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Abstract:  24 

Photosynthetic organisms are exposed to drastic changes in light conditions, which can affect 25 

their photosynthetic efficiency and can induce photodamage. To face these changes they have 26 

developed a series of acclimation mechanisms. In this work we have studied the acclimation 27 

strategies of Chlamydomonas reinhardtii, a model green alga that can grow using various carbon 28 

sources and it is thus an excellent system to study photosynthesis.  Like other photosynthetic 29 

algae, it has evolved inducible mechanisms to adapt to conditions where carbon supply is 30 

limiting. We have analyzed how the carbon availability influences the composition and 31 

organization of the photosynthetic apparatus and the capacity of the cells to acclimate to different 32 

light conditions.  Using electron microscopy, biochemical and fluorescence measurements, we 33 

show that differences in CO2 availability do not only have a strong effect on the induction of the 34 

carbon concentrating mechanisms, but also change the acclimation strategy of the cells to light. 35 

For example, while cells in limiting CO2 maintain a large antenna even in high light and switch 36 

on energy dissipative mechanisms, cells in high CO2 reduce the amount of pigments per cells and 37 

the antenna size. Our results show the high plasticity of the photosynthetic apparatus of 38 

Chlamydomonas reinhardtii. This alga is able to use various photoacclimation strategies and the 39 

choice of which to activate strongly depend on the carbon availability. 40 
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Introduction: 50 

Light sustains virtually all life on Earth through the process of photosynthesis.  However, light 51 

can be very harmful for oxygenic photosynthetic organisms, as excess absorption can lead to the 52 

production of reactive oxygen species (ROS). In order to survive and grow, these organisms have 53 

developed various photoacclimation mechanisms operating on different time scales that protect 54 

the cell from photodamage. In the green alga Chlamydomonas reinhardtii (C. reinhardtii), these 55 

mechanisms vary from negative phototaxis and multicomponent non-photochemical quenching 56 

(NPQ), to a number of physiological and biochemical changes (Erickson et al., 2015).  C. 57 

reinhardtii cells are around 10 μm in diameter, and more than half of their total volume is 58 

occupied by a single horseshoe-shaped chloroplast (Sager & Palade, 1957). The photosynthetic 59 

machinery responsible for the light reactions is located in thylakoid membranes and contains 60 

four major components: Photosystem II (PSII), cytochrome b6f, Photosystem I (PSI) and ATP-61 

synthase. Both PSs bind chlorophylls (Chls) and carotenoids (Car) and are composed of a core 62 

and several outer antennae pigment-protein complexes, the main function of which is light 63 

harvesting and its conversion into chemical energy. PSII core is composed of D1, D2, CP43 and 64 

CP47 pigment-protein complexes and several smaller subunits, the number of which varies 65 

between organisms (Shi et al., 2012). The outer antenna contains the light-harvesting complex II 66 

(LHCII),  which in C. reinhardtii are encoded by nine LHCBM genes,  and the minor antennae 67 

CP26 and CP29 (Nield and Kruse, 2000; Teramoto et al., 2001; Natali and Croce, 2015). These 68 

complexes are assembled together to form PSII-LHCII supercomplexes (Tokutsu et al., 2012; 69 

Drop et al., 2014). PSI core is composed of PsaA–PsaB heterodimer, and a number of smaller 70 

subunits (Jensen et al., 2007), and in C. reinhardtii the LHCI antenna consists of 9 Lhca proteins 71 

(Mozzo et al., 2010), which are associated with the core to form the PSI-LHCI complex (Stauber 72 

et al., 2009; Drop et al., 2011).  73 

The composition and organization of the thylakoid membrane is light-dependent. Gene 74 

expression of different LHCs have been reported to be affected by light acclimation  (Teramoto 75 

et al., 2002; Durnford et al., 2003; Yamano et al., 2008), and to be NAB1-regulated (Mussgnug 76 

et al., 2005). It has been observed that long term high light exposure of C. reinhardtii cells leads 77 

to a 50% decrease of Chl content (Neale and Melis, 1986; Bonente et al., 2012) and to changes in 78 

Chl to Car ratio (Niyogi et al., 1997a; Baroli et al., 2003; Bonente et al., 2012), suggesting 79 
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reduction of the antenna size (Neale & Melis, 1986), although, in a more recent report (Bonente 80 

et al., 2012), it was concluded that the antenna size is not modulated by light in this alga. 81 

Recently a dependence of the antenna components to the carbon availability was also reported. It 82 

was shown that when cells grown in acetate are shifted from high to low CO2 concentration, the 83 

functional antenna size of PSII decreases and a downregulation of LHCBM6/8 occurs (Berger et 84 

al. 2014).  85 

In short term, the main response to high light is the dissipation of energy absorbed in excess as 86 

heat in a process called qE, which is the fastest component of NPQ. In land plants the main 87 

player in this process is the protein PsbS (Li et al. 2002, 2004), while in C. reinhardtii the 88 

process is centered around LHCSR1 and LHCSR3 (Peers et al., 2009,  Dinc et al., 2016). 89 

LHCSR3, the most studied of the two, is a pigment-protein complex that is expressed within one 90 

hour of high light exposure (Allorent et al., 2013) in combination with CO2 limitation (Yamano 91 

et al., 2008, Muruyama et al., 2014). The qE onset is triggered by lumen acidification sensed by 92 

LHCSR3/1 (Bonente et al., 2011; Tokutsu & Minagawa, 2013; Liguori et al., 2013; Dinc et al., 93 

2016).  94 

Carotenoids are well known to be involved in photoprotection. They quench triplet chlorophyll 95 

(3Chl*) and scavenge singlet oxygen (1O2) (Frank et al., 1996). In C. reinhardtii the antioxidant 96 

role of xanthophylls is well illustrated by the mutant (npq1 lor1) lacking lutein and zeaxanthin 97 

(Niyogi et al., 1997b). This mutant is deficient in qE, but compared with other qE-deficient 98 

mutants like npq4 (Peers et al., 2009) and npq5 (Elrad et al., 2002), which are LHCSR3 and 99 

LHCBM1 knock-outs, respectively, it is extremely light sensitive, due to the absence of 100 

quenching of 3Chl* and 1O2 by zeaxanthin and lutein.   101 

Aquatic oxygenic photosynthetic organisms meet several challenges in CO2 fixation (Moroney et 102 

al., 2007). First of all, the diffusion of CO2 in water is 10,000 times slower than in air. Secondly, 103 

the CO2 fixating enzyme ribulose bisphosphate carboxylase-oxygenase (Rubisco) is not selective 104 

for CO2 and also binds O2, resulting in the process of photorespiration. Thirdly, the form of 105 

inorganic carbon (Ci) depends on the pH, i.e. in alkaline pH it is HCO3
-, while in acidic pH it is 106 

CO2 (Beardall et al., 1981; Gehl et al., 1987). This diminishes even further the availability of 107 

CO2 in the cell. In order to overcome these CO2 fixation barriers, algae have developed Carbon 108 

Concentrating Mechanisms (CCMs) (Moroney et al., 2007). The essence of these processes lies 109 
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in the active pumping  of Ci in the cell via a number of transporters that concentrate it in the 110 

pyrenoid, a ball-like structure containing Rubisco, Rubisco activase and intrapyrenoid 111 

thylakoids, and surrounded by a starch sheath. In the pyrenoid, HCO3
- is converted to CO2 by the 112 

carbonic anhydrase 3 (CAH3) (Sinetova et al., 2012; Blanco-Rivero et al., 2012), and then fixed 113 

by Rubisco in the Calvin-Benson-Bassham cycle. CAH3 is also suggested to provide HCO3
- in 114 

the proximity of the oxygen evolving complex (OEC), where it may function as proton carrier, 115 

removing H+ from water splitting to avoid photoinhibition (Villarejo et al.,  2002;  Shutova et al., 116 

2008). 117 

C.reinhardtii can also grow mixotrophically using alternative organic carbon sources present in 118 

its environment. For example it can uptake acetate, which is then incorporated into citric cycle 119 

producing reducing equivalents and CO2 (Johnson & Alric,  2012) and into glyoxylate cycle 120 

producing malate (Plancke et al., 2012; Lauersen et al., 2016). In the presence of acetate, it has 121 

been reported that the CO2 uptake and O2 evolution were decreased by half, under saturating CO2 122 

and light intensities without affecting PSII efficiency, respiration and cell growth (Heifetz et al., 123 

