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Optimization of light use efficiency for biofuel production in algae
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• Algae have interesting potential for the
production of biofuels.

• Light use efficiency is one of the major
factors influencing algae productivity.

• Investigation ofmolecular bases influenc-
ing photochemical efficiency is seminal to
optimize algae productivity.

• Productivity can be improved by genetic
engineering and optimization of photo-
bioreactor operational parameters.
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A major challenge for next decades is development of competitive renewable energy sources, highly needed
to compensate fossil fuels reserves and reduce greenhouse gas emissions. Among different possibilities,
which are currently under investigation, there is the exploitation of unicellular algae for production of
biofuels and biodiesel in particular. Some algae species have the ability of accumulating large amount of lipids
within their cells which can be exploited as feedstock for the production of biodiesel. Strong research efforts
are however still needed to fulfill this potential and optimize cultivation systems and biomass harvesting.
Light provides the energy supporting algae growth and available radiation must be exploited with the highest
possible efficiency to optimize productivity and make microalgae large scale cultivation energetically and
economically sustainable. Investigation of the molecular bases influencing light use efficiency is thus seminal
for the success of this biotechnology. In this work factors influencing light use efficiency in algal biomass
production are reviewed, focusing on how algae genetic engineering and control of light environment within
photobioreactors can improve the productivity of large scale cultivation systems.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The largest fraction of world energy demand is presently met
by the combustion of coal, oil and natural gas. Such a massive
+39 0498276300.
rosinotto).
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exploitation of fossil fuels leads to the release of large amounts of carbon
dioxide and other pollutants in the atmospherewith detrimental effects
on the environment. Also, because of this massive consumption, global
reserves will be depleted in the future. It is thus evident that there is a
strong need of alternative, renewable and environmentally compatible
sources of energy in order to sustain our present lifestyle [1]. Among
different possibilities, photosynthetic organisms are receiving growing
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Fig. 1. Estimation of area needed for alga production. The area occupied by an alga
cultivation system producing 1 ton of dry biomass per year is shown in dependence of
the light use efficiency. Average radiation intensity was assumed to be 4541 MJ m−2 y−1

(data for Padova, Italy, according to Photovoltaic Geographical Information System, PVGIS
Solar Irradiation Data, 2007, http://sunbird.jrc.it/pvgis/) and biomass energy content was
assumed to be 20 kJ/g.
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attention for their potential exploitation in the production of biofuels
[2–6]. These bio-derived compounds in fact represent one of the
most promising sources of liquid fuels, which are extensively used for
transportation and in some cases, such as for jets, are not replaceable
by electricity with the present technology.

In this direction, a major potential alternative to fossil fuels for
transportation is biodiesel which can be produced from vegetal oil
through a process of trans-esterification. Biodiesel production on a
large scale, however, is at present strongly limited by the feedstock
supply. Nowadays, most biodiesel is produced from oils extracted
from crops like soy and palm, which have a limited productivity and
would demand unrealistic areas of cultivation in order to replace a
substantial fraction of fossil fuels [7,8]. A further critical point is that
crop plants are normally employed as food or feed and their exploitation
for biodiesel will generate an undesirable competition for cultivation
areas and fresh water [9].

One interesting alternative to crops is the exploitation of other
photosynthetic organisms such as microalgae, which are capable
of accumulating large amounts of lipids which can be extracted,
processed and refined into transportation fuels [4,6]. Algae also have ad-
ditional interesting features such as the ability to efficiently use CO2 [4]
and, at least for some species, fast growth rate [10–14]. The production
of biofuels can also be combinedwith the use of algal systems for waste-
water treatment to reduce the carbon, nitrogen and phosphorus content
in industrial, municipal and agriculture wastes [15,16]. Furthermore,
microalgae-derived high added value molecules can be used in the
cosmetic or food industry such as astaxanthin, β-carotene, omega-3-
fatty acids, vitamin E and other pigments [16–19].

