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SCIENTIFIC REPLIRTS

Increased biomass productivity
In green algae by tuning non-
photochemical quenching
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. valued metabolites. However, their current industrial exploitation is limited by a productivity in
photobioreactors that is low compared to potential productivity. The high cell density and pigment
content of the surface layers of photosynthetic microalgae result in absorption of excess photons and
energy dissipation through non-photochemical quenching (NPQ). NPQ prevents photoinhibition,

. butits activation reduces the efficiency of photosynthetic energy conversion. In Chlamydomonas

. reinhardtii, NPQ is catalyzed by protein subunits encoded by three lhcsr (light harvesting complex

. stress related) genes. Here, we show that heat dissipation and biomass productivity depends on LHCSR
protein accumulation. Indeed, algal strains lacking two lhcsr genes can grow in a wide range of light

. growth conditions without suffering from photoinhibition and are more productive than wild-type.

: Thus, the down-regulation of NPQ appears to be a suitable strategy for improving light use efficiency

. for biomass and biofuel production in microalgae.

Photosynthetic organisms harvest photons by using pigments and use the excitation energy to fix CO, into bio-
: mass. Among autotrophs, microalgae are potentially far more efficient than crops because of their rapid growth,
. high CO, assimilating capacity and high photosynthetic activity per biomass unit. Biofuel production from
© microalgae is a potential breakthrough in renewable energy production because microalgae do not compete for

arable land and can grow in saltwater, and wastewater derivatives can be used as nutrient supplements'->. In
. addition, microalgae are a viable source for food, feed, high-value chemicals and pharmaceuticals*?. Although
. the latest generation of photobioreactors have substantially improved light utilization, decreased area footprint
. and reduced installation cost, biofuel production from microalgae is still not economical because of the subop-
* timal productivity of full scale photobioreactors”. Microalgae have a theoretical solar-to-biomass conversion

efficiency of 9-10%, with an expected maximum productivity of ~77 g biomass m~2 day~! (~280 ton ha~! year™?)

considering the average sunlight irradiance in the US*!!, yet the actual yield on large scale photobioreactors is
. far lower'>%11-13 'implying that a large part of the absorbed photosynthetically active radiation is wasted. Light
- harvesting occurs at Photosystems (PS II and PSI), in which chlorophyll excited states from photon absorption
. are delocalized between chlorophyll a molecules and trapped by reaction centers for primary photochemical

reactions. These reactions drive electron transport to NADP™, and the coupled proton transport powers ATP
: synthesis. Singlet chlorophyll excited states in excess of what can be quenched by photochemical reactions can
. belong lived (ns), and can undergo ISC (intersystem crossing) to triplet states whose reaction with O, yields 'O,,
. areactive oxygen species (ROS) species that causes photoinhibition'. All oxygenic photosynthetic organisms
. have evolved photoprotective mechanisms known as NPQ (non-photochemical quenching)'*!¢, which induces
. heat dissipation of the excitation energy absorbed in excess of the capacity of downstream metabolic reactions.
. NPQ prevents chlorophyll triplet formation by decreasing excess singlet chlorophyll excited states. Thus, photo-
. protective reactions compete with productivity. Green algae perform NPQ by the action of LHC-like protein(s),

called LHCSR, which sense lumen acidification caused by excess light and trigger energy dissipation'”'%. In
. Chlamydomonas reinhardtii, three genes encode LHCSR proteins, and the Ihcsr1 gene product shares 82% iden-
: tity to LHCSR3, which is encoded by two closely related paralogs, Ihcsr3.1 and lhesr3.2. These LHCSR1/3 subunits
. are Chl a/b-xanthophyll-binding proteins that exhibit a fast excited state decay and respond to acidification by

further switching to a dissipative state(s)'®-!. The lhcsr genes are overexpressed in stress conditions depending
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Figure 1. NPQ and LHCSR protein accumulation in npq4 and npq4 lhcsr1 genotypes. (a) Non-
photochemical quenching (NPQ) kinetics of WT, npq4 and npq4 lhesr1 cells grown for several generations in
high light (400 pmol photons m~2s~!). The yellow bar indicates the illumination period during measurement
with actinic light (1500 pmol photons m~2s7!), and the dark bar indicates the dark recovery. Data reported

are the mean value of 3 independent biological replicates for each sample (n = 3) with the respective standard
deviation reported as error bars. (b) Immunoblotting analysis with specific anti-LHCSR and anti-CP43
antibodies on total protein extracts from WT, npq4 and npq4 lhcsr1 cells grown for several generations in high
light (400 pmol photons m—2s™!).

