth medium (Gallaher et al., 2015). On the other hand, CC-4532 maintains its Chl content at 198 
the same Cu status; with 3.1 ± 0.3 pg·cell-1 in Cu-replete, 3.1 ± 0.3 pg·cell-1 in Cu-deficient, and 199 
3.7 ± 0.2 pg·cell-1 in Cu-deficient/Fe-excess conditions (Figure 1C).  200 

 201 

Growth rates under different trophic states 202 

Most experimentalists grow Chlamydomonas cells in one of three trophic situations, the most 203 
common being photoheterotrophic (light + acetate) because of the short generation time (Figure 204 
2). Studies of photosynthetic performance demand photoautotrophic growth, for which 205 
conditions can vary with respect to photon flux density (PFD) and CO2 supply (air versus high 206 
CO2 at 1-5% (Harris, E.H., 2009)), while studies of respiration demand growth on acetate in the 207 
dark. Based on our previous study (Gallaher et al., 2015), we chose five strains from the 208 
Amherst lineage that represented the widest range of genetic diversity, and used those to 209 
assess the variation in phenotype. Under photoheterotrophic conditions, the most common in 210 
laboratories for maintenance and culture, all strains exhibited similar growth rates with 211 
generation times ranging from 9.3 to 9.6 hours (CC-124: 9.4 ± 0.3h, CC-4532: 9.3 ± 0.2h, CC-212 
1690: 9.6 ± 0.2h, CC-1009: 9.5 ± 0.2h, CC-1691: 9.5 ± 0.1). However, more pronounced 213 
differences emerged under the less commonly used single-trophic growth conditions.  214 



 

 215 

Figure 2. Diversity of growth rates in WT strains. 216 

(A) Growth curves are plotted for five WT strains under photoheterotrophic (light + acetate), 217 
photoautotrophic (light only), and heterotrophic (dark + acetate) conditions. The mean of three biological 218 
replicates is shown. Error bars represent SD. (B) The generation time of each strain in each trophic state 219 
was calculated from the logarithmic growth phase. Bars represent the mean value from three replicate 220 
determinations. Error bars represent SD. 221 

 222 

For photoautotrophic growth, the strains clustered into two distinct groups: CC-124, CC-223 
1691, and CC-4532 with similar generation times of approximately 31 h (31.0 ± 1.9, 31.8 ± 2.0, 224 
and 29.1 ± 1.1, respectively) versus CC-1009 and CC-1690 with faster generation times of ~ 24 225 
h (24.9 ± 2.2 and 23.5 ± 1.6, respectively) about 7 h faster than the strains in the first group. 226 
Strict heterotrophic growth is slow, with strain CC-1690 showing a long lag phase, but the 227 
generation time, 49.6 ± 9.2h, being only slightly longer (and not statistically different) than that of 228 
the other WT strains at 36.4 ± 2.6h, 39.4 ± 2.3h, 38.7 ± 1.8h, and 36.5 ± 2.0h for strains CC-229 
124, CC-4532, CC-1009 and CC-1691, respectively. Additionally, there was considerable 230 
variation between these strains in terms of cell size and biomass (SI results and Figure S1), and 231 
micronutrient content (Figure S2). 232 

The prevalence of so many significant phenotypic differences among these closely-233 
related, WT cell lines prompted us to undertake a more extensive molecular phenotyping with 234 
respect to pathways, such as photosynthesis, and associated experimental approaches, such 235 
as transcriptomics, that are of general interest to the Chlamydomonas research community.  236 



 

 237 

Differences in basal transcriptomes between WT strains 238 

Given the phenotypic diversity between the closely related laboratory strains of C. reinhardtii, 239 
we sought to identify differences in RNA abundances under standard laboratory growth 240 
conditions (subsequently called “basal”) that could help clarify the contribution of genetic 241 
variation to molecular phenotypes. Five strains were chosen as the most ancestral strains in the 242 
Amherst lineage (CC-124, CC-125, CC-1009, CC-1690, and CC-1691), and an additional two 243 
for their importance to the Chlamydomonas community (CC-4532 and CC-4533). Based on their 244 
distribution of haplotype blocks (Figure 3A), all genetic variation attributable to the two 245 
haplotypes is represented by these strains, which accounts for >98% of the total genetic 246 
variation among the WT Amherst-lineage strains (Gallaher et al., 2015). To produce basal 247 
transcriptomes, each strain was grown in four biological replicate cultures in photoheterotrophic 248 
conditions under continuous light in nutrient-replete medium, and mRNA was collected during 249 
the mid-log growth phase (~2 x 106 cells·mL-1) for analysis by RNA-seq. Principal component 250 
analysis (PCA) performed on the 1000 genes with the greatest variance confirmed that the four 251 
replicates were highly reproducible, and that each strain was readily distinguishable from the 252 
others, with CC-1690 and CC-4533 being the most unique (Figure 3B). Curiously, the PCA 253 
shows that CC-4532 and CC-1691 were the most similar at the transcriptome level despite 254 
being highly divergent at the haplotype level (Figure 3A). To examine the transcriptomic 255 
differences further, we identified differentially expressed genes (DEGs) between each pair of 256 
strains and observed between 528 (3.0%) and 2410 (13.6%) inter-strain DEGs (Figure 3C). 257 
Since all seven strains were grown under identical laboratory conditions, it was surprising that 258 
6,982 genes, representing 39.5% of all genes, were differentially expressed in this set of strains. 259 
It was anticipated that the different haplotype block distributions between strains would be a 260 
proxy for the number of DEGs. In contrast, the haplotypes turned out to be a poor predictor of 261 
the number of DEGs between strains: e.g. CC-1009 and CC-4532 have very different 262 
haplotypes (Figure 3A) but have some of the fewest DEGs (Figure 3C).  263 

 264 



 

 265 

Figure 3. Genetic and transcriptomic variation between WT strains.  266 

(A) The mosaic distribution of haplotype 1 (blue) and haplotype 2 (yellow) blocks for the seven strains 267 
used in this study. Haplotype 2 is ~2% divergent from haplotype 1. See Gallaher et al. and Craig et al. for 268 
additional information on haplotypes (Gallaher et al., 2015; Craig et al., 2023). The "+" and "–" in block 6-269 
B indicates the C. reinhardtii mating locus. (B) A principal component analysis of the 1000 most divergent 270 
genes in the basal transcriptomes of the seven indicated strains. Four biological replicates for each strain 271 
are plotted. The contributions of the first and second principal components are indicated in the axis labels. 272 
(C) Transcript abundances of all nucleus-encoded genes for seven strains were determined by RNA-seq 273 
analysis. The number of pairwise differentially expressed genes (DEGs) between each of the seven 274 
strains is shown as a table. See Methods for criteria used to call DEGs. Data on the DEGs, including 275 
gene IDs, fold-change, and haplotype, may be found in SI Dataset 1. (D) On the left, a pie chart of all 276 
nuclear genes (n = 17,611) classified as being haplotype 1 in all seven strains (blue), or a mixture of both 277 
haplotypes between strains (blue/yellow stripes). On the right, a proportionally scaled pie chart shows the 278 
subset of DEGs (n = 6982) classified with the same criteria. For both pie charts, the blue/yellow portion 279 
represents 25.6% of the total. (E) Transcript abundances for the 6982 genes found to be DEGs between 280 
at least two strains were Z-score normalized and sorted by k-means clustering into 10 groups. Functional 281 
enrichment for each of the gene clusters is provided in SI Dataset 2. 282 