2000). In addition, reactions of the oxidative pentose phosphate and glycolysis pathways, 124 

inactive under phototrophic conditions, show substantial flux under mixotrophic conditions 125 

(Chapman et al., 2015). Furthermore, acetate can replace PSII–associated HCO3
-, reducing the 126 

1O2 formation and, therefore, acting as a photoprotector during high light acclimation (Roach et 127 

al., 2013). 128 

In short, high light acclimation is a complex, multicomponent process that happens on different 129 

timescales. Furthermore, it is embedded in the overall metabolic network and is potentially 130 

influenced by different nutrients and metabolic states. A thorough understanding of this process 131 

and its regulation is crucial for fundamental research and applications. To determine if different 132 

carbon supply conditions trigger different light acclimation strategies and photoprotective 133 

responses, we systematically studied C. reinhardtii cells grown in mixotrophic, photoautotrophic 134 

and high CO2 photoautotrophic conditions in different light intensities.  135 

We show that C. reinhardtii cells use different strategies to acclimate to high light depending on 136 

the carbon availability and trophic status. These results underline the strong connection between 137 

metabolism and light acclimation responses and reconcile the data from various reports. 138 
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Furthermore, our study demonstrates how in a dynamic system such as C. reinhardtii a single 139 

change in growth conditions has large effects at multiple levels.  140 

 141 

Results: 142 

Induction of Carbon Concentrating Mechanisms:  143 

C. reinhardtii wild-type  strain CC-124 were grown mixotrophically (M) in the presence of 144 

acetate (TAP medium), photoautotrophically (P) in ambient air (~400ppm CO2), and 145 

photoautotrophically in ambient air supplemented with 5% CO2 (CO2). To study high light 146 

acclimation, the cells were grown in 500 µE m-2 s-1 of white continuous light (hl) for more than 6 147 

generations, while the control cells were kept in 50 µE m-2 s-1 (nl). To study possible 148 

morphological differences between the cells in the various conditions we analyzed them by 149 

transmission electron microscopy (TEM). The pictures are presented in Fig.1.  150 

The pyrenoid was not formed in the presence of high CO2 (Fig.1), while a clearly formed 151 

pyrenoid (P+, Fig.1) was observed in Mhl, Pnl and Phl. Interestingly, a well formed pyrenoid 152 

was absent in Mnl as can be inferred by the lack of the starch sheath that usually surrounds it. 153 

Starch sheaths around the pyrenoid were shown to become thicker under low CO2 condition 154 

(Kuchitsu et al., 1988 ; Ramazanov et al., 1994), and together with a low carbon induced (LCI) 155 

LCIB–LCIC complex layer are hypothesized to prevent CO2 leakage from the pyrenoid (Yamano 156 

et al., 2010). Another interesting observation is that most mitochondria were in a central position 157 

in CO2nl, CO2hl and Mnl, but in Mhl, Pnl, Phl they were located at the periphery of the cell in 158 

close contact with the chloroplast. It has been observed previously that in low CO2 the 159 

mitochondria migrate from the central part of the cell to its periphery, and it was suggested that 160 

this migration happens to provide ATP for the active transport of HCO3
- inside the cell 161 

(Geraghty and Spalding, 1996). These results thus suggest that CCM is induced in Mhl, Pnl and 162 

Phl, but not in Mnl, a condition in which the cells are apparently not strongly CO2-limited. This 163 

conclusion is supported by the increase of carbonic anhydrase 3 (CAH3) expression level in Mhl, 164 

Pnl and Phl by 50%, 70% and more than 100% respectively, compared to Mnl (Fig. 2). In CO2-165 

enriched condition the CAH3 level was even lower than in Mnl.  166 
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 Architecture of Chlamydomonas thylakoid membranes  167 

In land plants the changes in membrane organization upon long-term acclimation to different 168 

light conditions are well documented (Anderson et al., 2012; Kirchhoff et al., 2013; Pribil et al., 169 

2014), while little is known about  about how algae adapt to light conditions with respect to 170 

membrane organization. We used transmission electron microscopy (TEM) to visualize the 171 

structural changes that C. reinhardtii cells undergo in various carbon supply and light conditions 172 

(Fig. 3). In all cells the thylakoids form stacks that run throughout the chloroplast, while very 173 

few interconnecting regions (stroma lamellae) are observed (Fig. 3A), unlike in land plants, 174 

where stacks of thylakoid discs (grana) and stroma lamellae regions are visible (Shimoni et al., 175 

2005). The number of thylakoids (with enclosed lumen) per stack ranges from 2 to 12 (Fig. 3B). 176 

This is in agreement with previous reports from C. reinhardtii (Engel et al., 2015). Interestingly, 177 

we observed that the amount of thylakoids per stack decreases in high light, unlike in land plants 178 

(Anderson et al., 2012), and is influenced by carbon supply regime. In normal light, there are on 179 

average 5 thylakoid double membranes in mixotrophic grown cells and photoautotrophic cells, 180 

independently of the CO2 concentration. In high light, the amount of membranes per stack 181 

decreased differently: 43% for Mhl, 23% for Phl and 55% for CO2hl.  182 

Doubling time, pigment content and maximal PSII quantum efficiency  183 

The cell division time of C. reinhardtii depends on carbon source and light intensity (Table 1). 184 

For Mnl and CO2nl cells, we observed a 9 hours cell doubling time in agreement with the 185 

literature (Harris et al., 2008). Pnl and Phl cells divided around once per day, which is similar to 186 

a previous report as well (Bonente et al., 2012), while CO2hl cells divided every 5 hours. In 187 

summary, cell doubling time is faster in high light, especially in CO2hl, where growth is 188 

sustained by higher carbon fixation rate in the presence of elevated CO2 levels. In Table 1 the 189 

PSII maximal quantum efficiency (Fv/Fm) is reported. The highest values level in this condition 190 

were observed for CO2 cells both in nl and hl, while a lower value for Phl cells suggests an 191 

overall higher stress. 192 

On the one hand, Chl content per cell decreased to half in high light in M and P, and in CO2 to 193 

one third compared to cells grown in normal light in the same carbon condition (Table 1). On the 194 

other hand, even in normal light, the Chl content differed depending on carbon supply, with the 195 
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highest in Mnl, 3.9 pg/cell, then Pnl, 2.6 pg/cell, and the lowest in CO2nl, 2.1 pg/cell. Therefore, 196 

our data show that the amount of Chl per cell varies not only depending on light intensity as 197 

shown before (Bonente et al., 2011; Neale & Melis, 1986), but also depending on trophic state 198 

and CO2 availability. 199 

The Chl a to b ratio is indicative of changes in the composition of the photosynthetic apparatus 200 

as Chl b is only present in the outer antennae. In normal light the Chl a/b ratio was 2.55-2.57 in 201 

all growth conditions (Table 1). High light acclimation affected the Chl a/b ratio in a different 202 

way depending on the carbon supply. While the Chl a/b was the same (2.55 - 2.57) in Pnl and 203 

Phl in agreement with previous data (Bonente et al., 2012), it increased in Mhl and CO2hl (2.9-3) 204 

compared to nl, suggesting that in these conditions the antenna size decreases as part of the 205 

strategy of high light acclimation. However, changes in Chl a/b ratio can reflect both changes in 206 

the antenna size of the PSs and in their ratio. To disentangle these effects, PSI/PSII was 207 

estimated based on the electrochromic shift (ECS) of the carotenoid’s absorption (Bailleul et al., 208 

2010) (Table 1). In Mnl cells the ratio between PSI and PSII RCs was close to 1 as reported 209 

before (Allorent et al., 2013). In Mhl PSI/PSII ratio was very similar (1.1), while it increased in P 210 

cells (nl, 1.7; hl, 1.5). In CO2nl cells, PSI/PSII ratio was similar to M cells (1.0) while it 211 

decreased in hl (0.6). It is interesting to observe that the changes in PSI/PSII ratio are far larger 212 

than what reported for plants (Anderson et al., 1995; Ballotari et al., 2007; Wientjes et al., 2013), 213 

indicating that in C. reinhardtii the photosynthetic apparatus is very flexible and can change 214 

drastically in response to the metabolic state of the cell.  215 

To evaluate if the observed functional changes in PSI/PSII ratio are due to a change in the 216 

relative content of the photosystems or only to a change in their functionality, we performed 217 

immunoblotting on the total protein extracts using antibodies against PsaA (a subunit of PSI) and 218 