on the activation of a thylakoid calcium sensor named CAS*'-2. The photoprotective function of LHCSR pro-
teins is synergic with other photoprotective mechanisms, such as cyclic electron flow?* and state transitions®.
LHCSR3 binds to PSII supercomplexes through the PsbR subunit when cells are exposed to high light stress'*%,
and the phosphorylated form of LHCSR3 might also interact with PSI?. Random insertional mutagenesis of
the C. reinhardtii wild-type (WT) strain has produced the npq4 mutant that lacks the lhcsr3.1 and lhesr3.2 genes
while retaining lhesr1'. Furthermore, a TILLING approach on the npg4 mutant has allowed for the generation of
the npg4 lhcsrl mutant in which all lhesr genes are disrupted®. In this work, we analyzed light use efficiency and
photoprotection in WT, npq4 and npq4 lhcsr1 genotypes. The results showed that down-regulation of energy dis-
sipation increases light use efficiency for biomass production, implying that this approach is a suitable strategy for
the domestication of unicellular algae. However, complete deletion of LHCSRs reverses algae to a low productivity
status because of enhanced ROS production.

Results

NPQ mutants and accumulation of LHCSR proteins. The phenotype of the WT, npq4 and npq4 lhcsr1
Chlamydomonas reinhardtii genotypes studied in this work were investigated by growing the cells in conditions of
high light (400 pmol m~?s™!), under which LHCSR proteins accumulate!”. Immunoblot analysis in WT with anti-
LHCSR3 antibody resulted two bands with molecular weights of 23 and 24kDa (Fig. 1). The npq4 strain lacked
the upper band, implying that LHCSR3.1 and LHCSR3.2 gene products co-migrate. Both bands were missing
npq4 lhesrl. Figure 1b shows the kinetics of NPQ activity induced by exposure to 1500 pmol photons m=2s~!
actinic light in cells acclimated to HL to promote accumulation of LHCSRs. NPQ values were calculated by meas-
uring changes in the maximum fluorescence emission upon illumination with saturating light as (Fm-Fm’)/Fm,
where Fm is the maximum fluorescence emission of cells in the dark and Fn’ is the maximum fluorescence emis-
sion during the treatment with actinic light. NPQ induction was substantially reduced in npq4 mutants compared
to WT during light treatment, and the dark recovery was similar. Dark recovery was not observed in the npq4
Ihesrl mutant, implying that quenching was caused by photoinhibition rather than by photoprotective energy
dissipation.
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Photon flux
density [pumol Light cycle

Name Description photons m—2s~!] | frequency [Hz]
Light A 200pE m2s7! 200 continuous
Light B 400pE mm~2s7! 400 continuous
Light C 800pE mm—2s7! 800 continuous

. 1s400pE
Light D | Y dark 200 0,5

. 1s800pE
LightE | ooy s dark 400 0,5

Table 1. Light regimes used for growing WT and mutant strains. Each experiment was performed in at
least ten biological replicates in independent bioreactors. Photon flux density and the light cycle frequency are
reported.

