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Abstract 

The use of algal biomass for biofuel production requires improvements in both 

biomass productivity and its energy density. Green microalgae store starch and oil as 

two major forms of carbon reserves. Current strategies to increase the amount of 

carbon reserves often compromise algal growth. To better understand the cellular 

mechanisms connecting cell division to carbon storage, we examined starch and oil 

accumulation in two Chlamydomonas mutants deficient in a gene encoding a 

homolog of the Arabidopsis Cell Division Cycle 5 (CDC5), a MYB DNA binding 

protein known to be involved in cell cycle in higher plants. The two crcdc5 mutants 

(crcdc5-1 and crcdc5-2) were found to accumulate significantly higher amount of 

starch and oil than their corresponding parental lines. Flow cytometry analysis on 

synchronized cultures cultivated in a diurnal light/dark cycle revealed an abnormal 

division of the two mutants, characterized by a prolonged S/M phase, therefore 

demonstrating its implication in cell cycle in Chlamydomonas. Taken together, these 

results suggest that the energy saved by a slowdown in cell division is used for the 

synthesis of reserve compounds. This work highlights the importance in 

understanding the interplay between cell cycle and starch/oil homeostasis, which 

should have a critical impact on improving lipid/starch productivity.   
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1. Introduction

Cleaner energy alternatives are highly needed considering the increasing energy 

demand and the harmful environmental impact of fossil fuels. Microalgae have the 

potential to satisfy global oil demands due to their high biomass productivity and their 

capacity to synthesize naturally energy-rich compounds [1,2]. Triacylglycerols (TAG, 

oil) and starch are the two major forms of carbon and energy storage in green 

microalgae, and they can be converted to biodiesel and bioethanol, respectively. 

However, in optimal growth conditions, oil and starch represent only a small 

percentage of algal biomass. Massive oil and starch accumulation mostly occurs 

under stress conditions, with nitrogen (N) starvation being the most effective and 

therefore one of the most studied triggers [3–6]. Unfortunately, N deprivation 

undermines biomass productivity by inducing cellular quiescence [7]. This tradeoff 

between the yield of energy reserves and biomass productivity compels a two-step 

cultivation process where logarithmic growth provides enough algal biomass and a 

stress phase diverts energy uptake into TAG and starch accumulation [8]. Such 

process is energetically demanding which renders this process very expensive [9]. 

Economically viable production of biofuel relies therefore largely on strain 

engineering, which in turn requires a comprehensive knowledge on the interplay 

between reserve formation and cell growth [10]. 

For unicellular organisms, biomass accumulation is directly linked to the cell division 

and formation of reserves. Cell division is known to be one of the most energy-

consuming events during the life of a cell [11]. Understanding the cell cycle and its 

regulations could have an impact on biomass productivity and oil and starch yield [12]. 

The molecular mechanisms regulating cell cycle in microalgae have been well 

studied [13–17], and this resulted in the identification of >50 genes required for cell 

division [15]. Despite the recent studies describing the influence of photoperiod on 

algal growth and biomass production and composition [18–21], little is known about 

the connection between cell cycle and formation of energy reserves. 

Chlamydomonas reinhardtii has emerged as an established model to study cell cycle 

[11,15,17] and also a model to study lipid and starch metabolism [5,22–26]. To 

dissect the relationships between cell division on the formation of energy-rich 

compounds, here we took advantage of mutants already available in our laboratory 
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and studied the cell growth and formation of carbon reserves in two insertional 

mutants of C. reinhardtii shown to be impaired in cell cycle progression. We provide 

evidence that a genetic lesion affecting the cell division led to the redirection of 

cellular energy and assimilated carbon to formation of starch and oil in 

Chlamydomonas.  

 

2. Materials and methods 

 

2.1. Strains and culture conditions 

C. reinhardtii cell-wall-less strain dw15 (cw15, nit1-305, mt+) is the parental line to 

generate the library of insertional mutants compromised in oil homeostasis [27]. 