 283 



 

Having found an unexpectedly poor correlation between haplotype and DEGs, we 284 
wished to examine this more directly. If mixed-haplotype genes (i.e. a gene that is haplotype 1 285 
in one strain and haplotype 2 in the other) are more likely to be differentially expressed between 286 
those strains, one would expect an enrichment (i.e. a higher percentage) of mixed-haplotypes 287 
genes to be found among the 6,982 genes that are differentially expressed. In contrast, we 288 
observed no meaningful enrichment (p-value = 0.53). Remarkably, the same percentage of 289 
mixed-haplotype genes, 25.6%, was observed in both the DEG population and in all genes 290 
(Figure 3D). This finding is consistent with there being no significant contribution from the 291 
different haplotypes on differences in transcription. 292 

Next, we sorted the 6,982 DEGs into 10 bins by k-means clustering based on each 293 
gene's pattern of expression (Figure 3E). By plotting the expression as a heatmap, patterns 294 
were observable in which groups of several hundred genes were expressed at a much higher 295 
level in one or two strains. To identify shared functionality, we performed gene ontology (GO) 296 
enrichment on each of the clusters (SI dataset 2). While not all clusters had statistically 297 
significant enrichment of GO terms, a few interesting patterns were revealed. Cluster 1, which is 298 
significantly up regulated in strain CC-125, includes many genes annotated as being involved in 299 
the response to freezing and ice binding. Cluster 3, with genes largely up regulated in strain CC-300 
1691, had significant enrichment of cell wall-related genes, and cluster 9, primarily up regulated 301 
in strain CC-4533, was enriched for genes involved in DNA repair.  302 

Previously, we had identified phenotypic differences between several WT strains in a 303 
number of photosynthesis-related parameters (Gallaher et al., 2015; Nawrocki et al., 2021). To 304 
examine this directly in these seven strains, we plotted the expression patterns of genes 305 
involved in photosynthesis and the biosynthesis of several pigments. For most genes encoding 306 
components of PSI and PSII, as well as LHCI and LHCII, strain CC-1690 consistently had the 307 
highest expression levels (Figure 4). There was greater uniformity for components of the Cyt. b6f 308 
complex, and strain CC-125 had the highest expression of components of the ATP synthase. 309 
Given the modest light levels to which these cultures were subjected (~60 µmol photons m-2·s-1), 310 
there was relatively low expression of genes involved in NPQ. For genes involved in Chl 311 
biosynthesis, the range of expression between strains was generally lower, with strain CC-4532 312 
expressing most genes at the highest level (Figure S3). Expression of genes involved in 313 
biosynthesis of carotenoids (Cars) and lutein (Figure S4) were mostly quite low, with strain CC-314 
4532, expressing the highest levels of most carotenoid biosynthesis genes.  315 



 

 316 

Figure 4. Transcriptomic analysis of the photosynthetic apparatus.  317 

Transcript abundances were calculated for the seven strains in terms of FPKMs for nucleus-encoded 318 
genes that encode components of the photosynthetic apparatus. FPKMs were Z-score normalized and 319 
plotted as a heatmap. The maximum and minimum FPKMs for each gene are shown on the right. 320 



 

 321 

Variations in pigment composition among WT strains 322 

Next, we examined how these differences at the level of the transcriptome could affect 323 
photosynthetic parameters, such as pigment composition and acclimation to HL. Cultures of the 324 
same seven strains from the transcriptomic analysis were grown photoheterotrophically (light + 325 
acetate) to exponential phase in two typically used light intensities (low light, LL: 20 μmol 326 
photons m-2·s-1, and moderate light, ML: 80 μmol photons m-2·s-1). Cells grown in ML were 327 
subsequently collected by centrifugation and resuspended in acetate-free medium to transition 328 
to photoautotrophic growth under continuous high light (HL: 500 μmol photons m-2·s-1). It was 329 
previously shown that the doubling time of the CC-124 strain in HL in photoautotrophic 330 
conditions is approximately 24 hours (Polukhina et al., 2016). We thus considered that the 331 
acclimation to HL is completed after six days (144 hours) with regular dilutions to maintain cells 332 
in growth phase, and that this corresponds to approximately six generations. 333 

Under photoheterotrophic conditions, large differences in the Chl a/b ratio exist between 334 
genotypes. These differences are independent of the growth light intensity (LL or ML), with the 335 
highest value (~2.9) observed in CC-1691 and CC-4532 and the lowest in CC-124 and CC-125 336 
(~2.1 and ~2.2, respectively) (Figure 5A). Conversely, the Chls/Cars ratios were similar in all 337 
strains under ML conditions, except for CC-125 in LL. The ratio was generally higher in LL than 338 
in ML conditions (Figure 5B).  339 



 

 340 

Figure 5. Pigment composition varies by strain.  341 

(A, C) Chlorophyll a/b ratio and (B, D) chlorophyll/carotenoids ratio. Panels A and B show values for 342 
cultures in photoheterotrophic conditions (mean ± SD, n = 2 in LL and n = 3 in ML) after four days. Panels 343 
C and D show the kinetics of the shift from ML to HL (mean ± SD, n = 4 for 0, 24, 48 h HL and n = 6 for 344 
144 h HL). Identical letters above the bars in A and B indicate a lack of statistically significant difference 345 
(p<0.05) between strains, examined via one-way ANOVA independently for both light intensities. 346 

 347 

Upon HL exposure, the Chl a/b ratio of most strains decreased, particularly during the 348 
first two days of acclimation (Figure 5C). Interestingly, the ratio remained stable in CC-4532 and 349 
even showed a slight increase in CC-1691. In contrast, CC-125 and CC-4533 were the only 350 
strains to show a decline in the ratio between 48 h and 144 h of acclimation, suggesting that 351 
some acclimation processes might proceed more slowly in these strains between these two 352 
timepoints.  353 

In all strains, the Chls/Cars ratio decreased under HL by about 30% with some variation 354 
(Figure 5D). To detect possible changes in the Car composition, we separated the pigments by 355 
liquid chromatography. We observed few differences between LL and ML in Car content, but 356 
upon six days of HL, the relative amount of lutein and/or zeaxanthin increased dramatically in all 357 