Growth curves and productivity at different light regimes. The productivity of WT and npq4 cells
was investigated by following growth in batch airlift photobioreactors at three different irradiances supplied as
continuous or intermittent light, mimicking the effect of mixing cells through the steep light gradient in a dense
culture (Table 1). In particular, continuous light at 200, 400 and 800 p.E m~2s™! (Light A, B, C, respectively) and
flashing light at 400 and 800 pE m~2s~ with 1 s of light was followed by 1s of dark (Light D and E, respectively).
Growth curves were followed by measurements of optical density (O.D.) (Fig. 2) and showed that the npq4 mutant
grew faster than WT in all tested conditions. All of the curves were fitted with a sigmoidal curve and the slope
(first derivative) of the sigmoid obtained was used to estimate the daily productivity of the different strains (Fig. 2,
Supplementary Table S1 online). Maximal daily productivity calculated as the maximum slope of the growth
curves was always higher in the case of npg4 compared to WT. In addition, maximal daily productivities were
obtained at the different growth conditions faster in the npg4 mutant compared to WT (Supplementary Table S1
online). Biomass collected at the end of the growth period (Fig. 3) consistently showed a higher production
in npq4 compared to WT irrespective of the parental strain of npq4 (CC425) or the 4A* strain used for npg4
backcrossing!’. The biomass (dry weight) recovered from WT cultures ranged from 0.185 to 0.351g L™ and
from 0.426 to 0.725g L~! in the case of the npg4 mutant with a >100% increase in yield. This interesting result
prompted us to measure the npg4 lhcsrl strain, which lacks all LHCSR proteins. When WT, npg4 and npg4
lhesr1 strains were grown under Light A and B conditions, however, the growth of the npq4 IhcsrI mutant was
similar to that of WT and far lower than that of npq4, as indicated by the growth curve, the daily productivity
(Fig. 2, Supplementary Table S1 online) and the total biomass accumulated (Fig. 3a). Direct observation of cells
(Supplementary Fig. S1 online) showed larger cells in npg4 compared to WT or npq4 lhcsrl. The conversion
efficiency of light to chemical energy stored was estimated by calculating the photon conversion efficiency (PCE)
parameter? obtained as the ratio between the dry weight recovered and the average light intensity available dur-
ing growth (Fig. 3b). In agreement with previous results?’, PCE decreased in increasing growth light intensities
(200, 400, 800 pmol photons m~2s~! continuous light) for all of the strains analyzed. Under pulsed light regimes,
the PCE was similar or even higher in the case of npq4 compared to the regime with the same maximum photon
dose delivered steadily (Light D vs. Light B or Light E vs. Light C), but lower compared to the regime of the same
average irradiance (Light D vs. Light A or Light E vs. Light B). Consistent results were obtained by estimating the
biomass production from the integral of the growth curve recorded at 730 nm. PCE was always higher in npg4
compared to WT and npg4 lhcsr1, suggesting that the [hesr gene dose produced a non-linear phenotype for pho-
ton conversion into biomass.