CP43 (PSII). The protein data show the same trend as the functional data, indicating that the 219 

changes in the PSI/PSII ratio are largely due to changes in the protein content (Fig. 4).                                         220 

Combining Chl a/b and PSI/PSII, the number of LHCII trimers per PSII core monomer can be 221 

estimated (Table 1). According to our calculation (see M&M), in Mnl and CO2nl the LHCII/PSII 222 

ratio was around 5. A decrease in this ratio was observed upon high light acclimation although to 223 

a different extent, i.e. by less than 1 LHCII trimer in M (LHCII/PSII in Mhl = 4.3), and by 3 in 224 

CO2 (LHCII/PSII in CO2hl= 2.2). On the contrary, in Pnl and Phl the LHCII antenna was even 225 
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larger and did not change much under high light acclimation, 8 and 7.5 LHCII/PSII, respectively. 226 

Drop et al. (Drop et al., 2014), showed that the PSII monomer of C. reinhardtii can directly 227 

coordinate a maximum of 3 LHCIIs, leaving then many "extra" LHCII. This is especially true in 228 

Pnl and Phl conditions.  229 

To support our calculations we have performed immunoblot analyzes using antibodies against 230 

LHC subunits, namely LHCBM1, LHCBM5, CP26 and CP29 (Fig. 5A). We present quantitative 231 

analyzes of these proteins in Fig. 5B. First of all, we observed that the amount of all four antenna 232 

proteins depends on both light and carbon availability. In Mhl the decrease of the antennae 233 

compared to normal light was very small for all the proteins except CP26.  On the contrary, in 234 

high CO2 the amount of all antenna complexes strongly decreased in hl. The situation was again 235 

different in P, which showed far higher levels of LHCBM1 in nl compared to all other 236 

conditions. In hl, no change in this complex was observed, while the amount of all other 237 

antennas decreased. 238 

Carotenoid composition dependency on light and carbon availability 239 

To determine the carotenoid involvement in high light acclimation in different carbon supply 240 

conditions, we analyzed the pigment extracts (Fig. 6). In normal light the carotenoid to 241 

chlorophyll ratio was independent of the carbon source and availability, with the exception of a 242 

slightly higher lutein and β-carotene content in Pnl. In high light, the carotenoid to chlorophyll 243 

ratio increased in all conditions due to a relative increase in lutein and 244 

violaxanthin+antheraxanthin+zeaxanthin.  This increase was particularly remarkable in CO2hl 245 

cells (~4-fold increase) despite a strong reduction of the antenna size, which might indicate the 246 

presence of “free” xanthophylls in the membrane (also visible in the relative increase in β-247 

carotene). At last, the deepoxidation state, calculated as the ratio between 248 

antheraxanthin+zeaxanthin and violaxanthin+antheraxanthin+zeaxanthin was higher in hl, the 249 

highest deepoxation state (~0.4) being observed in Phl (Fig.6B). Because deepoxidized forms of 250 

violaxanthin directly participate to photoprotection, this suggests a higher photoprotective 251 

capacity in Phl.    252 

 253 

 254 
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Non-photochemical quenching capacity 255 

The above results show differences in long term high light acclimation strategies in different 256 

carbon supply conditions, suggesting possible differences in short term high light responses, 257 

namely NPQ.  In order to systematically study the dependence of the heat dissipation capacity of 258 

the C. reinhardtii cells on the growth conditions, we measured NPQ induction and relaxation 259 

(Fig.7A). We observed that the NPQ induction also depends on both light and carbon supply 260 

conditions. The highest quenching is observed  for cells grown photoautotrophically in high light 261 

(Phl), which is indeed the condition in which NPQ is normally monitored (Peers et al., 2009), 262 

and where the highest deepoxidation state of xanthophylls was observed.  However, we also 263 

observed a buildup of NPQ in Pnl. In all other conditions NPQ was below 1 and did not fully 264 

relax in the dark suggesting the presence of long term quenching or photoinhibition. It has been 265 

shown that the fast rise of NPQ (qE) depends on LHCSR3, and this protein is expressed in high 266 

light and low CO2 (Peers et al., 2009; Allorent et al., 2012; Maruyama et al., 2014). The 267 

LHCSR3 protein expression was then checked by immunoblotting (Fig. 7B). LHCSR3 was 268 

highly expressed in Phl, but it was also present in Pnl and Mhl cells, while it was not present in 269 

high CO2, not even in high light.  270 

LHCSR1 is another protein that was suggested to participate to NPQ (Peers et al., 2009, Berteotti 271 

et al., 2016) and was shown to induce a pH-dependent quenching in LHCII (Dinc et al., 2016). It 272 

has been shown at the RNA level LHCSR1 increases in medium light in high CO2 and especially 273 

in high light and high CO2 (Yamano et al., 2008). At a protein level though, our data showed that 274 

LHCSR1 is expressed in Mnl, CO2nl and in high light in all conditions and can be then probably 275 

responsible for the quenching observed in the absence of LHCSR3 (CO2hl) (Fig. 7).  276 

Discussion: 277 

C. reinhardtii is a model organism that can grow on different carbon sources. This metabolic 278 

flexibility is certainly an advantage for the study of photosynthesis because it permits the study 279 

of mutants that cannot perform photosynthesis (Harris et al., 2008). However, the carbon 280 

metabolism might affect the composition and functionality of the photosynthetic apparatus, 281 

making difficult the comparison of results obtained with cells grown in the presence of different 282 

carbon sources. To understand how the carbon supply influences the light reactions, we have 283 
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then studied long term (photosynthetic machinery remodeling) acclimation responses to light and 284 

the capacity of NPQ induction of C. reinhardtii cells grown mixotrophically in acetate and 285 

photoautotrophically in ambient CO2 or CO2-enriched conditions. In the following, we first 286 

discuss the activation of the CCM as a response to low CO2 and how it is affected in the presence 287 

of acetate. Then, we compare the composition of the photosynthetic apparatus in the three 288 

different conditions under normal light and finally discuss the differences in the short and long 289 

term responses to high light. 290 

CCM is not induced in cells growing in acetate in normal light.  291 

We observed that the activation of CCM is lower in cells grown in the presence of acetate in low 292 

light (Mnl) than in cells grown in ambient CO2 in low light (Pnl), high light (Phl), or high light in 293 

the presence of acetate (Mhl). Indeed CAH3 expression and pyrenoid formation in Mnl, although 294 

somewhat increased compared to high CO2 conditions, were developed to a significantly lower 295 

extent than in Mhl, Pnl and Phl. Similarly, mitochondria migration towards the cell wall was 296 

observed in Pnl, Phl, Mhl, but not in Mnl. Altogether, these observations suggests that the cells 297 

in Mnl are not CO2-limited. As the light intensity as well as the air ambient CO2 concentration is 298 

the same in Pnl and Mnl, this absence of CO2 limitation in Mnl cells is probably due to the 299 

increased CO2 production by Krebs cycle activity in the mitochondria in the presence of acetate 300 

(Johnson and Alric, 2012), which in turn can be directly used by Rubisco in the chloroplast.  On 301 

the other hand, in high light the amount of CO2 produced in the mitochondria in M is insufficient 302 

to sustain photosynthesis as the cells switch on CCM.  303 

The composition of the photosynthetic apparatus depends on the carbon availability  304 

The composition of the photosynthetic apparatus in nl for cells that are not CO2-limited (meaning 305 

M and CO2) is virtually identical in terms of antenna size, pigment composition, PSI/PSII ratio 306 

and NPQ capacity. The main difference is the amount of Chl per cell, which is much higher in M 307 

than in P and CO2. The higher number of thylakoids per stack in Mnl might partly accounts for 308 

this difference. It has been also reported that Chlamydomonas cells grown at 120 μE* m-2
* s-1 are 309 

smaller in HSM medium (P) than in TAP medium (M) or HSM+CO2 (CO2) (Fischer et al., 310 

2006). In this respect, we cannot exclude the possibility that the cell volume is slightly different 311 

in our conditions, a 20% increase in cell diameter being enough to explain the difference in 312 
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chlorophyll content. In addition, it has been reported that in mixotrophic conditions PSII is more 313 

photoprotected than in photoautotrophic conditions showing less 1O2 production (Roach et al., 314 