 

strains (Table 1). Strain CC-4532 produced the highest levels of lutein and Car when grown in 358 
ML, which comports nicely with the transcriptomic analysis described above (Figure S4). 359 

 360 

Table 1. Carotenoid composition in WT strains.  361 

Data shown are normalized to 100 Chl molecules. Each value is the mean ± SD, n = 2 (LL), n = 3 (ML) 362 
and n = 2 (144 h HL) from biological repetitions each with three technical replicates. Lut and Zeaxanthin 363 
cannot be perfectly separated and their content in HL is therefore summed.  364 



 

 365 

Variations in PSII acclimation among WT strains  366 

To determine PSII functionality under HL conditions, we measured the Fv/Fm value, a commonly 367 
used indicator of photochemical capacity of PSII. As shown in Figure 6A, Fv/Fm ranged from 368 
0.58 (CC-125) to 0.72 (CC-1009) before HL treatment and decreased in all strains in response 369 
to the HL exposure. However, while the decrease was moderate in CC-1009 and CC-1690, it 370 
was much larger in CC-125, reaching a value of 0.27 after six days in HL. Overall, two main 371 

Light 
conditions 

Strains 
Neo and 

Lor 
Vio Anth Lut Carotenes 

Low light 

CC-124 7.1 ± 0.3 8.3 ± 0.6 0.4 ± 0.1 6.5 ± 0.5 7.2 ± 0.4 

CC-125 7.9 ± 2.4 3.9 ± 0.0 1.2 ± 0.0 6.1 ± 0.3 5.1 ± 0.3 

CC-1009 10.7 ± 1.3 5.9 ± 0.8 0.3 ± 0.0 6.2 ± 0.5 8.0 ± 0.7 

CC-1690 8.1 ± 1.8 6.5 ± 0.1 0.7 ± 0.1 5.0 ± 0.4 6.5 ± 0.0 

CC-1691 8.6 ± 0.6 6.8 ± 0.3 0.6 ± 0.1 6.2 ± 0.3 8.1 ± 0.9 

CC-4532 7.6 ± 0.9 6.7 ± 0.2 0.8 ± 0.3 7.4 ± 1.8 7.7 ± 1.0 

CC-4533 8.3 ± 0.9 6.7 ± 0.4 0.5 ± 0.0 5.3 ± 0.1 5.7 ± 0.5 

Moderate 
light 

CC-124 6.9 ± 1.0 8.4 ± 0.5 0.4 ± 0.3 6.5 ± 0.7 5.7 ± 1.2 

CC-125 11.2 ± 1.7 7.2 ± 1.4 0.4 ± 0.2 7.7 ± 1.1 6.4 ± 0.3 

CC-1009 7.0 ± 0.7 6.0 ± 0.5 0.7 ± 0.5 6.1 ± 0.3 6.0 ± 1.1 

CC-1690 9.2 ± 0.5 9.2 ± 1.0 0.6 ± 0.3 6.6 ± 0.5 6.4 ± 0.9 

CC-1691 6.4 ± 0.4 6.6 ± 0.5 0.4 ± 0.1 6.4 ± 0.4 5.9 ± 0.6 

CC-4532 7.0 ± 1.8 7.0 ± 1.6 0.3 ± 0.1 9.9 ± 1.5 7.4 ± 1.8 

CC-4533 6.9 ± 0.4 6.6 ± 0.3 0.3 ± 0.1 5.6 ± 0.0 5.6 ± 0.9 

Light 
conditions 

Strains 
Neo and 

Lor 
Vio Anth Lut and Zea Carotenes 

High light 
(144 h) 

CC-124 10.0 ± 0.5 6.0 ± 1.2 1.7 ± 0.4 22.4 ± 2.3 5.5 ± 0.7 

CC-125 10.5 ± 0.7 4.2 ± 0.0 2.2 ± 0.1 22.8 ± 0.9 5.5 ± 0.3 

CC-1009 8.8 ± 0.9 5.9 ± 1.3 1.1 ± 0.1 16.6 ± 0.6 5.3 ± 0.4 

CC-1690 10.0 ± 0.9 7.6 ± 0.8 1.4 ± 0.4 15.9 ± 0.1 5.1 ± 0.1 

CC-1691 6.4 ± 1.3 7.0 ± 1.1 2.1 ± 0.3 20.6 ± 0.3 9.6 ± 0.5 

CC-4532 6.2 ± 0.4 6.0 ± 0.4 4.4 ± 0.2 26.7 ± 0.9 8.0 ± 0.5 

CC-4533 9.7 ± 1.6 5.2 ± 0.5 1.5 ± 0.3 16.8 ± 0.3 2.4 ± 0.2 

 1 



 

trends were observed across the strains. In some strains (CC-124, CC-125, CC-1690, CC-372 
4532), Fv/Fm decreased almost as a monoexponential decay. In others (CC-1009, CC-1691), 373 
Fv/Fm initially dropped but mostly recovered over the six days of acclimation. Only CC-4533 374 
showed a continued decrease in Fv/Fm throughout the HL treatment. These data indicate a 375 
considerable variation in the acclimation capacity and/or strategies of the strains.  376 

 377 

Figure 6. Fv/Fm and PSII antenna size during HL acclimation.  378 

(A) Maximum quantum efficiency of PSII photochemistry (Fv/Fm), and (B) functional antenna size of PSII. 379 
Data shown (A) are mean ± SD, n = 3 for 4, 6, 7.5 h HL; and n = 7 for 0, 24, 48, 144 h HL. Data shown in 380 
(B) are mean ± SD, n = 5 - 6 biological replicates.  381 

 382 

A typical response to different light conditions is a change in the antenna size of the 383 
photosystems (Wientjes et al., 2013; Polukhina et al., 2016). To determine whether this 384 
response varies among WT strains, the functional antenna size of PSII was measured during 385 
HL acclimation (Figure 6B). Differences between the strains were observed even before HL 386 
treatment. For example, the PSII antenna size of CC-124 was 30% larger than that of CC-125. 387 
In most strains, the functional antenna size increased during the first two days in HL, resulting in 388 
an increase of the PSII cross-section ranging from 16.5% (CC-124) to 259% (CC-125), which is 389 
likely due to a decrease in functional PSII core. After six days of HL, the PSII absorption cross-390 
section either increased even further in some strains (CC-124, CC-125, CC-4533) or remained 391 
at the level reached after two-day acclimation (CC-1009, CC-1690). In contrast, CC-1691 and 392 



 

CC-4532 maintained their initial PSII antenna size throughout the HL treatment, showing no 393 
measurable response. 394 