Photosystem quantum yield, non-photochemical quenching and LHCSRs accumulation. To
elucidate the reasons for the discontinuous relationship between lhicsr gene dose and productivity, we studied the
photosynthetic properties of the cultures. Fv/Fm, the quantum yield of PSII, was recorded at different time points,
to follow the PSII maximal photochemical efficiency (Supplementary Fig. S2 online, Supplementary Fig. S3
online). At the beginning of the experiment (day 0), Fv/Fm values for the WT, npg4 and npq4 lhcsrl mutant
were close to 0.75, but decreased upon light exposure in agreement with previous reports*. Fy/Fm decreased
faster in the npg4 mutant vs. WT. However, npg4 lhcsr1 showed the strongest and fastest decrease, suggesting
either a stronger photoinhibition, or the activation of quenching mechanisms that reduced the PSII photochem-
ical quantum efficiency in the absence of LHCSR subunits®. The kinetics and amplitude of non-photochemical
quenching (NPQ) were measured by monitoring the changes in maximum fluorescence emission upon exposure
to 1500 pmol photons m~2s™! actinic light (Fig. 4). The npg4 lhcsr1 showed very low NPQ, if any, in all conditions
with no recovery upon switching off the actinic light. In contrast, WT scored up to 3.5 corresponding to 78% of
energy dissipated into heat. Surprisingly, although NPQ values of the npq4 mutant were lower than those of WT,
significant NPQ activity was obtained, ranging from 0.2 to 2, indicating up to 66% energy dissipation. To investi-
gate whether the level of NPQ was positively correlated with the accumulation level of LHCSR isoforms per PSII,
LHCSR and PSIT complexes were quantified by immunoblotting with anti-LHCSR and anti-CP43 specific anti-
bodies (Supplementary Fig. S4 online). Interestingly, the accumulation of LHCSR1 was higher in the npg4 mutant
than in WT, suggesting that it compensates for the absence of LHCSR3. Under continuous light conditions, the
accumulating level of LHCSR proteins increased linearly with the amounts of photons available during growth
(Light A < B < C). In pulsed light conditions (400 or 800 p.E m~2s~!, Light D or Light E, respectively) the protein
level of LHCSRI in both WT and npg4 strains was similar to that under Light B conditions (continuous light,
400 E m~2s7!), whereas the LHCSR3 level was similar to that under Light A conditions (continuous light, 200 pE
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Figure 2. Growth curves and biomass productivity of WT, npq4 and npq4 lhcsr1 mutants. Panels (a,c,e,8,i)
growth curves of WT (black), npg4 (red) and npq4 lhesrl (blue) strains obtained by measuring the optical
density (O.D.) at 730 nm. Growth curves were fitted with a sigmoidal curve (yellow dotted lines). Each panel
reports the mean value and standard deviation of 5 independent measurements (n = 5). Panels (b,d,f,h,j)
examples of first derivate of the sigmoidal curves obtained by fitting different growth curves. Maxima values

of the first derivate curves can be used to approximate the maximum productivity during the growth of the
different strains (Supplementary Table S1).
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Figure 3. Biomass production and photon conversion efficiency of WT, npq4 and npq4 lhcsr1 mutants.
Panel (a) biomass produced as grams of dry weight per liter of WT (black) npq4 mutant (red) and npq4

lhsr1 (blue) mutant at the different light regimes (Light A-E). Panel (b): photon conversion efficiency (PCE)
calculated as the ratio between the dry weight and the average photon flux density [(g L™!)/(jumol photons
m~2s71)]. Statistical significant differences were obtained between W'T, npq4 and npg4 lhesrl according to two-
tailed non parametric Kruskal-Wallis test multiple comparison (n= 5, oo = 0.05 for all condition, p values of
0.0064 and 0.0253 for Light A and B respectively). Wilcoxon-Mann-Whitney test was applied for two samples
comparison obtaining statistically significant differences for npq4 compared to WT in all growth conditions
(n=5, a=0.05, p=10.009; 0.0216; 0.009; 0.009; 0.009 for Light A-E respectively) but not for npq4 lhcsrl.

m~2s7!). A linear correlation between the accumulation of LHCSR isoforms and NPQ was obtained for both WT
and npq4 mutant when exposed to continuous light (Light A, B or C), but not under a pulsed light regime, sug-
gesting a more complex regulation of excitation energy dissipation in the latter conditions.

Correlation between photon conversion efficiency and non-photochemical quenching. The
correlation between non-photochemical quenching and productivity was investigated by plotting PCE as a func-
tion of excitation energy quenching (maximal NPQ value) (Supplementary Fig. S5A online). Algae grown at
higher irradiances were characterized by high NPQ and low PCE (Light C, Light E), whereas the opposite was
observed at lower light intensities (Light A, Light D). An exponential correlation could be drawn between NPQ
and PCE for WT and the npg4 mutant, whereas in the case of npq4 lhcsrl, the correlation diverged from the
exponential fit, having a lower PCE than expected. To better interpret these results, PCE was plotted as a func-
tion of the percentage of reduction of maximal fluorescence (Supplementary Fig. S5B online) (Fm-Fm’)/Fm (%),
which yields a direct estimate of the proportion of excitation energy dissipated by NPQ processes. In this case
the correlation between PCE and (Fm-Fnr’)/Fm (%) was linear, highlighting the direct effect of excitation energy
dissipation on photosynthetic efficiency. Accordingly, in comparison of WT to npq4, the mutant showed a higher
capacity for photon conversion into biomass. However, an additional decrease in the lhcsr gene number, with loss
of LHCSR1 and reduction of NPQ activity, abolished the benefits observed in npg4 in the absence of LHCSR3,
rather than further increasing PCE. It is important to note that according to the linear fit of PCE as a function of
(Fm-Fm')/Fm (%), thermal dissipation of 50% of the excitation energy absorbed would cause a 63% reduction of
PCE, whereas dissipation of 79% of the excitation energy absorbed would be sufficient to give a null PCE. These
results indicate that the loss of PCE is not only due to NPQ activation, but also is related to other stress-dependent
effects, for example, ROS production in high light and photoinhibition.