2013). The decrease of 1O2 under mixotrophic growth might be responsible to some extent for 315 

the overall higher Chl/cell content in mixotrophic compared to photoautotrophic conditions, as 316 

an accumulation of 1O2 is one of the main triggers for the down regulation of the photosynthetic 317 

genes (Erickson et al., 2015).  318 

Cells grown in P at ambient CO2 showed instead a different composition of the photosynthetic 319 

apparatus. In particular, the relative amount of PSII to PSI was strongly reduced compared to the 320 

other conditions, while the antenna increased.  It is plausible that this difference is related to the 321 

presence of CCM that results in a higher need for ATP, which is supported by a change in the 322 

ratio between linear and cyclic electron transport explaining the higher relative amount of PSI. 323 

Indeed, a 33% increased CEF was observed for cells grown in low CO2, compared to the high 324 

CO2 (Lucker et al., 2013) and it was also shown that the intrapyrenoid thylakoids are enriched in 325 

PSI (Gunning et al., 1999, Blanco-Rivera et al., 2012).   326 

The higher amount of LHCII compared to the PSII core in P at ambient CO2, indicates a larger 327 

antenna size for PSII in these conditions, although we cannot exclude that part of LHCII acts as 328 

an antenna of PSI as observed in plants (Wientjes et al., 2013). Interestingly, the higher amount 329 

of LHCII is mainly due to an increased amount of LHCBM1. The increase of LHCBM1 in those 330 

conditions is particularly interesting because this gene product was reported to be important for 331 

the process of NPQ (Elrad et al., 2002; Ferrante et al., 2012). Indeed, Pnl cells also express 332 

LHCSR3, which is another protein essential for NPQ (Peers et al., 2009).  These cells are able to 333 

develop NPQ although at a lower level than high-light grown cells. Notably, the same light 334 

intensity does not lead to expression of LHCSR3 in M and CO2 conditions. This suggests that 335 

despite the presence of CCM in Mhl, the cells are already light-saturated. 336 

The acclimation responses to high light  337 

For C. reinhardtii cells grown photoautotrophically a decrease in chlorophyll content upon 338 

exposure to high light was reported before (Bonente et al., 2011; Neale & Melis, 1986; Durnford 339 

et al. 2003). Here we show that this decrease occurs in all conditions upon exposure to high light, 340 

independent of the carbon availability.  This effect is very large in M and P, where the amount of 341 
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Chl is reduced to half of what was in normal light, but even more extreme in CO2, where only 342 

30% of the Chls remain upon exposure to high light.  343 

While the reduction of the Chl content seems to be a common strategy, the way this reduction is 344 

achieved differs in the different conditions. It was previously shown that no reduction of the 345 

antenna proteins occurs upon high light acclimation (Bonente et al., 2012), while another report 346 

(Neale & Melis, 1986) showed 40% reduction of the functional PSII antennae size in high light. 347 

Here we show that there is no disagreement between these results, as the LHCII reduction 348 

depends on the growth conditions. We indeed do not observe reduction of the antenna size in 349 

cells grown photoautotrophically at ambient CO2, which is the condition used by Bonente and 350 

coauthors, while a large reduction occurred in photoautotrophic growth at high CO2, which is the 351 

condition used by Neale and Melis. Upon exposure to high light, a reduction of the antenna size, 352 

although smaller, was also observed in the presence of acetate. 353 

CO2 cells also show a strong reduction in PSI/PSII ratio under high light, while this value 354 

decreases only slightly in P at ambient CO2 and even increases in M cells.  These results seem to 355 

correlate with the presence of CCM and the CO2 availability. CO2 cells, which are not limited by 356 

CO2 and do not need investments for CO2 concentration, acclimate to high light by strongly 357 

modulating the amount of proteins and the composition of the photosynthetic apparatus.  This 358 

allows them to optimize the light usage and the result is a very fast growth and a high PSII 359 

efficiency (Fv/Fm).   360 

Cells in M and P instead show a much limited capacity of re-designing the photosynthetic 361 

apparatus in response to light.  In particular, the CO2 limitation in photoautotrophic cells seems 362 

to lead to a different high light acclimation strategy: even in high light Phl cells maintain a very 363 

large antenna, which is in principle harmful because it can easily lead to overexcitation, but at 364 

the same time express LHCSR3, thus activating dissipative processes. It is possible that the large 365 

antenna is needed to support the relative low amount of PSII and the high energetic needs of the 366 

cells to sustain CCM.  In these conditions, it would then be more effective for the cell to 367 

maintain a large antenna and to activate NPQ when needed.  This is in agreement with the 368 

increase in P cells of LHCBM1, the LHCBM subunit that was shown to be involved in NPQ 369 

(Elrad et al. 2002) 370 
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The high light acclimation strategy of the cells growing in the presence of acetate also differs. In 371 

M conditions, the relative amount of PSI increases, probably to support CCM, which was not 372 

active in normal light. The antenna size decreases only slightly and NPQ is activated via the 373 

expression of LHCSR3, although at a lower level than in P cells.  374 

Interestingly, a strong increase in the amount of xanthophylls with respect to Chls is observed in 375 

all conditions upon exposure to high light, not only in photoautotrophic conditions at ambient 376 

CO2 concentration as shown before (Niyogi et al. 1997a; Baroli et al. 2003; Bonente et al. 2012), 377 

but also in high CO2 and in the presence of acetate. This also means that the increase in 378 

xanthophylls is independent of the changes in the antenna size and it is indeed even more 379 

pronounced in CO2 cells, where the antenna is strongly reduced. This suggests that there is a 380 

large pool of xanthophylls free in the membrane, probably acting as singlet oxygen scavengers 381 

(Frank et al., 1996). The need for it seems to be higher in CO2hl cells, which perform a very low 382 

NPQ.   383 

NPQ and the expression of LHCSR1 and LHCSR3 384 

NPQ in C. reinhardtii was shown to depend on the LHCSR genes (Peers et al., 2009).  Two 385 

LHCSR gene products are present in C. reinhardtii cells, LHCSR1 and LHCSR3. These two 386 

proteins have an high sequence identity, but their RNA transcript levels were shown to be 387 

controlled differently:  LHCSR3 mRNA was shown to be expressed in high light in low CO2, 388 

while LHCSR1 mRNA was expressed in medium light in high CO2 and especially in high light 389 

and high CO2 (Yamano et al., 2008). Here we show on the one hand that LHCSR1 seems to be 390 

constitutively expressed (with the exception of Pnl) although its expression level increases in 391 

high light, as previously reported at RNA level (Maruyama et al. 2014). On the other hand 392 

LHCSR3 protein is present in photoautotrophic conditions in ambient CO2 but also in the 393 

presence of acetate when the cells are in CO2-limitation (Mhl), a condition where CCM is 394 

induced. The amount of NPQ directly correlates with the amount of LHCSR3 in the cells which 395 

follows the trend: Phl>Pnl>Mhl. Conversely, LHCSR3 is absent in Mnl, where there is no CO2-396 

limitation. Interestingly, unlike its RNA (Yamano et al., 2008), the LHCSR3 protein is absent in 397 

CO2hl. The data at the protein level than show that the expression of LHCSR3 is not triggered 398 

directly by light, but rather by limitation in the energy usage.   399 
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Conclusions 400 

This work shows that C. reinhardtii cells can use a large set of strategies to acclimate to long and 401 

short term changes in light intensity.  The choice of which set of responses is activated depends 402 

on the availability of the carbon and the resources that need to be used for carbon concentration. 403 

This capacity makes C. reinhardtii an highly adaptable organism capable to grow in many 404 

different conditions. A summary of the different strategies is shown in Fig. 8.  405 

It is particularly interesting to observe that the largest changes upon long term acclimation occur 406 

in phototrophic conditions in the presence of high CO2 concentration. In these conditions, the 407 

cells are able to optimize the light use efficiency by strongly reducing their absorption cross 408 

section while at the same time avoiding quenching mechanisms. This is the strategy that has been 409 

proposed to increase the photosynthetic efficiency for algae growing in photobioreactors, a 410 

strategy that apparently C. reinhardtii have also evolved and one that can be optimized for 411 

maximal productivity.  412 

 413 

Material and methods: 414 

Cell growth: Chlamydomonas reinhardtii wild type cells (CC-124) were acclimated to high light 415 

(hl = 500 μE* m-2* s-1) in mixotrophic (M), photoautotrophic (P) and photoautotrophic plus 5% 416 

CO2 bubbled (CO2) culture conditions, and in normal light (nl = 50 μE* m-2* s-1) as a control. 417 