 395 

The PSI:PSII ratio depends on the genetic background 396 

Since the photosystems' stoichiometry is essential for regulating the photosynthetic electron 397 
transport chain, PSI:PSII ratios were measured. Two methods were used: (i) electrochromic 398 
shift (ECS) signal, which is based on the charge separation in the reaction centers in vivo and 399 
provides the ratio between functional complexes, and (ii) immunoblots against specific subunits 400 
of PSI and PSII, which provide the overall relative protein ratios. 401 

The functional PSI:PSII ratio was different among the WTs even prior to HL exposure, 402 
with CC-125 exhibiting the lowest ratio (~1), while all other strains showed values in the 1.4 - 2 403 
range (Figure 7A). A very similar trend was observed when the ratio was probed biochemically 404 
through immunoblotting, using PsaA and CP47 as representative proteins for PSI and PSII, 405 
respectively (Figures 7B and S5).  406 

 407 

 408 

Figure 7. PSI:PSII ratios before and after six days in HL. 409 

(A) Functional PSI:PSII reaction center ratio measured in vivo using the electrochromic shift probe. Data 410 
shown are mean ± SD, n = 3 biological repetitions. (B) Relative PSI:PSII ratio according to immunoblot 411 
quantification of PsaA:CP47 protein signals. Data shown were normalized to CC-124 and are mean ± SD, 412 
n = 2 biological repetitions. Identical letters above the bars indicate a lack of statistically significant 413 
difference (p<0.05) between strains, examined via one-way ANOVA independently for each timepoint. 414 

 415 

Interestingly, after six days in HL, the functional ratio was similar to pre-HL levels in four 416 
of the strains (CC-124, CC-1691, CC-4532, CC-4533), despite differences in their acclimation 417 
dynamics during the initial 48 hours (Figure S6A) and large variations Fv/Fm (Figure 6A). Three 418 



 

of these strains also exhibited a decrease in the PSI:PSII ratio based on protein levels (Figure 419 
7B). This suggests a shared characteristic between these strains: a re-equilibration of the 420 
photosystem ratio following the initial stress response, likely to maintain balanced electron flow. 421 
In contrast, the three other strains, which did not return to their original functional PSI:PSII 422 
ratios, showed two types of responses. CC-1009 and CC-1690 exhibited a reduction in both 423 
functional and protein-based PSI:PSII ratios after the HL acclimation. CC-125, on the other 424 
hand, showed a drastic increase in the PSI:PSII ratio as measured via both functional (320%) 425 
and protein (192%) analysis.  426 

The increases in functional PSI:PSII ratios observed during the first two days of HL 427 
(Figure S6A) are not unexpected. During this early phase, PSII is more susceptible to 428 
photodamage, particularly before full NPQ capacity is activated. This results in an excess of 429 
damaged PSIIs, which reduces the number of functional PSII complexes and leads to a higher 430 
PSI:PSII ratio measured via ECS. In contrast, the immunoblot results reflect only total protein 431 
abundance and are thus less influenced by the PSII functional state (Figure S6B). 432 

 433 

ST capacity differs between strains, and it is preserved in HL 434 

STs are a process of antenna redistribution between PSII and PSI. In land plants, ST is most 435 
relevant in LL conditions, when the PS antenna changes have a proportional effect on electron 436 
transfer. In green algae, this process remains fully operational even at peak light mid-day 437 
(Nawrocki et al., 2020), and is considered to be an integral part of photoprotection. To examine 438 
the capacity of the WT strains to perform ST, we measured the maximal fluorescence in states I 439 
and II, which reflects changes at the PSII level. The cells were treated with 10 µM DCMU under 440 
low-intensity red light to induce state I. State II was instead induced in a light-independent way 441 
by adding glucose (20 mM) and glucose oxidase to bring the cells to anoxia (Wollman and 442 
Delepelaire, 1984). 443 

At time zero of HL acclimation, in most of the strains the maximal PSII fluorescence 444 
decreased during state I-to-II transition by approximately 40-45%, except for CC-4533 for which 445 
the ST amplitude was only ~25% (Figures 8 and S7). Strikingly, after HL acclimation (six days of 446 
HL), the capacity of ST in different strains varied dramatically: it decreased in CC-124, CC-447 
1009, CC-1690 and CC-4533 and remained the same after a transient increase in CC-125, CC-448 
1691 and CC-4532 (Figure S7). After six days of HL, the change in PSII fluorescence during 449 
state I to II transition ranged from 15 to 55%, depending on the strain. Interestingly, the pre-450 
acclimation to autotrophy increased the ST amplitude in most of the strains (all but CC-125 and 451 
CC4532) in ML (Figure S7). This is not surprising, as at least in CC-124, the LHCII abundance, 452 
i.e. substrate availability for Stt7, increases significantly during the transition to autotrophy 453 
(Polukhina et al., 2016). 454 



 

 455 

Figure 8. ST capacity upon HL acclimation. 456 

The decrease in fluorescence yield between State I (induced by DCMU and LL illumination) and State II 457 
(anoxia in darkness) is plotted. Data shown are mean ± SD, n = 5 for 0 and 144 h; n = 4 for 24 and 48 h. 458 
Identical letters above the bars indicate a lack of statistically significant difference (p<0.05) between 459 
strains, examined via one-way ANOVA independently for both timepoints.  460 

 461 

NPQ capacity and LHCSR3 abundance do not correlate between strains 462 

Next, we compared the ability of the WT strains to perform NPQ. In C. reinhardtii, NPQ is not a 463 
constitutive photoprotection feature, and its capacity depends on a prior HL exposure (Peers et 464 
al., 2009; Polukhina et al., 2016). As shown in Figure 9A, none of the strains was able to 465 
perform NPQ in ML in photoheterotrophic conditions, but within 24 h of HL exposure, they all 466 
developed NPQ capacity identical to that of cells grown photoautotrophically in ML (Figure S8), 467 
and both types of cells had similar NPQ capacity after six days in HL. However, the capacity to 468 
perform NPQ increased during HL treatment with different kinetics for the different strains, with 469 
CC-125 exhibiting the longest lag phase in NPQ development. The steady-state level of NPQ 470 
also showed some differences between strains.  471 

Since NPQ in C. reinhardtii has been shown to depend on the proteins LHCSR1 and 472 
LHCSR3 (Peers et al., 2009), we measured their content in the cells (Figures 9B and S9). After 473 
six days of HL, the level of LHCSR3 differed between strains, with CC-125 and CC-4532 474 
showing the highest content and CC-124 and CC-1691 the lowest (Figure 9B). Interestingly, 475 
there was no correlation between the steady-state NPQ level and the LHCSR3 accumulation 476 
(Figure 9C), suggesting that some other factors play an essential role in modulating the NPQ 477 
capacity in addition to LHCSR3. In the SI materials, we examine the role of the lumenal pH by 478 
inducing NPQ with acid, and we calculate a theoretical NPQ based on the maximum FV/FM. 479 
Neither approach identified a correlation with LHCSR3 abundance (Figures S10 and S11), 480 
which hints at a more complex regulation.  481 