Using restriction enzyme site-directed amplification PCR (RESDA-PCR) [28], one 

mutant Mb1F11 was identified as containing an insertion in the locus Cre03.g197350 

encoding a putative protein CDC5. Mutant crcdc5-2 (LMJ.RY0402.255682_1) and its 

background strain CC-4533 were obtained from the Chlamydomonas Library Project 

(CLIP: https://www.chlamylibrary.org) of indexed insertional mutants [29] and 

streaked to isolate single cell clones.  

 

Strains were maintained in agar plates containing Tris-Acetate-Phosphate (TAP) 

media [30] under constant light at 25ºC. For mutants, TAP was supplemented with 10 

μg mL-1 paromomycin. Cell cultures were grown in glass flasks in incubators 

(Multitron, Infors HT) shaking at 120 rpm, 25ºC, under continuous light (100 µmol 

photons m−2 s−1), unless otherwise specified. Light was supplied by fluorescent tubes 

(Fluora Osram). Cells were cultivated either in mixotrophic conditions, TAP media, or 

in photoautotrophic conditions, Minimum Media (MM; similar to the TAP media but 

without acetate where Tris was replaced by MOPS) with additional supply of 2% CO2 

in the air. Cell concentration was followed with a Beckman Coulter Multisizer 4 

(MultisizerTM3 Coulter Counter, Beckman Coulter). To calculate cell doubling time, 

formulas (1) and (2) were used on the exponential phase of cell growth: 

N�t� = N�0�e�	 (1) 

where N(t) = the number of cells at time t, N(0) = the number of cells at time 0, µ = 

growth rate, and t = time in hours. 

doubling time =
�����

�
 (2) 
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For N starvation, log-phase cultures were washed with fresh media without N (NH4Cl 

replaced by the same amount of NaCl) at 450 g for 3 min. N was resupplied to N-

starved cells (48 h) and the cultures were set in the dark for 24 h to evaluate oil and 

starch catabolism. 

 

2.2. Quantification of gene expression in crcdc5-1 and crcdc5-2 mutants 

The null expression of the gene CrCDC5 was verified by semi-quantitative reverse 

transcription-PCR (RT-PCR). Mid-log phase cultures (concentration around 5×106 

cells mL-1) were pelleted and snap-frozen in liquid nitrogen. RNA extraction was 

performed as detailed in [31]. Briefly, pellets were resuspended in 0.5 mL RNA 

reagent containing phenol (Invitrogen 12322-012) and were shaken with 2.8 mm 

beads for lysis using a Precellys Homogenizer (Bertin technologies). After a 2-min 

centrifugation (12000 g at 4°C), supernatant was laid over 100 µL NaCl (5 M stock), 

mixed up and down, and 300 µL chloroform were added. Tubes were vortexed, spun 

down for 10 min, 4ºC at 12000 g, and upper phase was transferred to a new tube, 

where RNA was precipitated using 1 vol of isopropanol and kept for 10 min at room 

temperature (RT) before centrifuging again. RNA pellet was washed with 500 µL 75% 

ethanol, then dried and resuspended in water. DNA was degraded by TURBO DNase 

(Ambion) for 30 min at 37ºC and further inactivated with RNA CleanUp (protocol 

NucleoSpin® RNA Clean-up) (Macherey Nagel). Yield was checked by Nanodrop 

and 1 µL of total RNA was retrotranscribed with the cDNA synthesis kit SuperScript 

III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen).  

 

A fragment of the CrCDC5 coding sequence (762 bp, locus Cre03.g197350) was 

amplified by KOD Xtreme Hot start polymerase (Novagen) (primers M-b1-F11_F: 

CGCTCAACCTGGACTCGCTGCCG and M-b1-F11_R: 

CTAGTGCCGCCGCCAGCTCGTC; cycling conditions: 94ºC for 2 min, then 30 

cycles at 98ºC for 10 s, 66ºC for 30 s, and 68ºC for 90 s). The G protein beta subunit-

like polypeptide (CBLP) gene (279 bp, Cre06.g278222) was used as a housekeeping 

gene [28] (primers CBLP_F: GAGTCCAACTACGGCTACGCC and CBLP _R: 

CTCGCCAATGGTGTACTTGCAC; cycling conditions: 94ºC for 2 min, then 25 cycles 

at 98ºC for 10 s, 60ºC for 30 s, and 68ºC for 30 s). 