Lack of LHCSR proteins induces photosensitivity. To further investigate the productivity loss in npq4
Ihesr1 compared to npg4, we verified the hypothesis that the npg4 Ihcsr1 genotype underwent enhanced photoin-
hibition. Singlet oxygen formation was followed in vivo with strong light exposure by using the Singlet Oxygen
Sensor Green probe®’. WT and mutant cells grown at 400 pmol photons m~2s~! (Light B) were incubated with
SOSG and exposed to red light (1600 pmol photons m~2s™!) for 6 hours; singlet oxygen formation was followed
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Figure 4. Kinetics of non-photochemical quenching (NPQ) rise in dark-adapted cells. Panel (a-e) NPQ
induction and relaxation kinetics measured on WT (black) npg4 (red) and npq4 lhesrl (blue) mutants. The
NPQ kinetics were obtained by illuminating whole cells with actinic light (1500 pmol photons m~2s™?) for

8 minutes followed by dark recovery. Panel (f) Maximum level of NPQ after 8 min of light treatment. Statistical
significant differences were obtained between WT, npq4 and npq4 lhcsrl according to two-tailed non
parametric Kruskal-Wallis test multiple comparison (n=5, o = 0.05 for all condition, p values of 0.0019 for
both Light A,B respectively). Wilcoxon-Mann-Whitney test was applied for two samples comparison obtaining
statistically significant differences in all growth conditions comparing WT to npq4 or npq4 lhesrl or even
comparing npq4 to npq4 lhesrl (n=>5, a=0.05, p=10.009 for all conditions).

on the basis of 532 nm SOSG fluorescence emission, which is linearly dependent on the concentration of singlet
oxygen®!. As reported in Fig. 5, the level of singlet oxygen produced by WT and npq4 was similar during light
incubation. In contrast, npq4 lhcsrl cells produced far more singlet oxygen. Thus, the decrease of Fv/Fm observed
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Figure 5. Singlet oxygen formation in WT, npq4 and npq4 Ihcsr1 mutants. The singlet oxygen production
was measured in vivo by following the 532 nm fluorescence emission of the singlet oxygen sensor green probe,
which is proportional to singlet oxygen concentration. The data reported are the mean value of 3 independent
biological replicates with standard deviation (n= 3).
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Figure 6. Light dependent oxygen evolution curves. Panel (a,b) light saturation curves of photosynthetic
oxygen evolution obtained for WT and npg4 cells, grown under Light A (200 pmol photons m~2s™1) and Light
B (400 pmol photons m~2s™!). The data reported are the mean value of 3 independent biological replicates with
standard deviation (n=3).

in npg4 lhesrl vs. npq4 during the exposure to high irradiances had different results; whereas the former did
undergo photo-oxidation under high light, the latter was resistant to photoinhibition and underwent an accli-
mation process similar to that previously reported for WT cells?’. Indeed, photoprotection provided by one of
the three gene products present in WT, namely LHCSR1, was sufficient to preserve the photosynthetic apparatus
from photoinhibition.