 

 482 

Figure 9. NPQ capacity under HL. 483 

(A) Cultures of the indicated strains were grown photoheterotrophically in ML. At t = 0, cultures were 484 
transitioned to photoautotrophic growth in HL, and assayed for NPQ capacity. The maximal NPQ capacity 485 
is plotted as a function of HL acclimation time. Data shown are mean ± SD, n = 7 biological replicates. (B) 486 
The kinetics of the LHCSR3 accumulation throughout the HL treatment as detected by immunoblotting. 487 
(C) The correlation between light-inducible NPQ and LHCSR3 after six days of HL acclimation. LHCSR3 488 
abundances are normalized to the LHCSR3 abundance in CC-124 in the respective immunoblots. Each 489 
datapoint describes the ratio in a single biological replicate. The lines describe a best fit to a linear 490 
function between biological replicates, performed with least-squared sum fitting performed separately for 491 
each strain with all datapoints belonging to the same strain. Data shown were normalized to the LHCSR3 492 
content in CC-124 and are mean ± SD, n = 5 biological replicates.  493 

 494 
 495 

DISCUSSION 496 

In this work, we have compared the photosynthetic parameters of seven laboratory reference 497 
strains of the green alga C. reinhardtii: CC-124 (mt–, 137c–), CC-125 (mt+, 137c+), CC-1009 498 
(mt–, UTEX89), CC-1690 (mt+, 21gr+), CC-1691 (mt–, 6145), CC-4532 (mt–, the genome 499 
reference strain) and CC-4533 (mt–, parental strain of the CLiP mutant library). The choice of 500 
these strains was based on their distant backgrounds, which affect phenotypes and gene 501 
expression (Gallaher et al., 2015), as also supported by the large variation in pigment 502 
compositions, cell size, and growth rates observed in this work in LL and ML. Here, we have 503 
assessed a range of functional and biochemical parameters to obtain quantitative information 504 
about the extent to which the acclimation capacity to HL is genetically controlled. 505 

 506 

Source of large-scale differences in basal transcription 507 



 

Even though these seven WT strains were grown under identical conditions, a surprisingly large 508 
percentage of genes, 39.5%, was differentially expressed by two-fold or more. From each 509 
strain's unique haplotype pattern (Figure 3A) and our prior study (Gallaher et al., 2015), these 510 
strains have between 100,000 and 500,000 nt variants between them that were inherited from 511 
the genetically divergent gametes that produced the Amherst lineage. It would be reasonable to 512 
expect that this degree of genetic variation would have a profound effect on the transcriptome. 513 
In contrast, there did not appear to be any observable, large-scale differences in RNA 514 
abundances that could be attributed to differences in haplotype (Figure 3). This was most 515 
clearly demonstrated by the observation that the proportion of mixed-haplotype genes among 516 
the DEGs is the same as the proportion of mixed-haplotype genes among all genes (Figure 3D). 517 
If differences in RNA abundances cannot be attributed to a strain's inheritance of the two 518 
haplotypes, the next most likely explanation is that these differences have arisen while the 519 
strains were maintained in laboratories in the period since 1945. Further, many of these 520 
observed differences in basal transcription may not be entirely random. Strain CC-125 was 521 
found to have significantly higher expression of genes involved in the response to freezing and 522 
ice binding (Figure 3E and SI Dataset 2). It is speculative, but not unreasonable, to imagine that 523 
this strain was once maintained in conditions that were too cold (a common microbiology 524 
practice), and this put selective pressure on the strain to increase expression of cold-protective 525 
genes. Similarly, strain CC-4533, which is the parental strain of the CLiP mutant library, had 526 
higher expression of genes involved in DNA repair. One of the strains ancestral to CC-4533 was 527 
subjected to N-Methyl-N'-nitro-N-nitrosoguanidine mutagenesis (Davies and Plaskitt, 1971). 528 
Perhaps this or other DNA-damaging stressors created selective pressure for increased 529 
expression of DNA repair genes. Collectively, these observations support the idea that gene 530 
expression in even closely related WT strains may diverge in profound ways over time under 531 
laboratory conditions.  532 

These findings offer a caution with respect to interpretation of lists of DEGs when strain 533 
background has not been taken into consideration. Ideally, all experiments would be conducted 534 
exclusively in isogenic strains. But when this is not possible, or when comparing experiments 535 
performed in different groups with different strains, it may be beneficial to consider the range of 536 
inter-strain variation in transcript abundance observed in this data set. To that end, we provide 537 
normalized transcript abundances, as FPKMs, for all strains and their inter-strain variance (SI 538 
Dataset 3) and fold-changes for all pairs of strains (SI Dataset 4) as a resource for the 539 
community. For example, ferredoxin 1 (FDX1, Cre14.g626700) and LHCBM1 (Cre01.g066917) 540 
have extremely high inter-strain variance, differing by up to ~2.5-fold between strains. In 541 
contrast, prolyl 4-hydroxylase 2 (PFH2, Cre10.g428500) and dihydrolipoamide acetyltransferase 542 
3 (DLA3, Cre06.g252550) have much more modest inter-strain variances, differing by 1.1-fold 543 
and 1.2-fold, respectively. Cross-referencing inter-strain comparisons with the SI datasets 544 
included with this work may help mitigate the danger of misinterpreting differences in 545 
expression.  546 

 547 

HL acclimation in C. reinhardtii 548 

During the transition from ML to HL, C. reinhardtii cells modify their photosynthetic machinery to 549 
cope with excess light irradiation and achieve a HL acclimated state. It is expected that the cells 550 
acclimate to HL by changing the composition and organization of the photosynthetic apparatus, 551 
and by inducing photoprotective responses (NPQ and ST) to minimize photodamage (Erickson 552 
et al., 2015; Minagawa and Tokutsu, 2015).  553 

HL acclimation for cells grown photoautotrophically has been reported to influence the 554 
pigment composition by: (i) strongly decreasing the Chl content per cell (Neale and Melis, 1986; 555 



 

Bonente et al., 2012; Polukhina et al., 2016; Virtanen et al., 2021), and (ii) significantly 556 
decreasing the Chls/Cars ratio without changing the Chl a/b ratio (Bonente et al., 2012; 557 
Polukhina et al., 2016; Cazzaniga et al., 2020). Our work shows that the Chls/Cars ratio 558 
decreases in all WTs during HL acclimation in a similar fashion (Figure 5D). However, at 559 
variance with the results from the above-mentioned works, we also observed variations in the 560 
Chl a/b ratio after six days of HL exposure (acclimated state) in most strains. Surprisingly, the 561 
changes are in different directions, increasing in two strains but decreasing in the others (Figure 562 
5C). Part of these strain-dependent differences are due to simultaneous acclimation to 563 
autotrophy, as the kinetics of Chl a/b ratios show only minor adjustments in HL when the cells 564 
are pre-acclimated to photoautotrophy, and only in CC-4532 and CC-4533 does the ratio 565 
decrease during the HL treatments (Figure S12).  566 