 

2.3. Lipid extraction and analyses 
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Freshly grown cells were harvested via centrifugation in a glass tube (8 mL with 

Teflon-lined cap) at 3220 g for 5 min at 4°C. Lipids were either extracted immediately 

or kept frozen at -80ºC for later extractions. Total lipids were extracted with a 

modified Bligh and Dyer method [32] and TAG amount was quantified by High 

Performance-Thin Layer Chromatography (HP-TLC) as previously described [5].  

 

2.4. Starch quantification 

Cells of Chlamydomonas were collected in 2-mL screw top Eppendorf tubes and 

centrifuged for 10 min at 13000 g. Pellets were resuspended in 1 mL of methanol and 

kept at -80ºC for at least 1 h. Cells were then centrifuged (5 min at 13000 g) and 

methanol phase was removed. Pellets were dried under a fume hood, resuspended 

in 400 µL of water, and samples were autoclaved for 20 min at 121ºC. Based on [33] 

protocol to convert starch into sugar monomers, 200 µL of amyloglucosidase (1 U 

mL-1, Roche) were added to samples and incubated for 90 min at 60ºC. After 

spinning down, soluble glucose was measured using a YSI2700 select sugar 

analyzer (YSI Life Sciences) with commercial glucose as calibration standard. 

 

2.5. Cell cycle analysis using Flow cytometry 

Diurnal synchronization was achieved by growing cultures photoautotrophically on a 

12h-light/12h-dark regime for at least 3 days [34] maintaining exponential growth by 

multiple back-dilution in flasks. DNA content per cell was monitored throughout a 

whole diurnal cycle by staining with SYBR Green I (Thermofisher) and collecting 

fluorescent signal of each cell particle by Flow cytometry to analyze the cell cycle [35]. 

Cells were counted with the Beckman Coulter Multisizer 4 to harvest the same 

number of cells. After harvesting, samples were fixated with 2.5% (v/v) 

glutaraldehyde and stored at 4ºC. Cells were spun down (3000 g, 30 s), washed in 

Phosphate-Buffer-Saline (PBS) and incubated in PBS containing 0.1 mg mL-1 RNase 

A at 37º for 2 h [15]. Then treated cells were stained in dark for 30 min with SYBR 

Green I diluted in PBS (1:3000). In triplicate, green fluorescence (laser excitation: 

488 nm; emission filter band pass: 525/30 nm) of at least 10000 cells was read with 

the flow cytometer Guava easyCyte 5HT (Merck Millipore). Population histograms 

were plotted in function of logarithmic values of green fluorescence signal and 

normalized by count percentage. For CC-4533 strains, a 70% ethanol solution step 

(RT for 2 h) was added prior to RNase treatment to enhance cell permeability. 
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3. Results 

 

3.1. Isolation of a Chlamydomonas mutant over-accumulating starch and oil 

To identify novel factors implicated in oil homeostasis, we carried out a forward 

genetic screen in the model microalga C. reinhardtii to isolate strains impaired in oil 

content in one or all of the following three conditions [27]: during optimal growth 

(TAP), under N starvation (TAP-N) or upon N resupply in the dark (MM24h) following 

a period of N starvation. Among all mutants isolated, the Mb1F11 was one of the few 

mutants that showed an increased oil content under all three cultivation conditions. 

The mutant was found to accumulate three times more TAG during optimal growth, 

accumulated 1.3 times more oil 24 h after N starvation, and showed a reduced 

capacity to degrade its oil reserves, i.e. 30% remaining in the mutant cells 24h after N 

resupply as compared to 20% remaining in the WT (Figure 1).  

 

The perturbation in lipid homeostasis under all three cultivation conditions suggests 

likely a defect in general cellular metabolism rather than specific processes related to 

lipid synthesis or degradation. We therefore quantified also starch amount under 

these conditions. Interestingly, changes in cellular starch amount paralleled those 

changes in oil content, i.e. the mutant Mb1F11 over-accumulated starch during 

optimal growth and under N starvation (1.3 - 1.4 times more), and were also defected 

in starch degradation, from 16% remaining in the WT compared to 32% remaining in 

the mutant 24 h after N resupply (Figure 2).  