While it is thus clear in the scientific community that algae are high-
ly promising for biofuel production and other applications, intensive
research efforts are still needed to exploit their potential in large scale
cultivation systems [5,6,20]. Many factors influence algae growth
and productivity and deeper investigations are necessary to optimize
operating parameters in large scale algae cultivation systems (photo-
bioreactors, PBRs) and maximize their productivity (for a comprehen-
sive review see [4,21]). One of the major factors affecting algae growth
is light: as for all photosynthetic organisms, sunlight provides the energy
supporting their metabolism and its efficient conversion into biomass
has a major influence on productivity. The importance of this parameter
is exemplified in Fig. 1, where the area needed to produce a ton of
biomass per year is represented depending on the energy conversion
efficiency. For values as low as 0.1%, the average value for most crop
plants in field conditions [22], the requested area is very large, while
this is drastically reduced if photosynthetic efficiency reaches 3%,
a value experimentally obtained with algae in laboratory condi-
tions [23]. Possible improvements could eventually further increase
the biomass productivity, closing the gap with the maximal theo-
retical efficiency (77 ± 5 g dw m−2 d−1, corresponding to ≈12%
efficiency [24]).

It should be underlined that, while crop plants are routinely culti-
vated in large areas, algae are cultivated in photobioreactors or ponds
which have high energetic and monetary cost for building and main-
tenance. Therefore any increase in the area occupied by the alga
cultivation makes the process less sustainable from the energetic and
economic point of view. Therefore, a high photosynthetic efficiency is
indispensable for a viable algae large scale cultivation system, even
more than for crop plants. For this reason a deeper understanding
of the molecular bases of the light use efficiency for these organisms
is seminal to optimize their cultivation on a large scale and will be the
focus of the present work.

Although it is unlikely that a single species will have all the optimal
characteristics for biodiesel production in all conditions, the species
belonging to the genus Nannochloropsis are receiving increasing atten-
tion for this kind of applications. In fact, they present several positive
features such as good growth rates and the ability to accumulate large
amounts of lipids, up to 60% of total dry weight [14,25,26]. Recent
availability of genome sequences and tools for their molecular modifica-
tion is also contributing to make this species a model for the study of
biofuel production from algae [27,28], complementing the studies on
othermodel organisms such as the green algaChlamydomonas reinhardtii
which is better characterized but less efficient as lipids producer. For
this reason, Nannochloropsis and Chlamydomonas will be used here as
the main reference species, although major conclusions are most likely
valid for other species as well.

2. Influence of light intensity on photosynthetic efficiency

Algae grown in large scale cultivation systems, such as PBRs, are ex-
posed to a complex light environment. First of all sunlight is not con-
stant but its intensity continuously changes during the day and the
seasons. Illumination intensity has an important influence on alga pro-
ductivity, as shown in Fig. 2 for the case of Nannochloropsis salina: up to
150 μmol of photons m−2 s−1 an increase in illumination stimulates
growth, showing that, in this range of intensities, available light is the
limiting factor. Once this limit is surpassed, however, growth is not
stimulated anymore by an increase in light intensity but, on the con-
trary, it has an inhibitory effect, causing reduction in duplication rate
[29]. It is important to underline that, in the experiments reported
here, Nannochloropsis cells were cultivated in a flat-bed PBR in order
to expose all cells to the same irradiation, reducing as much as possible
the cells' self-shading. Also, carbondioxide and nutrientswere provided
in excess to highlight the influence of light regime on growth kinetics.