Photosynthetic oxygen production and trans-thylakoid proton gradient formation. The pho-
tosynthetic activity of WT and npq4 was estimated by measuring oxygen production at different actinic light
intensities. The oxygen evolution traces for WT and npg4 cells grown at two different light conditions (200 and
400 pmol photons m~2s™! continuous light) are reported in Fig. 6a,b, respectively. For both genotypes, the Pmax
was higher in cells grown at higher light intensities: (Pmax Light B > Pmax Light A), in agreement with previous
results?®. When comparing the two genotypes at the same irradiance, the npgq4 mutant always showed higher
Pmax than W, suggesting a higher photosynthetic efficiency for the npq4 mutant than WT, with the npg4 mutant
being able to extract more electrons from water. During the light phase of photosynthesis, electrons extracted
from water are used to reduce the plastoquinone pool, which is freely diffusible through the thylakoid membranes
from PSII to cytochrome bgf. Reduced plastoquinones bind protons in the stroma, which are then released in
the lumen upon plastoquinone oxidation. We monitored the formation of a light driven trans-thylakoid proton
motive force (pmf) exploited by ATPase to produce ATP from the amplitude of the electrochromic shift of carot-
enoid absorption (ECS)*. Upon illumination with an actinic light of 940-pmol photons m~2s~%, higher pmf was
evident for both genotypes in samples grown under increasing continuous light (Supplementary Fig. S6 online).

The maximum pmf value was observed in WT cells grown under Light C (800 pmol photons m~2s~! continuous
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light) and in npg4 mutant in cells grown under Light E (800 pmol photons m~2s~! pulsed light). In the npq4
mutant, the trans-thylakoid electrochemical gradient was always lower compared to that of WT cells grown in
the same conditions. The higher O, production in the npq4 mutant compared to WT, combined with a similar
reduction state of the plastoquinone pool and reduced pmf suggests that the npg4 photosynthetic apparatus has
changed to manage increased electron availability.

Changes in the photosynthetic proteins composition in WT vs. npq4 mutants. Acclimation
modulates the composition of photosynthetic membranes?. The accumulation of major protein complexes was
investigated by immunoblotting with specific antibodies targeting subunit PsaA, CP43, Cytfand the 3-subunit
of chloroplastic ATPase, representative of PSI, PSII, Cytb6f and ATPase, respectively (Supplementary Fig. S7
online). Plots of densitometric data are reported in the Supplementary Fig. S8 online. Finally, the major changes
correlated with the higher productivity of npq4 were the increased PSI vs. PSII ratio and the higher level of
ATPase. Finally, we used the level of Rubisco as a proxy for the level of carbon assimilation in downstream reac-
tions; it appears that this antigen increased with light intensity. However, the pattern was very similar in WT and
npq4 mutants, suggesting that downstream reactions were not the limiting step for biomass accumulation in
Chlamydomonas reinhardtii®>.