 

3.2. The mutation is identified to be in the locus Cre03.g197350 encoding a 

putative cell division cycle 5 (CDC5) protein 

The mutant library was generated via insertional mutagenesis where the 

paromomycin resistance gene AphVIII was randomly integrated into the nuclear 

genome [27]. To identify the genetic lesion in the mutant Mb1F11, RESDA-PCR was 

used [36]. The AphVIII cassette was found to be located in the 11th intron of the locus 

Cre03.g197350 (Fig. 3A). This gene encodes a 91.7-kDa protein containing two 

domains (a MYB-like DNA binding domain and a pre-mRNA-splicing factor domain). 

This protein is annotated as a CDC5 in the v5.5 of C. reinhardtii genome [37]. The 

zero expression of the CrCDC5 gene in the mutant Mb1F11 was confirmed by RT-
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PCR using gene specific primers designed on the Cre03.g197350 coding sequence 

(Figure 3B). The mutant Mb1F11 was therefore named as crcdc5-1 from here on. 

 

3.3. An independent insertional event in the same locus resulted in a similar 

phenotype as crcdc5-1 

In the meantime, an indexed insertional mutant library of C. reinhardtii released to the 

public [29]. A strain, LMJ.RY0402.255682_1, was identified as potentially harboring 

an insertion in the 13th exon of the same locus as in crcdc5-1 (Cre03.197350) 

(Figure 3A). Using gene specific primers, RT-PCR analysis showed zero expression 

of CrCDC5 in the crcdc5-2 mutant (Figure 3B). To further explore the interplay 

between cell cycle and reserve formation, we focused on conditions when active cell 

division occurs. The crcdc5-2 mutant was found to over-accumulate both starch and 

oil compared to the WT CC-4533 during optimal growth (Figure 4), thus firmly 

establishing that the disruption in the expression of the putative CrCDC5 gene in C. 

reinhardtii is responsible for a higher storage of carbon reserves (oil and starch).  

 

3.4. The crcdc5 mutants divide slower 

The mutant cdc5-1 was found to grow slower than WT (Figure 5A).  To investigate 

the growth behavior, cells were grown under various conditions, and their doubling 

times were compared. Under all conditions tested, the two crcdc5 mutants divided 

significantly slower, as indicated by the time (h) that is needed for cell doubling 

(Figure 5B). We observed that the time that is required to achieve one cell division is 

generally longer (from 10% - 60% longer) in the two crcdc5 mutants compared to 

their respective parental lines under various growth conditions (photoautotrophic, 

heterotrophic and mixotrophic, constant light versus day/night cycle).   

 

3.5. The S/M phase of the cell cycle is prolonged in the two mutants compared 

to their respective parental lines 

To investigate impairment in cell division, we analyzed WT and mutant cell cycle by 

monitoring DNA replication. For this purpose, DNA was stained with SYBR Green I 

and fluorescence signal of each cell particle was collected with the aid of a Flow 

cytometer. In most microalgae, mitotic cycles are amenable to diurnally induced 

synchronization. Thus, we took advantage of day/night cycles to obtain a uniform cell 

population in order to detect population abnormalities as in other previous cell cycle 
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studies [15,34,38]. As in these studies, to obtain highly synchronized cell cultures, we 

avoided external organic carbon sources influencing cell size, which could potentially 

affect the time at which cells pass the commitment point [39], a control point in mid-

G1 when cells could complete at least one division without further energy input. Since 

commitment gates cell cycle progression and interferes in cell synchronization, for 

this experiment we have cultivated cells photoautotrophically using MM instead of 

TAP.  