For CO2 cells pH was kept constant. The cells were grown for more than 6 generations in all 418 

conditions, to reach an acclimated state. Prior to that, cells were grown mixotrophically in Tris-419 

Acetate-Phosphate medium (TAP) in nl, and collected in their exponential growth phase at the 420 

concentration of 6*106cells/ml. Cells were pelleted down and resuspended in high salt medium 421 

(HSM) in case of photoautotrophic growth. In all conditions, cells were kept in exponential 422 

growth phase.  423 

PAM measurements: Fv/Fm was measured in parallel with NPQ using a Dual PAM-100 (Walz). 424 

Cells were dark adapted for 40 min before the measurements. TAP grown cells were 425 

resuspended in HSM before dark adaptation in order to remove acetate, which keeps the PQ pool 426 

reduced. NPQ measurement script recorded actinic-light-induced quenching of fluorescence 427 
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during 9 min and 7 min of quenching recovery after the actinic light was switched off (act. light 428 

– 500 μE* m-2* s-1 ; sat. pulse – 3000 μE* m-2* s-1, 250msec pulse duration).  429 

PSI/PSII measurements: PSI/PSII was measured as in Bailleul et al., 2010, using a JTS-10 430 

pump-probe spectrophotometer. The measurement is based on the electrochromic shift (ECS) of 431 

carotenoid absorption caused by single charge separation. The 520nm values were corrected by 432 

subtracting the signal at 546nm, to avoid absorption changes caused by energization of the 433 

membrane. ECS was first recorded with both PSII and PSI active. Then, PSII was inactivated by 434 

applying a saturating pulse in the presence of 200 μM DCMU and 1 mM hydroxylamine 435 

(inhibitors of PSII at acceptor (QB site) and donor (oxygen evolving complex) sides (Negent et 436 

al., 2003), respectively). After that, PSI response was recorded. To correct for different electron 437 

turnover rate of PSII and PSI induced by a single flash of the xenon lamp, a correction factor of 438 

1.6, obtained upon calibration of the xenon lamp with a laser, was used (Wientjes et al., 2011). 439 

Before the measurements the cells were dark adapted, and TAP grown cells were resuspended in 440 

HSM.  441 

Pigment analysis: Cells were pelleted down at 2k g for 2min, 4 °C and the growth medium was 442 

removed and the cells were resuspended in the same volume of 80% acetone to extract the 443 

pigments. The samples were vortexed and the cell debris was pelleted down at 20k g, 2min, 4 C°. 444 

The pigment composition was analyzed by fitting the spectrum of the 80% acetone extracted 445 

pigments with the spectra of the individual pigments, and HPLC was performed as described 446 

previously (Croce et al.,  2002).  447 

Total protein extracts preparation and immunoblot analyzes: Total protein extracts were 448 

prepared as in Ramundo et al., 2013. Western blots were performed as in Dinc et al., 2014. The 449 

primary antibodies (Agrisera) were prepared in PBS salt solution, containing 5% non-fat dry 450 

milk (Elk) and 0.1% Tween-20 in following dilutions: CP43 (1:2500), PSAA (1:1000), LHCSR3 451 

(1:1000), LHCBM5(1:5000), LHCBM1 (1:2000), CP29 (1:5000), CP26 (1:5000), CAH3 452 

(1:2000). 10 μg of total protein extracts (TPE) was loaded per well. To correct for a loading 453 

error, protein densities were normalized to the total protein loading density of Ponceau Red 454 

stained nitrocellulose membranes and analyzed using GelPro31 software.  455 
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Calculation of PSII antenna sizes: LHCII antennae size calculation is based on Chl a/b ratio 456 

values obtained from the fitting of absorption spectra of 80% acetone extracts from the cells, and 457 

on the PSI/PSII ratio obtained by ECS measurements. We considered 35 Chl a per PSII 458 

monomeric core, 42 Chls (24 Chls a and 18 Chls b) for LHCII trimer (Liu et al., 2004), 226 Chls 459 

per PSI (Le Quiniou et al., 2015), 13 Chls per CP29 (9 Chls a and 4 Chls b) (Pan et al., 2011), 460 

and 12 Chls per CP26 (8 Chls a and 4 Chls b) as for a monomeric LHCII. CP29 and CP26 are 461 

always in 1 to 1 ratio with the core and we have assumed that no changes in the PSI/LHCI ratio 462 

occur in the different conditions. Moreover, a decrease in Lhca content would not affect the 463 

LHCII/PSII ratio dramatically because of a much larger Chl content in LHCII than in Lhcas.  464 

Electron Microscopy: C. reinhardtii cells were diluted in a solution containing 2% 465 

glutaraldehyde and 2% paraformaldehyde in 0.1 M PBS, pH 7.4, for 1 h at room temperature 466 

then incubated at 4°C overnight. Then, 0.5% of tannic acid was added to the cells and incubated 467 

for an hour at room temperature. The cells were then washed five times in 0.1 M PBS buffer and 468 

post-fixed in a solution of 1% OsO4 in PBS, pH 7.2–7.4. The combination of tannic 469 

acid/glutaraldehyde/paraformaldehyde followed by osmification increased the staining of the 470 

membranes. The samples were washed four times in sodium acetate buffer, pH 5.5, block-stained 471 

in 0.5% uranyl acetate in 0.1 M sodium acetate buffer, pH 5.5, for 12 h at 4°C. The samples were 472 

dehydrated in graded ethanol (50%, 75%, 95%, 100%, 100%, 100%) 10 minutes each, passed 473 

through propylene oxide, and infiltrated in mixtures of Epon 812 and propylene oxide 1:1 and 474 

then 2:1 for two hours each. The cells were infiltrated in pure Epon 812 overnight. Embedding 475 

was then performed in pure Epon 812 and curing was done in an oven at 60°C for 48 h. Sections 476 

of 60 nm thickness (gray interference color) were cut on an ultramicrotome (RMC MTX) using a 477 

diamond knife. The sections were deposited on single-hole grids coated with Formvar and 478 

carbon and double-stained in aqueous solutions of 8% uranyl acetate for 25 min at 60°C and lead 479 

citrate for 3 min at room temperature. Thin sections subsequently were examined with a 100CX 480 

JEOL electron microscope at different resolutions.  481 
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Table 1 488 

Properties of Chlamydomonas reinhardtii acclimated to different light and carbon supply 489 

regimes 490 

 Doubling 
time (h) 

Chl/cell 
(pg) 

Chl a/b PSI/PSII 
ECS 

PSI/PSII 
WB 

LHCII/PSII Fv/Fm 

Mnl 9.0 ± 0.0 3.9 ± 0.21 2.57 ± 0.00 1.05 ± 0.34 1.00 ± 0.00 4.9 0.71 ± 0.01 

Mhl 7.3 ± 0.4 2.0 ± 0.11 2.87 ± 0.03 1.13 ± 0.02 1.35 ± 0.30 4.3 0.70 ± 0.02 

Pnl 25.0 ± 1.4 2.6 ± 0.02 2.55 ± 0.03 1.67 ± 0.11 1.95 ± 0.31 8 0.68 ± 0.01 

Phl 22.5 ± 2.1 1.3 ± 0.02 2.57 ± 0.02 1.54 ± 0.58 1.65 ± 0.28 7.5 0.59 ± 0.00 

CO2nl 8.8 ± 0.4 2.1 ± 0.12 2.56 ± 0.05 0.96 ± 0.04 1.04 ± 0.17 4.9 0.75 ± 0.01 

CO2hl 4.6 ± 0.5 0.6 ± 0.02 3.00 ± 0.05 0.62 ± 0.04 0.66 ± 0.13 2.2 0.76 ± 0.01 

 491 

Table 1. Changes in Chlamydomonas reinhardtii phenotype upon acclimation to different light 492 

and carbon supply regimes: M – mixotrophic, P – photoautotrophic, CO2 – photoautotrophic 493 

with 5% CO2, nl – normal and hl – high light. 1) Cell number doubling time in hours. 2) 494 

Chlorophyll content (in picograms) per cell. 3) Chl a/b ratio calculated from the fitting of 495 

absorption spectra of 80% acetone extracted pigments form cells. 4) PSI/PSII ratio, measured 496 

based on the ECS signal. 5)  PSI/PSII ratio, obtained by immunoblot quantification of PsaA and 497 

CP43. 6) LHCII/PSII monomer calculations based on Chl a/b and PSI/PSII data, as described in 498 