The variation of Chl a/b might result from the regulation of the antenna size, due to the 567 
exclusive binding of Chl b to the outer antenna, or from a change in PSI/PSII ratio since the 568 
antenna of PSII contains more Chl b than that of PSI (Drop et al., 2011; Drop et al., 2014). In 569 
agreement with this, the antenna size of PSII was shown to correlate with changes in Chl a/b 570 
ratio (Figures 5C and 6B), increasing in all strains that showed a decrease in Chl a/b ratio, and 571 
remaining constant in CC-1691 and CC-4532. The latter two strains seem to function similarly to 572 
a cell wall-deficient strain, cw15, which also did not exhibit a change in Chl a/b ratio nor 573 
significant changes in PSII antenna (Bonente et al., 2012). Notably, antenna modulation in HL 574 
was most pronounced in strains that exhibited the largest differences between 575 
photoheterotrophically and photoautotrophically grown cells prior to HL treatment (Figures 7B 576 
and S13), suggesting that trophic status has a stronger effect on antenna size than does light 577 
intensity. However, this response also shows a high degree of strain dependency, as no major 578 
changes were observed in fully photoautotrophic CC-1691 and CC-4532 during the HL 579 
exposure (Figure S13). Regardless, previous studies showed that upon LL to HL shift, the cells 580 
endure a severe reduction in both PSI and PSII abundance, while the PSI/PSII ratio is not 581 
affected (Bonente et al., 2012; Polukhina et al., 2016; Virtanen et al., 2021). Hence, our 582 
functional data and immunoblot analyses (Figure 7) likely reflect the combined acclimation 583 
response to both autotrophic growth conditions and HL with a high degree of strain 584 
dependence. 585 

 586 

State transitions remain active in HL-grown C. reinhardtii 587 

In land plants and green algae, state transitions (ST) were thought to be mainly relevant in LL 588 
(Goldschmidt-Clermont and Bassi, 2015), when the PS antenna changes proportionally affect 589 
electron transfer due to the distinct absorption spectra of the two photosystems. However, it was 590 
also shown that HL-acclimated plants are capable of ST (Wientjes et al., 2013). In C. reinhardtii, 591 
ST were shown to be active in LL (Delosme et al., 1996; Nagy et al., 2014; Ünlü et al., 2014; 592 
Nawrocki et al., 2016) and diel cycles (Nawrocki et al., 2020), but were proposed to have a role 593 
also in HL by reducing the antenna size of PSII at the onset of the HL, before LHCSR3 594 
accumulates in the cells (Allorent et al., 2013). This was not observed under strong illumination 595 
in LL-grown strains that retain the capacity to do ST, as the cell remained in State I (Nawrocki et 596 
al., 2021). In the present work, we have measured maximal ST amplitude during acclimation to 597 
continuous HL to understand whether ST capacity is maintained in these conditions (Figures 8 598 
and S7). Indeed, all WTs are capable of ST after six days in HL, implying that ST can operate 599 
despite long-term HL exposure. Our recent work performed in standard laboratory conditions 600 
also showed that the ST capacity of the selected WTs is preserved throughout the diel cycle, 601 
even at HL intensity (Nawrocki et al., 2020). Furthermore, ST and NPQ have been shown to be 602 
fundamentally linked and partly compensatory to one another in C. reinhardtii (Steen et al., 603 
2022). We speculate that despite the apparent preference of the cells to remain in State I under 604 



 

HL, they retain the capacity to transfer the antenna to PSI upon changes in the environmental 605 
conditions. It is likely an adaptation to fluctuations in light and oxygen availability throughout the 606 
day. 607 

Since ST are a fundamental component of C. reinhardtii photosynthesis regardless of 608 
light intensity, differences in ST capacity reflect the genetic differences between strains (Figure 609 
8). Moreover, ST capacities in the WTs during HL acclimation showed a decrease in most of the 610 
strains compared to LL (Figure 8), also in the cases when the PSII antenna size and thus the 611 
number of LHCII per PSII core increases (Figure 6B). This effect can be explained by a net 612 
reduction of the PQ pool when photosynthesis is saturated at the level of PQH2 oxidation 613 
compared to growth in LL (Sacksteder and Kramer, 2000), since the trigger of ST from state 614 
I=>II transition is the reduction of the PQ pool, via either chlororespiration or PSII 615 
photochemistry (Wollman, 2001).  616 

 617 

The genetic background has a profound influence on NPQ 618 

NPQ development upon HL exposure is a photoprotective strategy common to all analyzed 619 
strains, although the extent of NPQ induction varies among them (Figure 9A). This variation can 620 
be attributed to differences in genetic background (Gallaher et al., 2015; Nawrocki et al., 2020), 621 
which have previously been shown to affect photosynthetic phenotypes.  622 

In C. reinhardtii, LHCSR3 is essential for NPQ (Peers et al., 2009) and several studies 623 
have demonstrated a linear correlation between LHCSR3 abundance and NPQ levels within 624 
individual strains (Bonente et al., 2012; Perozeni et al., 2018; Tian et al., 2019). However, the 625 
correlations between LHCSR3 and NPQ (or NPQ(T)) are no longer observed when comparing 626 
strains (Figures S10 and S11). One possible explanation is that the luminal pH, known to 627 
regulate LHCSR3 activation, may differ between strains. To test this hypothesis, we induced 628 
NPQ using acetic acid, a method previously shown to trigger stable and reversible quenching 629 
(Tian et al., 2019). Yet, as in the case of HL-induced NPQ (Figures 9 and S11), no correlation 630 
was observed between the NPQ level and the LHCSR3 content across the WTs strains (Figure 631 
S10). These results show that in addition to LHCSR3 accumulation and luminal acidification, 632 
other factors contribute to modulation of NPQ capacity in C. reinhardtii, highlighting the profound 633 
influence of genetic background on the photosynthetic traits in this alga. 634 