 

Cells were pre-cultured for at least three days under a 12h-light followed by a 12h-

dark regime to synchronize cell division. In synchronized cells, C. reinhardtii divides 

at the beginning of the night. Then cell cultures were sampled at multiple time-points 

throughout the diurnal cycle to determine cell cycle progression. We first confirmed 

that under this condition both mutants over-accumulated starch and oil 

(Supplemental Figure S1), similar to the observation under mixotrophic growth 

(Figures 1, 2 and 4). We then monitored cell size and number with a cell counter 

(Figure 6A). A single narrow peak at the beginning of the day phase indicates that 

every cell had divided during the night phase (G0 to G1 transition), afterward during 

the day cells would grow and pull the peak towards greater cell diameters (G1 phase). 

And at the end of the day, cells would start replicating their genomes (S phase) and 

undertaking mitosis and cell division(s) (M phase) consecutively to go back to their 

initial minimum size (G0 phase) and remain quiescent until the end of the night.  

 

During the diurnal cycle, population peaks attain a minimum of DNA content per cell 

by the end of the dark phase, where dw15 cells have already divided and cannot give 

birth to daughter cells: they contain a single DNA copy (1C) (Figure 6B). By the end 

of the light phase, cells replicate their genomes and as a result, DNA peaks shift to 

2C intensity. Next, cells undertake a series of divisions (around 3 per cell usually). 

We observed that crcdc5-1 population lingered at the 2C state, suggesting that 

crcdc5-1 struggles to carry on division after the S phase (Figure 6B). We observed 

that WT populations had already finished the S/M stage 2 h entering the night phase 

whereas crcdc5-1 displayed a second fluorescence peak corresponding to the 

double of DNA content, indicating the presence of an additional cell subpopulation 

containing two nuclei (Figure 6B). 
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Strain dw15 does not display more than 2C signal, and this is probably because it is 

defective in cell wall and cells are readily separated after cytokinesis without hatching. 

In contrast, CC-4533 cells, having also an impaired cell wall but probably less severe 

compared to the dw15, need to hatch to release the daughter cells and can therefore 

reach higher DNA content per cell particle (Supplemental Figure S2). We found that 

CC-4533 attained lower synchronization rates than dw15 under the same diurnal 

cycles. However, should G2/M phase be lagged, the overall frequency of >1C peaks 

throughout the cycle is expected to increase. Indeed, crcdc5-2 population profiles are 

enriched in >1-nucleus cells, which confirms division S/M phase is slowed down. 

 

4. Discussion 

C. reinhardtii is unicellular, and its biomass accumulation is directly linked to the cell 

division and formation of reserves (starch and oil). Conditions favoring reserve 

accumulation often caused a compromise in cell division and growth, for example, 

nutrient deprivation. However, the metabolic consequence of perturbation in cell 

cycle on reserve metabolism has not been studied by itself. Understanding the 

underlying relationship between cell cycle and formation of carbon reserves should 

have significant impact on genetic engineering studies to improve cellular lipid/starch 

amount, and to the biotechnological utilization of microalgae. 

Here we show that a protein involved in the cell division cycle (CDC5) affects 

reserve metabolism. Using Flow cytometry analysis, we demonstrated that the 

Arabidopsis AtCDC5 homolog in C. reinhardtii is indeed a functional protein and 

plays a role in the transition from S to M phase in the cell cycle. Furthermore, through 

the study of the crcdc5 mutants, we provided biochemical, genetic and cytological 

evidence that perturbation in cell cycle can have multiple consequences in reserve 

turnover, resulting in cells over-accumulating oil and starch during optimal growth, 

and are perturbed in the reutilization of carbon reserves upon N resupply after a 

period of N starvation. These results and their implications on algal biotechnology are 

discussed below. 

 

4.1. CrCDC5 is actively involved in cell cycle progression in C. reinhardtii 

Although cell cycle processes have been relatively well studied in C. reinhardtii 

[11,14,17,34,40], this study provides a first experimental evidence for the implication 

of CrCDC5 in cell cycle in C. reinhardtii. CrCDC5 shared a 51% identity with 
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Arabidopsis thaliana CDC5 (AtCDC5; At1g09770) and 37% with the 

Schizosaccharomizes pombe CDC5 (SpCDC5), both known to act as a positive 

regulator of cell cycle in the G2/M progression [41–43]. Additionally, SpCDC5 

regulates mitotic entry, chromosome segregation, mitotic exit, and cytokinesis [44,45]. 