Discussion

Energy dissipation limits growth and enhances photoprotection. Photosynthetic organisms
exposed to high irradiance have evolved the ability to switch to quenching states to safely dissipate the energy
absorbed in excess through heat. In a highly quenched state, photosynthetic biomass production is reduced, as
is the risk for photoinhibition. LHCSR1 and LHCSR3, the gene products essential for NPQ in Chlamydomonas
reinhardtii, both accumulated when cells were grown at the different light intensities, inducing a light-dependent
NPQ in WT and npq4 strains but not in the npg4 lhcsrl mutant. The NPQ induction in cells grown in continu-
ous light were linearly correlated with LHCSR3 and LHCSR1 accumulation, whereas this correlation was lost in
pulsed light conditions, especially in the case of LHCSR3, suggesting the presence of more complex NPQ regu-
lation in these conditions. However, the accumulation of LHCSR1 in the npq4 mutant was not sufficient to fully
compensate for LHCSR3 absence because the LHCSR1-dependent NPQ levels measured in npg4 were always
lower than those in the LHCSR3/LHCSR1-dependent NPQ measured in WT. Despite the lower NPQ activity,
npq4 showed a similar level of singlet oxygen formation than did WT; however, the singlet oxygen formation was
far lower than that in npq4 lhesr1 (Fig. 5). This demonstrates that a minimum level of NPQ, in combination with
other photoprotective mechanisms, such as excited states of triplet chlorophyll quenching and ROS scavenging,
was sufficient in C. reinhardtii to prevent photoinhibition, as shown by the behavior of the npg4 mutant. The faster
kinetics of growth and biomass production in the npg4 mutant compared to WT is contradictory with previous
reported results'”?%, in which the inhibition of growth in high light was observed in the absence of LHCSR3;
these data, however, were obtained by growing cells in plates on solid medium, in which gas exchange and CO,
availability are far lower than in the liquid growth conditions reported here. The comparison of npg4 cells photo-
sensitivity in solid vs. liquid media suggests that CO, availability is a crucial point to be considered to maximize
light use efficiency. Indeed, the overexpression of LHCSR1 subunits in high light has been reported to occur only
in conditions of high CO,?!**. The increased PCE observed in npq4 compared to WT and npg4 lhcsr1 mutants
demonstrates that C. reinhardtii has evolved a survival strategy based on minimizing the risk for photoinhibition
at the expense of light use efficiency, because in the WT, the NPQ mechanisms are induced in excess compared
to the requirement for photoprotection in each specific light condition. It is worth noting that although higher
plants accumulate PsbS even at low light®®, green algae accumulate LHCSR proteins in stress conditions only, sug-
gesting that green algae prevent unnecessary quenching, i.e., loss of excitation energy, when growing in low light
conditions. A strong NPQ activation upon exposure to high light appears to have been favorable for the evolution
of green algae in a natural environment characterized by low light, in which cells can easily regulate their level of
light exposure by swimming deeper***. In this context, the exposure to high light is rare and the negative effect
caused by reducing light use efficiency is marginal.

NPQ modulation as a strategy to increase biomass productivity. In photobioreactors, cells are
exposed to the highest light available per surface unit to maximize productivity and reduce photobioreactor
installation and maintenance cost. Moreover, cells are even more stressed due to mixing the culture with cells
ranging from high illuminated to darker layers, a situation simulated here by growing C. reinhardtii cells in pulsed
light; in these conditions, NPQ induction was generally higher than the same average light intensity applied in
continuous conditions, implying that a minimum level of NPQ is necessary. However, the activation of energy
dissipating mechanisms appears to have occurred already at minimal levels of stress or even before stress was
applied, resulting in a strong reduction of biomass accumulation. Thus, C. reinhardtii evolved favoring photo-
protection rather than productivity, which probably occurred to preserve cell vitality in changing environmen-
tal conditions; however, in photobioreactors, in which growth conditions can be controlled more strictly, these
constraints result in a significant loss in biomass yield. Our results demonstrate that the selection of strains with
reduced NPQ is a viable strategy for algae domestication to increase biomass productivity in photobioreactors.

Molecular basis for high biomass productivity in the npq4 mutant. The higher biomass produc-
tivity observed in npg4 mutants compared to WT can be explained on the basis of higher excitation energy at
PSII leading to an enhanced photochemical rate. A more efficient light energy conversion rate is evident from the
light dependent O, evolution curves with a higher Pmax observed in the case of npq4. The higher PSI/PSII ratio
in npq4 is consistent with the increased water splitting activity at the level of PSII because the increased electron
availability can be consumed by PSI oxidizing the plastoquinone pool through cytochrome bgfand the lumenal
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soluble protein plastocyanin. In parallel, the proton motive force across thylakoid membranes was even lower in
the npg4 mutant than WT (Supplementary Fig. S8 online). The higher ATPase content in npg4 (Supplementary
Fig. S8, located online, can explain this). Moreover, the higher proton flux generated in npg4 chloroplasts induced
an increase in the accumulation of ATPase enzyme in npg4. These results suggest that the availability of a higher
level of excitation energy in npg4 induced adaptive solutions, such as an increase in PSI and ATPase content to
efficiently manage the higher amounts of electrons and protons transported by the thylakoid membranes.