 635 

A cautionary note 636 

Here, we have demonstrated numerous ways in which commonly used "wild type" strains of C. 637 
reinhardtii exhibit dramatically different phenotypic characteristics. This phenomenon can have 638 
an unfortunate confounding effect when interpreting experimental results. As an example, a 639 
researcher selects a strain from the CLiP mutant library that has a mutant gene of unknown 640 
function. The researcher compares that mutant strain to their preferred WT strain, CC-125, in an 641 
assay to quantify ST capacity. The researcher observes a significant decrease in the mutant 642 
strain relative to the WT and thus assumes that the decrease in ST capacity is due to the 643 
mutated gene. However, the CLiP mutant library was produced in a background strain, CC-644 
4533, which we demonstrate here has significantly lower ST capacity than other WT strains like 645 
CC-125 (Figure 8). Thus, the phenotypic differences between CC-4533 and other WT strains 646 
that we document in this work may lead an unaware researcher to erroneously assign a role in 647 
ST to the mutant gene. Similarly, we document significant differences in cell size and TOC 648 
between strains (Figure S1) that could dramatically alter a comparison of two strains depending 649 
on whether a particular measurement was normalized to cell number or to total carbon content. 650 
Finally, we note that the substantial differences we observed in basal transcription (Figure 3), 651 



 

are likely the result of differences that have accumulated recently during propagation in the 652 
laboratory. Consequently, even comparisons between two strains with the same haplotype 653 
(Figure 3A) and minimal genomic variants between them, have the potential to be affected by 654 
transcriptional drift that may occur over time. 655 

 656 

 657 

EXPERIMENTAL PROCEDURES 658 

Strains  659 

Eight strains of C. reinhardtii were used in this study: CC-124, CC-125, CC-1009, CC-1690, CC-660 
1691, CC-4402, CC-4532, and CC-4533 (Gallaher et al., 2015), as indicated. All are available 661 
from the Chlamydomonas Resource Center at the University of Minnesota 662 
(https://www.chlamycollection.org/).  663 

 664 

Growth conditions: Trophic growth curves, Cu deficiency (Figures 1, 2) 665 

Cultures were grown at 24°C with 160 rpm agitation in Tris-acetate-phosphate (TAP) or Tris-666 
phosphate (TP) medium (Harris, 2009) with revised micro-nutrient composition (Kropat et al., 667 
2011). Photoheterotrophic cultures were grown in TAP medium with 70-80 μmol·m-2·s-1 668 
continuous illumination (2:1 ratio of 4100 K cool white and 3000 K warm white fluorescence 669 
bulbs). Heterotrophic (dark) cultures were grown in TAP without illumination (<5 μmol·m-2·s-1). 670 
Photoautotrophic cultures were grown in TP medium with 70-80 μmol·m-2·s-1 continuous 671 
illumination (2:1 ratio of 4100 K cool white and 3000 K warm white fluorescence bulbs) and 672 
were supplied with sterile air for increased CO2 availability (air flow rate of 0.5-1 L·min-1·L-1 673 
culture volume). Cultures were maintained photoheterotrophically and were adapted to 674 
heterotrophic (dark) or photoautotrophic growth conditions for a period of at least two full growth 675 
curves prior to inoculation of experimental cultures.  676 

For the Cu-deficiency study, replicate cultures were transferred sequentially two times from 677 
inoculation to stationary growth phase in photoheterotrophic growth medium without added Cu 678 
to generate cells acclimated to severe Cu-deficiency. After two rounds of growth in media 679 
without Cu, the experimental cultures containing EDTA-chelated Cu or not, and supplemented 680 
with 200 mM EDTA-chelated Fe (10-fold excess relative to standard medium (Kropat et al., 681 
2011)) or not were inoculated at an initial density of 1-2 ×104 cells·mL-1 and sampled for Chl 682 
content at a density of 4-5 ×106 cells·mL-1.  683 

Growth was monitored from inoculation to stationary phase, and the cell number was 684 
determined every 12 h (photoheterotrophic) or 24 h (heterotrophic) by manual counting 685 
(hemocytometer). The generation time was calculated from the resulting growth curves, starting 686 
when each culture reached 1 ×105 cells·mL-1 up to the first time point of stationary phase.  687 

 688 

Growth conditions: Transcriptomics (Figures 3, 4) 689 

Pre-cultures of each WT strain were used to inoculate either two batches of two (CC-124, CC-690 
1009, CC-1690, CC-1691 and CC-4532) or one batch of four (CC-125, CC-4533) flasks to 691 
produce four biological replicate samples for each strain. Flasks contained Tris-Acetate-692 
Phosphate (TAP) (Gorman and Levine, 1965) medium supplemented with Kropat's trace metals 693 
(Kropat et al., 2011), and were inoculated at a concentration of 1.5 x 104 cells·mL-1. Flasks were 694 
placed under continuous agitation on a shaking platform at 180 rpm at 25°C in a growth 695 
chamber under 50-70 µmol photons m-2·s-1 of continuous light. Light was generated by 696 



 

fluorescent bulbs with a ratio of two cool white bulbs (4100 K) to one warm white bulb (3000 K). 697 
Cultures were grown for approximately three days to reach mid-log growth phase and collected 698 
at ~2-3 x 106 cells·mL-1. 699 

 700 

Growth conditions: three light intensities (Figures 5 - 9) 701 

The strains were grown under three light intensities as indicated: low light (LL, ~20 μmol 702 
photons m-2·s-1 grown photoheterotrophically in Tris-Acetate-Phosphate medium (TAP) (Gorman 703 
and Levine, 1965), medium light (ML, ~80 μmol photons m-2·s-1 grown photoheterotrophically in 704 
TAP) and high light (HL, ~500 μmol photons m-2·s-1 grown photoautotrophically in high salt 705 
medium (HSM) (Sueoka, 1960) with ambient CO2 under axenic conditions. Cells were grown at 706 
25°C 140 rpm and collected during the log phase of growth for each experiment. The cultures 707 
were diluted one day before each physiological experiment. For LL and ML, samples were 708 
grown in TAP at least 96 h before collection. For HL treatment, cells were pre-grown in ML in 709 
TAP for at least 72 h and then transferred into HSM. Aliquots from HL-treated samples were 710 
collected at 0 h, 4 h, 6 h, 7.5 h, 24 h, 48 h and 144 h (six days) HL exposure. Cells were dark-711 
adapted in open flasks shaking vigorously for at least 20 min before each measurement to make 712 
the PQ pool oxidized via chlororespiration (Nawrocki et al., 2015). 713 

 714 

RNA-Seq library generation and analysis 715 

Total RNA was purified using commercial kits as described previously (Dupuis et al., 2025). 716 
Poly-adenylated mRNA was selected and used to construct libraries for sequencing on the 717 
Illumina platform following standard protocols with commercial kits from Illumina. Sequencing 718 
was performed on the Illumina HiSeq 3000 with 50 nt single end reads. 719 