AtCDC5 is mainly expressed in tissues with high cell division activity and during 

embryo formation. The Arabidopsis knockout mutant of atcdc5 is embryo lethal, and 

in RNAi silencing lines, endoreduplication was increased and shoot apical meristem 

functions greatly affected [46]. This suggests G2/M phase could be affected [43]. 

However, unlike fission yeast or plants, C. reinhardtii divides by multiple fission 

concatenating S/M phases without a distinct G2 phase [11,14]. The consequence of 

a putative CrCDC5 knock-out is thus difficult to predict. Here we show that two 

independent crcdc5 mutants are impaired in cell cycle progression, presumably 

during or immediately before M phase, therefore establishing the role of CrCDC5 in 

cell cycle in C. reinhardtii. Consistent with its function in the S/M phase in a cell cycle, 

CrCDC5 showed a peak expression at the end of the day during a 24 h day/night 

cycle, with protein levels increasing towards the night period (Supplemental Figure 

S3) [17,34]. 

 

4.2. Carbon storage and cell cycle in unicellular algae 

Photosynthetic cells have to adjust their metabolism to ensure cell survival and 

optimize energy production and use in an ever-changing environment. Starch and oil 

are two major sinks serving as a buffering role to store energy as reduced carbon 

when produced in excess or to reuse it when the cellular energy status is low. During 

optimal growth, starch and oil are usually present in small amounts, and their cellular 

content have been found to follow a diurnal cell cycle [20,28,33,47]. The alterations in 

starch amount are further found not to be related to photosynthesis carbon fixation, 

but regulated by cell cycle [33]. Indeed, starchless mutants of C. reinhardtii divide 

less and grow slower under constant light, and cannot grow at all under diurnal light, 

indicating that starch provides an essential part of energy that is required for normal 

cell division [48–50]. This serves as additional evidence that starch and oil provide 

energy and carbon that are vital for cell growth and reproduction. Our study here 

provides genetic evidence that, when cell cycle is perturbed and cells spend less 

their energy for cell division, intracellular starch and lipid amounts increase as a 

result. 
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Compared to normal growth, carbon allocation has been subjected to intensive 

investigations under N starvation. N starvation has been identified as the most 

effective inducer in triggering cells to accumulate substantial amount of starch and oil 

[5,6,51]. This seems not surprising since in active growing cells, N metabolism 

represents a major sink for C utilization, and when N is absent, C is diverted to starch 

and lipids. N starvation-induced starch or oil accumulation is less attractive in terms 

of biotechnology, because N starvation also induces quiescence, a dormant state 

where cell growth is arrested. The interplay between cell quiescence and lipid 

metabolism has lately been demonstrated through the identification of the 

Compromised Hydrolysis of Triacylglycerols (CHT7) protein, a repressor that affects 

the exit of the quiescent state in C. reinhardtii upon N resupply. The cht7 mutant was 

isolated because it showed a delay in TAG degradation following N resupply [7]. 

Analyses of starch dynamics in the cht7 mutant would be interesting and could 

provide additional information on the interplay between cell quiescence and carbon 

reserve metabolism.  

 

4.3. From cell cycle to biotechnology 

In addition to N starvation, a common feature underlying most other stress treatments 

is the arrest in cell division and growth. We provide evidence that complete arrest in 

cell division is not an absolute requirement for oil and starch accumulation. Findings 

made in this study show the importance of understanding cell cycle on reserve 

metabolism. Our findings will be of use for industrial cultivation, where it is preferable 

to use strains that simultaneously store oil and starch while continuing cell growth. In 

addition to the coa1 mutant isolated previously from our laboratory [52] and the cht7 

mutant [7], this serves as another evidence that through mutation in a single gene, 

strains over-accumulating both starch and oil without the need for N starvation can be 

achieved. These set a precedent for new engineering strategies to the current two-

step microalgal oil production paradigm in which biomass productivity must be 

sacrificed for an oil accumulation phase [53,54]. The discovery of the CrCDC5 protein 

provides a starting point to explore other factors regulating the nexus of circadian 

rhythm, cell division and carbon partitioning. 
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Figure legend:  

Figure 1. The mutant Mb1F11 over-accumulated oil during optimal growth, N 

starvation and also showed delay in oil reutilization upon N resupply during the 

recovery phase. 