M&M. 7) Maximal quantum efficiency of PSII (Fv/Fm). The data is averaged and standard error 499 

(SE) is derived from a minimum of 2 biological replicas, each with 3 technical replicas. 500 

 501 

 502 

 503 

 504 

 505 



 

19 
 

References: 506 

Allen JF, Bennett J, Steinback KE, Arntzen CJ (1981) Chloroplast protein phosphorylation 507 
couples plastoquinone redox state to distribution of excitation energy between photosystems. 508 
Nature 291: 25–29 509 

Allorent G, Tokutsu R, Roach T, Peers G, Cardol P, Girard-Bascou J, Seigneurin-Berny D, 510 
Petroutsos D, Kuntz M, Breyton C, et al (2013) A Dual Strategy to Cope with High Light in 511 
Chlamydomonas reinhardtii. Plant Cell 25: 545–557 512 

Anderson JM, Chow WS, Park Y Il (1995) The grand design of photosynthesis: Acclimation 513 
of the photosynthetic apparatus to environmental cues. Photosynth Res 46: 129–139 514 

Anderson JM, Horton P, Kim E (2012) Towards elucidation of dynamic structural changes of 515 
plant thylakoid architecture. 3515–3524 516 

Bailleul B, Cardol P, Breyton C, Finazzi G (2010) Electrochromism: a useful probe to study 517 
algal photosynthesis. Photosynth Res 106: 179–189 518 

Ballottari M, Dall’Osto L, Morosinotto T, Bassi R (2007) Contrasting Behavior of Higher 519 
Plant Photosystem I and II Antenna Systems during Acclimation. J Biol Chem 282: 8947–8958 520 

Baroli I, Do AD, Yamane T, Niyogi KK (2003) Zeaxanthin accumulation in the absence of a 521 
functional xanthophyll cycle protects Chlamydomonas reinhardtii from photooxidative stress. 522 
Plant Cell 15: 992–1008 523 

Beardall J (1981) CO2 accumulation by Chlorella saccharophila (Chlorophyceae) at low 524 
external pH: evidence for active transport of inorganic carbon at the chloroplast envelope. J 525 
Phycol 17: 371–373 526 

Berger H, Blifernez-Klassen O, Ballottari M, Bassi R, Wobbe L, Kruse O (2014) Integration 527 
of Carbon Assimilation Modes with Photosynthetic Light Capture in the Green Alga 528 
Chlamydomonas reinhardtii. Mol Plant 7: 1545–1559 529 

Berteotti S, Ballottari M, Bassi B (2015) Increased biomass productivity in green algae by 530 
tuning Non-Photochemical-Quenching. Sci Rep In press: 1–11 531 

Blanco-Rivero A, Shutova T, Román MJ, Villarejo A, Martinez F (2012) Phosphorylation 532 
Controls the Localization and Activation of the Lumenal Carbonic Anhydrase in 533 
Chlamydomonas reinhardtii. PLoS One 7: e49063 534 

Bonente G, Ballottari M, Truong TB, Morosinotto T, Ahn TK, Fleming GR, Niyogi KK, 535 
Bassi R (2011) Analysis of LhcSR3, a protein essential for feedback de-excitation in the green 536 
alga Chlamydomonas reinhardtii. PLoS Biol 9: e1000577 537 



 

20 
 

Bonente G, Pippa S, Castellano S, Bassi R, Ballottari M (2012) Acclimation of 538 
Chlamydomonas reinhardtii to Different Growth Irradiances. J Biol Chem 287: 5833–5847 539 

Chapman SP, Paget CM, Johnson GN, Schwartz J-M (2015) Flux balance analysis reveals 540 
acetate metabolism modulates cyclic electron flow and alternative glycolytic pathways in 541 
Chlamydomonas reinhardtii. Front Plant Sci 6: 474 542 

Croce R, Canino G, Ros F, Bassi R (2002) Chromophore organization in the higher-plant 543 
photosystem II antenna protein CP26. Biochemistry 41: 7334–7343 544 

Dinc E, Ramundo S, Croce R, Rochaix J-D (2013) Repressible chloroplast gene expression in 545 
Chlamydomonas: A new tool for the study of the photosynthetic apparatus. Biochim Biophys 546 
Acta 1837: 1548–1552 547 

Dinc E, Tian L, Roy LM, Roth R, Goodenough U, Croce R (2016) LHCSR1 induces a fastand 548 
reversible pH-dependent fluorescence quenching in LHCII in Chlamydomonas reinhardtii cells. 549 
2–7 550 

Drop B, Webber-Birungi M, Fusetti F, Kouril R, Redding KE, Boekema EJ, Croce R 551 
(2011) Photosystem I of Chlamydomonas reinhardtii Contains Nine Light-harvesting Complexes 552 
(Lhca) Located on One Side of the Core. J Biol Chem 286: 44878–44887 553 

Drop B, Webber-Birungi M, Yadav SKN, Filipowicz-Szymanska A, Fusetti F, Boekema EJ, 554 
Croce R (2014) Light-harvesting complex II (LHCII) and its supramolecular organization in 555 
Chlamydomonas reinhardtii. Biochim Biophys Acta - Bioenerg 1837: 63–72 556 

Durnford DG, Price J A, McKim SM, Sarchfield ML (2003) Light-harvesting complex gene 557 
expression is controlled by both transcriptional and post-transcriptional mechanisms during 558 
photoacclimation in Chlamydomonas reinhardtii. Physiol Plant 118: 193–205 559 

Elrad D, Niyogi KK, Grossman AR (2002) A major light-harvesting polypeptide of 560 
photosystem II functions in thermal dissipation. Plant Cell 14: 1801–1816 561 

Engel BD, Schaffer M, Kuhn Cuellar L, Villa E, Plitzko JM, Baumeister W (2015) Native 562 
architecture of the Chlamydomonas chloroplast revealed by in situ cryo-electron tomography. 563 
Elife 4: 1–29 564 

Erickson E, Wakao S, Niyogi KK (2015) Light stress and photoprotection in Chlamydomonas 565 
reinhardtii. Plant J 82: 449–465 566 

Fischer BB (2006) Growth Condition-Dependent Sensitivity, Photodamage and Stress Response 567 
of Chlamydomonas reinhardtii Exposed to High Light Conditions. Plant Cell Physiol 47: 1135–568 
1145 569 



 

21 
 

Ferrante P, Ballottari M, Bonente G, Giuliano G, Bassi R (2012) LHCBM1 and LHCBM2/7 570 
polypeptides, components of major LHCII complex, have distinct functional roles in 571 
photosynthetic antenna system of Chlamydomonas reinhardtii. J Biol Chem 287: 16276–88 572 

Frank H A, Cogdell RJ (1996) Carotenoids in Photosynthesis STRUCTURES OF 573 
CAROTENOIDS IN. 63: 257–264 574 

Gehl KA, Cook CM, Colman B (1987) The effect of external ph on the apparent CO2 affinity 575 
of chlorella saccharophila. J Exp Bot 38: 1203–1210 576 

Geraghty A. M, Spalding MH (1996) Molecular and Structural Changes in Chlamydomonas 577 
under Limiting CO2 (A Possible Mitochondrial Role in Adaptation). Plant Physiol 111: 1339–578 
1347 579 

Gunning BES, Schwartz OM (2000) Confocal microscopy of thylakoid autofluorescence in 580 
relation to origin of grana and phylogeny in the green algae. Aust J Plant Physiol 27: 645 581 

Harris EH, Stern DB (2008) Chlamydodomonas Sourcebook. Academic Press. 582 

Heifetz PB, Förster B, Osmond CB, Giles LJ, Boynton JE (2000) Effects of acetate on 583 
facultative autotrophy in Chlamydomonas reinhardtii assessed by photosynthetic measurements 584 
and stable isotope analyses. Plant Physiol 122: 1439–1445 585 

Hohner R, Barth J, Magneschi L, Jaeger D, Niehues A., Bald T, Grossman a., Fufezan C, 586 
Hippler M (2013) The Metabolic Status Drives Acclimation of Iron Deficiency Responses in 587 
Chlamydomonas reinhardtii as Revealed by Proteomics Based Hierarchical Clustering and 588 
Reverse Genetics. Mol Cell Proteomics 12: 2774–2790 589 