Methods

Strain and growth conditions. Chlamydomonas reinhardtii cells of wild-type WT cc425 (arginine aux-
otrophic strain arg7-8 cw15 mt+ sr-u-2-60), wild-type 4a+ (137c genetic background), npg4 mutant'” and npq4
Ihesr1 mutant (gift from Niyogi K.K.) were analyzed in this work. Cells of the different genotypes were grown in
flasks in control conditions (70 pmol photons m~?s~%; photoperiod of 16/8 hours of light/dark) and in a small scale
photobioreactors provided by Multi-Cultivator MC 1000 (Photon System Instruments, Brno, Czech Republic).
This instrumentation consists of 8 test-tubes in a thermostatic water bath (T = 25 °C), bubbled with air and inde-
pendently illuminated by an array of white LEDs that generate incident irradiance. Each tube represents an inde-
pendent tubular photo-bioreactor on a small scale. The instrument is equipped with a sensor for measuring the
absorption at 730 nm and 680 nm, which enables control in real time, and for measuring, in each tube, the turbid-
ity and the absorption of chlorophyll. Five independent small - scale experiments were performed, each one with
at least two biological replicates for the different conditions tested. Each experiment started with 5 * 10°cells/ml
in minimal medium (HS medium?) enriched with CO, sources (NaHCO, 0.5 g/L). The samples were grown for
one day under control light (70 pmol photons m~2s™!), and after that ,the different light intensity/photoperiod
regimes (summarized in the Table 1) were applied.

Growth monitoring. Cell density in the Multi-Cultivator MC 1000 tubes was automatically monitored every
ten minutes by measuring cell dependent scattering at 730 nm. The average starting point of the growth curve was
2 x 10°cells per ml, corresponding to an O.D. at 730 nm of 0.0084 £ 0.0020. For each time point, the respective
standard deviation was calculated. At the end of the exponential phase of growth, the cells were counted at the
microscope using an improved Neubauer hematocytometer. Cell dry weight was measure upon drying biomass
for 4 days at 60 °C.

Chlorophyll fluorescence and photosynthetic parameter measurement. A video imaging system
designed for acquiring fluorescence (FluorCam 800MF by Photon System Instruments) was used daily for Fv/Fm
measurements (maximum quantum efficiency of PSII photochemistry). At the end of the exponential phase of
growth, the chlorophyll fluorescence was measured at room temperature on whole cells with a PAM-110 fluo-
rometer with a saturating light at 3000-p.mol photons m~?s~! and actinic light of 1500 pmol photons m~2s™'.
Before measurements, cells were dark-adapted under stirring for at least 60 minutes at room temperature. The
NPQ parameters were calculated as (Fm-Fm’)/Fm™®. Photosynthetic O, production was measured on whole cells
at 26 °C as previously described by using an electrode for the liquid phase oxygen measurements (Oxy-Lab of
Hansatech Instruments Ltd). Trans-thylakoid proton motive force (pmf) were monitored by measuring the carot-
enoid electro- chromic shift (ECS) with Joliot-type spectrophotometer (Bio-Logic SAS JTS-10) as previously
described?®~.

Spectroscopy and pigment analysis. Pigments were extracted from cells in 80% acetone and analyzed by
a combined approach of absorption spectroscopy and HPLC analysis as previously described®>.

SDS-PAGE analysis, Immunoblot assays and western blotting quantifications. Protein
extracted from whole cells were analyzed with SDS-PAGE electrophoresis on a 15% acrylamide gel, as described
previously*!. Immunoblot assays with antibodies against different polypeptides were performed as described
previously*2.

Singlet oxygen production. Singlet oxygen production was measured in vivo by following the 532nm
fluorescence emission of a singlet oxygen sensor green probe®, which is proportional to the singlet oxygen
concentration.

Statistical analysis. Descriptive statistical analysis with mean and standard deviation were applied for all
the data reported. Statistical significance was evaluated by non-parametric two-tailed Kruskal-Wallis test**, where
multiple comparisons were performed, or by non-parametric two-tailed Wilcoxon-Mann-Whitney test** when
comparing two samples. Non parametric test was chosen on the base of the small sample size (n < 10, precise n
values are indicated in Figure legends).
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