A. Oil content.  

B. A zoom-in for oil content quantification during optimal growth. 

C. % TAG remaining 24 h after N resupply. 

Data are means of three biological replicates with two technical repeats each, with 

standard deviations shown. Student’s t-test: * <0.05, ** <0.01, *** <0.001. Mutant 

Mb1F11 was named as crcdc5-1 as later identified. 

 

Figure 2. Starch accumulation and remobilization is also affected in the mutant 

Mb1F11. 

A. Starch content.  

B. Percentage of starch remaining 24 h after N resupply. 

Data are means of three biological replicates with two technical repeats each, with 

standard deviations shown. Student’s t-test: * <0.05, ** <0.01, *** <0.001. Mutant 

Mb1F11 was named as crcdc5-1 as later identified.  

 

Figure 3. Genetic validations. 

A. The insertion site of the AphVIII cassette in the crcdc5-1 mutant (background: 

dw15) and in crcdc5-2 mutant (CC-4533).  

B. RT-PCR confirms zero expression of CrCDC5 in both mutants. 

Abbreviations: CBLP: Chlamydomonas beta subunit-like polypeptide. 
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Figure 4. The crcdc5-2 mutant over-accumulated oil (A) and starch (B) during 

optimal growth. 

Data are means of three biological replicates with three technical replicates each. 

Bars indicate one standard deviation.  

Student’s t-test: * <0.05, ** <0.01, *** <0.001. 

 

Figure 5. crcdc5 mutants divide slower 

A. Cell growth as a function of increase in cellular number under mixotrophic growth. 

Data are means of two biological replicates, with standard deviations shown.  

B. Cell doubling times in different growth conditions. Time (h) for cultures to double in 

cell number and relative increase in mutant compared to their respective parental 

lines. 

 

Figure 6. Cell cycle analysis showed a prolonged S/M phase in crcdc5-1.  

A. Synchronization was assessed by monitoring cell population diameter in a Coulter 

counter. 

B. DNA content was analyzed throughout one day/night cycle with a flow cytometer 

for the dw15 WT and crcdc5-1 mutant. 

Axis 1C represents the fluorescence intensity of one DNA copy and subsequent C 

series are multiples of this, which were set in function of WT population after cell 

division. Remaining presence of a subpopulation with two nuclei in the crcdc5-1 

reveals cell division phase had not concluded after 2 h, suggesting a delay in the 

G2/M phase. 

 

Supplemental Figures: 

Supplemental Figure S1. The crcdc5 mutants over-accumulate oil (A) and 

starch (B) during photoautotrophic growth. 

Data are means of three biological replicates with three technical replicates each. 

Bars indicate one standard deviation. Student’s t-test: * <0.05, ** <0.01, *** <0.001.  

 

Supplemental Figure S2. Cell cycle analysis using Flow cytometer.  

DNA content was analyzed throughout one day/night cycle with a flow cytometer for 

the dw15 WT and crcdc5-1 mutant and for the CC-4533 WT and crcdc5-2 mutant. X-
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Axis 1C represents the fluorescence intensity of 1 cell with 1 nucleus. Unlike dw15, 

CC-4533 strains need to hatch after S/M to be counted as different particles, do not 

manage to adjust its division to the beginning of the dark period and have a softer 

synchronization instead. Thus division occurs also during the day. 

The two mutants accumulate more DNA during the entire cell cycle, suggesting a 

delay in the G2/M phase of cell division. 

 

Supplemental Figure S3.  Abundance of transcript and protein levels of 

CrCDC5 during a 12h:12h day/night cycle.  

A. RPKM values from two biological replicates from Zones et al., 2015 [34], and 

FPKM values from Strenkert et al., 2019 [17]. 

RPKM: reads per kilobase per million mapped reads; FPKM: kilobase of transcript 

per million mapped reads. 

B. Data shows normalized peptide abundance of CrCDC5 protein from two biological 

replicates. Bars represent standard deviation. 
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