Jensen PE, Bassi R, Boekema EJ, Dekker JP, Jansson S, Leister D, Robinson C, Scheller 590 
HV (2007) Structure, function and regulation of plant photosystem I. Biochim Biophys Acta - 591 
Bioenerg 1767: 335–352 592 

Johnson X, Alric J (2012) Interaction between starch breakdown, acetate assimilation, and 593 
photosynthetic cyclic electron flow in Chlamydomonas reinhardtii. J Biol Chem 287: 26445–594 
26452 595 

Kirchhoff H (2013) Architectural switches in plant thylakoid membranes. Photosynth Res 116: 596 
481–487 597 

Kuchitsu K, Tsuzuki M, Miyachi S (1988) Characterization of the pyrenoid isolated from 598 
unicellular green alga Chlamydomonas reinhardtii: Particulate form of RuBisCO protein. 599 
Protoplasma 144: 17–24 600 

Lauersen KJ, Willamme R, Coosemans N, Joris M, Kruse O, Remacle C (2016) Peroxisomal 601 
microbodies are at the crossroads of acetate assimilation in the green microalga Chlamydomonas 602 
reinhardtii. Algal Res 16: 266–274 603 



 

22 
 

Le Quiniou C, Tian L, Drop B, Wientjes E, van Stokkum IHM, van Oort B, Croce R (2015) 604 
PSI–LHCI of Chlamydomonas reinhardtii: Increasing the absorption cross section without losing 605 
efficiency. Biochim Biophys Acta - Bioenerg 1847: 458–467 606 

Li X-P, Gilmore A. M, Caffarri S, Bassi R, Golan T, Kramer D, Niyogi KK (2004) 607 
Regulation of Photosynthetic Light Harvesting Involves Intrathylakoid Lumen pH Sensing by 608 
the PsbS Protein. J Biol Chem 279: 22866–22874 609 

Li X-P, Muller-Moule P, Gilmore AM, Niyogi KK (2002) PsbS-dependent enhancement of 610 
feedback de-excitation protects photosystem II from photoinhibition. Proc Natl Acad Sci U S A 611 
99: 15222–15227 612 

Liguori N, Roy LM, Opacic M, Croce R (2013) Regulation of Light Harvesting in the Green 613 
Alga Chlamydomonas reinhardtii: The C - Terminus of LHCSR Is the Knob of a Dimmer 614 
Switch. Jacs 1–10 615 

Liu Z, Yan H, Wang K, Kuang T, Zhang J, Gui L, An X, Chang W (2004) Crystal structure 616 
of spinach major light- ˚ resolution harvesting complex at 2 . 72 A. 287–292 617 

Lucker B, Kramer DM (2013) Regulation of cyclic electron flow in Chlamydomonas 618 
reinhardtii under fluctuating carbon availability. Photosynth Res 117: 449–459 619 

Maruyama S, Tokutsu R, Minagawa J (2014) Transcriptional regulation of the stress-620 
responsive light harvesting complex genes in Chlamydomonas reinhardtii. Plant Cell Physiol 55: 621 
1304–1310 622 

Meyer MT, Genkov T, Skepper JN, Jouhet J, Mitchell MC, Spreitzer RJ, Griffiths H 623 
(2012) Rubisco small-subunit a-helices control pyrenoid formation in Chlamydomonas. Proc 624 
Natl Acad Sci U S A. doi: 10.1073/pnas.1210993109/-625 
/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1210993109 626 

Moroney J V., Ynalvez R A. (2007) Proposed Carbon Dioxide Concentrating Mechanism in 627 
Chlamydomonas reinhardtii. Eukaryot Cell 6: 1251–1259 628 

Mozzo M, Mantelli M, Passarini F, Caffarri S, Croce R, Bassi R (2010) Functional analysis 629 
of Photosystem I light-harvesting complexes (Lhca) gene products of Chlamydomonas 630 
reinhardtii. Biochim Biophys Acta - Bioenerg 1797: 212–221 631 

Mussgnug JH, Wobbe L, Elles I, Claus C, Hamilton M, Fink A, Kahmann U, Kapazoglou 632 
A, Mullineaux CW, Hippler M, et al (2005) NAB1 Is an RNA Binding Protein Involved in the 633 
Light-Regulated Differentail Expression of the Light-Harveting Antenna of Chlamydomonas 634 
reinhardtii. Plant Cell 17: 3409–3421 635 

Natali A, Croce R (2015) Characterization of the Major Light-Harvesting Complexes (LHCBM) 636 
of the Green Alga Chlamydomonas reinhardtii. PLoS One 10: e0119211 637 



 

23 
 

Neale P, Melis A (1986) Photosynthetic Membrane Complexes and the Photosynthesis‐638 
Irradiance Curve: a Comparison of Light‐Adaptation Responses in. J Phycol 638: 531–539 639 

Nield J, Kruse O, Ruprecht J, Fonseca P, Büchel C (2000) Photosystem II complexes allows 640 
for comparison of their OEC organization. Journal of Biological Chemistry 275 (36), 27940-641 
27946 642 

Niyogi K, Bjorkman O, Grossman A (1997) Chlamydomonas Xanthophyll Cycle Mutants 643 
Identified by Video Imaging of Chlorophyll Fluorescence Quenching. Plant Cell 9: 1369–1380 644 

Niyogi KK, Björkman O, Grossman A (1997) The roles of specific xanthophylls in 645 
photoprotection. Proc Natl Acad Sci U S A 94: 14162–14167 646 

Nugent JHA, Muhiuddin IP, Evans MCW (2003) Effect of hydroxylamine on photosystem II: 647 
Reinvestigation of electron paramagnetic resonance characteristics reveals possible s state 648 
intermediates. Biochemistry 42: 5500–5507 649 

Pan X, Li M, Wan T, Wang L, Jia C, Hou Z, Zhao X, Zhang J, Chang W (2011) Structural 650 
insights into energy regulation of light-harvesting complex CP29 from spinach. Nat Struct Mol 651 
Biol 18: 309–315 652 

Peers G, Truong TB, Ostendorf E, Busch A, Elrad D, Grossman AR, Hippler M, Niyogi 653 
KK (2009) An ancient light-harvesting protein is critical for the regulation of algal 654 
photosynthesis. Nature 462: 518–21 655 

Petroutsos D, Busch a., Janssen I, Trompelt K, Bergner S V., Weinl S, Holtkamp M, Karst 656 
U, Kudla J, Hippler M (2011) The Chloroplast Calcium Sensor CAS Is Required for 657 
Photoacclimation in Chlamydomonas reinhardtii. Plant Cell 23: 2950–2963 658 

Pino Plumed M, Villarejo A, Rios A, Garcia-Reina G, Ramazanov Z (1996) The CO2-659 
concentrating mechanism in a starchless mutant of the green unicellular alga Chlorella 660 
pyrenoidosa. Planta 200: 28–31 661 

Plancke C, Vigeolas H, Höhner R, Roberty S, Emonds-Alt B, Larosa V, Willamme R, Duby 662 
F, Onga Dhali D, Thonart P, et al (2014) Lack of isocitrate lyase in Chlamydomonas leads to 663 
changes in carbon metabolism and in the response to oxidative stress under mixotrophic growth. 664 
Plant J 77: 404–417 665 

Pribil M, Labs M, Leister D (2014) Structure and dynamics of thylakoids in land plants. J Exp 666 
Bot 65: 1955–1972 667 

Ramazanov Z, Rawat M, Henk MC, Mason CB, Matthews SW, Moroney J V. (1994) The 668 
induction of the CO2-concentrating mechanism is correlated with the formation of the starch 669 
sheath around the pyrenoid of Chlamydomonas reinhardtii. Planta 195: 210–216 670 



 

24 
 

Ramundo S, Rahire M, Schaad O, Rochaix J-D (2013) Repression of essential chloroplast 671 
genes reveals new signaling pathways and regulatory feedback loops in chlamydomonas. Plant 672 
Cell 25: 167–86 673 

Roach T, Sedoud A, Krieger-Liszkay A (2013) Acetate in mixotrophic growth medium affects 674 
photosystem II in Chlamydomonas reinhardtii and protects against photoinhibition. Biochim 675 
Biophys Acta - Bioenerg 1827: 1183–1190 676 

Sager R, Palade GE (1957) Structure and development of the chloroplast in Chlamydomonas I. 677 

The normal green cell. The Journal of Biophysical and Biochemical Cytology, 3(3), 463-488.  678 