The resulting data were mapped to the C. reinhardtii CC-4532 reference genome 720 
assembly and gene annotations (v6.1) available from Phytozome.net. Mapping was performed 721 
with STAR (Dobin et al., 2013) using the following parameters: --alignIntronMax 3000 --722 
outSAMtype BAM SortedByCoordinate --outMultimapperOrder Random --outSAMmultNmax 1 --723 
limitBAMsortRAM 2000000000 --outSAMunmapped Within. All subsequent analyses were 724 
performed using the R statistical computing platform with analysis packages as described 725 
below. Reads were assigned to genes with the featureCounts() function of Rsubread package 726 
using the following parameters: annot.ext=annotations, isGTFAnnotationFile="SAF", 727 
useMetaFeatures=TRUE, allowMultiOverlap=TRUE, fracOverlap=0.5, minOverlap=30, 728 
largestOverlap=TRUE, countMultiMappingReads=TRUE, fraction=TRUE, minMQS=0, 729 
primaryOnly=TRUE, ignoreDup=FALSE, strandSpecific=2, genome=genome, 730 
isLongRead=FALSE, isPairedEnd=FALSE, countReadPairs=TRUE, checkFragLength=TRUE, 731 
minFragLength=50, maxFragLength=3000, countChimericFragments=FALSE, autosort=TRUE. 732 
Differentially expressed genes (DEGs) and normalized expression estimates in terms of 733 
fragments per kb of gene per million mapped reads (FPKMs) were calculated with the DESeq2 734 
package (Love et al., 2014). A gene was considered a DEG between two strains if it met the 735 
following criteria: 1) >1 FPKM in at least one of the two strains, 2) an s-value < 0.01, and 3) >2-736 
fold difference between strains. PCA analysis was performed on the 1000 genes with the largest 737 
inter-strain variance using the prcomp() function in the stats package, and plotted with the 738 
ggplot2 package. k-means clustering was performed with the kmeans() function in the stats 739 
package. Gene ontology (GO) enrichment was performed with the enricher() function in the 740 
clusterProfiler package. Heatmaps were generated with the ComplexHeatmap package. The 741 
hypergeometric distribution was calculated with the phyper() function in the stats package. 742 

 743 



 

Pigment analysis  744 

Absorption spectra were measured with a Cary 4000 UV–Vis spectrophotometer. Pigments 745 
were extracted from the cells in 80% acetone (Sigma-Aldrich, USA) saturated with Na2CO3 746 
(Porra et al., 1989) and the spectra of the extract were fitted with the spectra of individual 747 
pigments according to (Croce et al., 2002). HPLC was performed as described in (Gilmore and 748 
Yamamoto, 1991) with a few modifications Acetonitrile : Methanol : 0.1 M Tris-HCl (pH 7.6)= 72 749 
: 8 : 10 (v/v). 750 

 751 

Physiological measurements  752 

Joliot-type spectrophotometer JTS-10 (Biologic, France) was used to perform fluorescence 753 
measurements. The cultures were placed in a custom-made cuvette holder and were stirred 754 
during measurements. To sufficiently induce NPQ, an LED actinic light (1500 μmol photons m-755 
2·s-1 peaking at 630 nm (BeamBio, France)) was used, which is about three times higher than 756 
the high light growth condition. Saturating pulses of >10000 μmol photons m-2·s-1 and 180 ms 757 
pulse duration were used. Fluorescence was triggered by 10 μs flashes of white light passing 758 
through a 520 nm (10 nm FWHM) Schott filter and detected after a longpass >660 nm filter. 759 

 760 

NPQ measurements 761 

After the 20-minute dark-incubations to relax any quenching mechanisms acting in HL, NPQ 762 
was measured as follows. A short 5.5-minute protocol was used, in which the illumination phase 763 
(to calculate maximum NPQ) was 2.5 minutes after the short 10-second dark period (when F0 764 
was acquired), and the subsequent recovery period (in darkness) was 3 minutes. Non-765 
photochemical quenching (NPQ) was calculated as (Fm/Fm')-1, and the first 50-second 766 
fluorescence signals (within the illumination) were used for maximum NPQ calculation to avoid 767 
the possible superposition of state transitions that occur on longer timescales. Maximum 768 
quantum efficiency of PSII photochemistry (Fv/Fm) was calculated as (Fm-F0)/Fm. All parameters 769 
were calculated according to (Baker, N.R., 2008). 770 

Acetic acid-induced NPQ was estimated with a DUAL-PAM (Walz). 1 M acetic acid was 771 
used to decrease the pH of the cell suspension to 5.5. The quenching was then reversed by 772 
adding 2 M KOH to neutralize the pH to the value prior to the acid addition to ensure quenching 773 
reversibility. 774 

 775 

Functional antenna size of PSII 776 

The kinetics of fluorescence from dark-adapted cells (PSII open centers, QA maximally oxidized) 777 
to light (PSII closed centers, QA maximally reduced) were recorded in the presence of 778 
dichlorobenzyl dimethyl urea (DCMU, 10 μM, added after the 20-min dark-incubation) by a low 779 
intensity red actinic light ~35 μmol photons m-2·s-1 peaking at 630 nm (Nawrocki et al., 2019; 780 
Tian et al., 2019). The dark-acclimation was achieved via the 20-minute dark-incubations as 781 
mentioned above. 782 

 783 

State transitions 784 

To measure the maximal amplitude of ST, State I was induced via aerobic dark-incubation as 785 
mentioned above, followed by subsequent illumination with red light in the presence of 10 μM 786 
DCMU that was added to the sample after the dark-incubations. During the illumination the 787 



 

fluorescence signal was measured every 2 mins, and State I was considered to be complete 788 
upon achieving stable fluorescence level (generally after ~10±2 minutes of illumination). In turn, 789 
State II was induced by the addition of glucose (20 μM) and glucose oxidase as described in 790 
(Nawrocki et al., 2016) to establish anoxia. To measure maximum fluorescence (Fm'), red actinic 791 
light with low intensity was used and Fm' was recorded every ~2 mins. To calculate state 792 
transitions (%), every Fm' was normalized to the last Fm' point in state I induction, meaning that 793 
the point of Fm' was recorded before the addition of glucose and glucose oxidase. These 794 
kinetics were then plotted and the STI->STII transition was fitted with a monoexponential decay 795 
function (y = A1*exp(-x/t1) + y0) in OriginLab software.  796 

 797 

Electrochromic shift (ECS) measurements 798 

PSI:PSII reaction center ratio was measured according to (Joliot and Joliot, 2005; Alric et al., 799 
2010) with minor modifications (Nawrocki et al., 2016), using green Nd:YAG laser pumping a 800 
red fluorescent dye to trigger photochemistry and the signal was detected (at 520 nm) 140 µs 801 
after the laser flash. 802 

 803 

Sample preparations and immunoblots 804 

Total cell protein extracts and immunoblots were performed according to (Ramundo et al., 2013; 805 
Dinc et al., 2014) with a few modifications (Nawrocki et al., 2020). 5 ug total cell protein extracts 806 
were loaded on each well. All antibodies were purchased from Agrisera (Sweden). 807 
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