Shi LX, Hall M, Funk C, Schröder WP (2012) Photosystem II, a growing complex: Updates 679 
on newly discovered components and low molecular mass proteins. Biochim Biophys Acta - 680 
Bioenerg 1817: 13–25 681 

Shimoni E, Rav-Hon O, Ohad I, Brumfeld V, Reich Z (2005) Three-dimensional organization 682 
of higher-plant chloroplast thylakoid membranes revealed by electron tomography. Plant Cell 17: 683 
2580–2586 684 

Shutova T, Kenneweg H, Buchta J, Nikitina J, Terentyev V, Chernyshov S, Andersson B, 685 
Allakhverdiev SI, Klimov V V, Dau H, et al (2008) The photosystem II-associated Cah3 in 686 
Chlamydomonas enhances the O2 evolution rate by proton removal. EMBO J 27: 782–791 687 

Sinetova MA, Kupriyanova E V., Markelova AG, Allakhverdiev SI, Pronina NA (2012) 688 
Identification and functional role of the carbonic anhydrase Cah3 in thylakoid membranes of 689 
pyrenoid of Chlamydomonas reinhardtii. Biochim Biophys Acta - Bioenerg 1817: 1248–1255 690 

Stauber EJ, Busch A, Naumann B, Svatos A, Hippler M (2009) Proteotypic profiling of 691 
LHCI from Chlamydomonas reinhardtii provides new insights into structure and function of the 692 
complex. Proteomics 9: 398–408 693 

Teramoto H, Ono T, Minagawa J (2001) Identification of Lhcb Gene Family Encoding the 694 
Light-harvesting Chlorophyll- a / b Proteins of Photosystem II in Chlamydomonas reinhardtii. 695 
42: 849–856 696 

Teramoto H, Nakamori A, Minagawa J, Ono T (2002) Light-intensity-dependent expression 697 
of Lhc gene family encoding light-harvesting chlorophyll-a/b proteins of photosystem II in 698 
Chlamydomonas reinhardtii. Plant Physiol 130: 325–333 699 

Terauchi AM, Peers G, Kobayashi MC, Niyogi KK, Merchant SS (2010) Trophic status of 700 
Chlamydomonas reinhardtii influences the impact of iron deficiency on photosynthesis. 701 
Photosynth Res 105: 39–49 702 

Tokutsu R, Kato N, Bui KH, Ishikawa T, Minagawa J (2012) Revisiting the supramolecular 703 
organization of photosystem II in Chlamydomonas reinhardtii. J Biol Chem 287: 31574–31581 704 



 

25 
 

 Tokutsu R, Minagawa J (2013) Energy-dissipative supercomplex of photosystem II associated 705 
with LHCSR3 in Chlamydomonas reinhardtii. Proc Natl Acad Sci U S A 110: 10016–21 706 

Villarejo A, Martinez F, Plumed MDP, Ramazanov Z (1996) The induction of the CO2 707 
concentrating mechanism in a starch-less mutant of Chlamydomonas reinhardtii. Physiol Plant 708 
98: 798–802 709 

Villarejo A, Shutova T, Moskvin O, Forssen M, Klimov V V., Samuelsson G (2002) A 710 
photosystem II-associated carbonic anhydrase regulates the efficiency of photosynthetic oxygen 711 
evolution. EMBO J 21: 1930–1938 712 

Wientjes E, Van Stokkum IHM, Van Amerongen H, Croce R (2011) Excitation-energy 713 
transfer dynamics of higher plant photosystem i light-harvesting complexes. Biophys J 100: 714 
1372–1380 715 

Wientjes E, Van Amerongen H, Croce R (2013) LHCII is an antenna of both photosystems 716 
after long-term acclimation. Biochim Biophys Acta - Bioenerg 1827: 420–426 717 

Wientjes E, Van Amerongen H, Croce R (2013) Quantum yield of charge separation in 718 
photosystem II: Functional effect of changes in the antenna size upon light acclimation. J Phys 719 
Chem B 117: 11200–11208 720 

Yamano T, Miura K, Fukuzawa H (2008) Expression analysis of genes associated with the 721 
induction of the carbon-concentrating mechanism in Chlamydomonas reinhardtii. Plant Physiol 722 
147: 340–354 723 

 Yamano T, Tsujikawa T, Hatano K, Ozawa SI, Takahashi Y, Fukuzawa H (2010) Light 724 
and low-CO2-dependent LCIBLCIC complex localization in the chloroplast supports the carbon-725 
concentrating mechanism in Chlamydomonas reinhardtii. Plant Cell Physiol 51: 1453–1468 726 



5μm 5μm

5μm 5μm

Phl

P+
P+

M

5μm 5μm

Mnl                                             Mhl

Pnl

   CO2nl                                        CO2hl

P+

Figure 1. Transmission Electron Microscopy images of the Chlamydomonas reinhardtii cells grown in di�erent 
carbon and light regimes. M – mixotrophic, P – photoautotrophic, CO2 – photoautotrophic with 5% CO2, nl – 
normal and hl – high light.  P+ shows a well formed pyrenoid, arrows indicate mitochondria. 
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CAH3/TPE 1 1.54 ± 0.05 1.70 ± 0.13 2.15 ± 0.34 0.82 ± 0.14 0.53 ± 0.09

Figure 2. Expression of the carbonic anhydrase 3. M – mixotrophic, P – photoautotrophic, CO2 – 
photoautotrophic with 5% CO2, nl – normal and hl – high light. CAH3 expression was determined 
on total protein extracts from cells. 10 µg of proteins– were loaded in each well. For quantitative 
densitometry analysis, CAH3 signal was normalized to the total protein loading to correct for possible
 loading errors. For digital analysis Gel-Pro software was used. The quantitative data was obtained from 
a minimum of 2 biological replicas and 3 technical repetitions.
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Figure 3. Changes of thylakoid stacking in Chlamydomonas reinhardtii cell grown in di�erent carbon supply 
and light regimes. M – mixotrophic, P – photoautotrophic, CO2 – photoautotrophic with 5% CO2, nl – normal 
and hl – high light.  A. Electron microscopy pictures, recorded under 60K magni�cation, with 200nm scale bar. 
B. Thylakoid stacks number (double layers with enclosed lumen), counted from a minimum of 50 di�erent 
stacks from at least 5 di�erent C. reinhardtii cells.
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PsaA/CP43 1 1.35 ± 0.30 1.95 ± 0.31 1.65 ± 0.28 1.04 ± 0.17 0.66 ± 0.13

Figure 4. PSI/PSII ration changes in Chlamydomonas reinhardtii cell grown in di�erent carbon supply 
and light regimes. M – mixotrophic, P – photoautotrophic, CO2 – photoautotrophic with 5% CO2, nl 
– normal and hl – high light. PSI/PSII obtained by immunoblot quanti�cation of PsaA and CP43. The 
data is averaged and standard error (SE) is derived from 2 biological replicas, each with 3 technical
replicas. 
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Figure 5. PSII antennae size alteration during Chlamydomonas reinhardtii light acclimation in di�erent 
carbon supply regimes. M – mixotrophic, P – photoautotrophic, CO2 – photoautotrophic with 5% CO2, 
nl – normal and hl – high light. A. Immunoblot data of PSII antennae proteins LHCBM1, LHCBM5, CP26 
and CP29. 10µg of the total protein extract was loaded per well. B. Densitometry analysis of LHCBM1, 
LHCBM5, CP26, and CP29, normalized to loading, averaged and SE derived from 2 biological replicas, 3
repetitions each. 
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Figure 6. Carotenoid content changes within Chlamydomonas reinhardtii cells acclimated to di�erent carbon
 and light supply regimes. M – mixotrophic, P – photoautotrophic, CO2 – photoautotrophic with 5% CO2, nl – 
normal and hl – high light. A. Amount of individual carotenoids normalized to 100 Chls, based on HPLC analysis. 
Standard error is indicated. B. Deepoxidation state
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Figure 7. Changes in Chlamydomonas reinhardtii’ non-photochemical quenching capacity upon 
di�erent acclimations. M – mixotrophic, P – photoautotrophic, CO2 – photoautotrophic with 5% CO2, 
nl – normal and hl – high light. A. NPQ measured on DualPAM-100. B. Immunoblotting detection of 
LHCSR1, LHCSR3 and CP43, 10μg per well of total protein extract from di�erent cell samples is loaded. 
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M – mixotrophic, P – photoautotrophic, CO2 – photoautotrophic with 5% CO2, nl – normal and hl – high light.  
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