Similar experiments, performed at atmospheric CO2 concentration,
showed different results and light was limiting in a much smaller inter-
val, only below 15 μmol of photons m−2 s−1 [30]. In these conditions,
irradiation between 15 and 150 μmol of photons m−2 s−1 has little
influence on duplication rates suggesting that, in this case, growth is
limited by CO2 supply (Fig. 2). The importance of this key substrate
for algae growth is well established and in fact all large scale PBRs are
normally designed to provide cells with additional CO2 supply. Actually,
the ability of algae to exploit high carbon dioxide supplies represents a
major advantage of these organisms and opens the possibility of culti-
vating algae in connection with industrial processes which produce
large amounts of CO2. Such a combination, in fact, while providing a
low cost CO2 source for algae cultivation allows fixing part of it into bio-
mass, thereby reducing emissions in the atmosphere.

For the above mentioned reasons, the influence of light regime on
algae performances in a large scale PBR should be studied under
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Fig. 2. Influence of light intensity on algae growth. A)Nannochloropsis growth, quantified
as the specific growth rate calculated during the exponential phase under constant illumi-
nation is shown in dependence from light intensity (black squares). Light energy available
increases linearly with the illumination intensity, as represented by the dotted line. CO2

and nitrogen (as nitrate) were provided in excess to avoid growth limitation due to
these nutrients and highlighting the influence of the light regime. B) cell concentration
normalized to the light intensity, expressed as μE (μmol of photons) m−2 s−1.
Data reported are from [29].
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conditions where CO2 is in excess. When the effect of different light
intensities is considered, it is important to underline that the amount
of energy available grows linearly with the radiation intensity. Algae
are highly efficient in harvesting light and even when exposed to a
strong irradiation the culture still absorbs most of the available pho-
tons, meaning that the energy absorbed by the cells is also following
a similar linear growth. Over 150 μE m−2 s−1, however, an increase
in the light available to the cells does not correspond to faster growth,
implying that cells absorb energy in excess which they cannot use for
biomass accumulation. This difference can be visualized by normaliz-
ing the growth to light intensity which allows an estimation of light
use efficiency of the cultures. As shown in the first part of the curve
in Fig. 2B, up to 150 μmol of photons m−2 s−1 this value is roughly
constant, suggesting that in this range cells use light with a similar
efficiency. When light intensity is over the maximal growth value,
however, light use efficiency rapidly decreases. As an example, a
comparison of data from 120 vs. 250 μmol of photons m−2 s−1 shows
that while growth rate is similar, light use efficiency in the latter is
already ≈50% less [29]. While data shown are referred to a specific
set of experiments, a similar trend is observed for Nannochloropsis
grown in cultivation systems with different geometries [31] or for
other algae species [32–36], suggesting that the conclusions can be
generalized.

Data reported above clearly show that light intensities over the
saturation limit cause a drastic decrease in light use efficiency. Even
if cells are still able to maintain a significant growth also under very
intense illumination [29,30], in these conditions cells are highly
inefficient in converting light into biomass. It is worth underlining
that, while from the biological point of view there is no harm in
using inefficiently an abundant resource, from the perspective of an
alga large scale cultivation system any decrease in light use efficiency
has a detrimental effect on system productivity, as shown in Fig. 1.

In order to devise strategies to keep algae productivity under awider
range of illumination, it is important to understand the molecular
mechanisms responsible for the drop in light use efficiency under
strong illumination. In photosynthetic eukaryotes most light is
absorbed by pigments bound a family of proteins called antenna or
light harvesting complex (LHC, [37]). Absorbed energy in the form of
electronic excitation is transferred between nearby pigments and is
eventually trapped by the special chlorophyll a contained in the reac-
tion centers (RC) of the photosystems (PS). Here, electronic excitation
drives a charge separation with one electron being transferred from
the excited Chl a (Chl a*) to a nearby acceptor molecule starting
the electron transport chain which leads to ATP and NADPH synthesis.

Although light is indispensable to support algae metabolism, it may
also become dangerous when in excess [32,33]. Light absorption and
charge separation, in fact, take place in the presence of molecular
oxygen. Toxic amount of ROS is formed in the thylakoid membrane
when the absorption of light by chlorophylls exceeds the photosynthetic
apparatus capacity of using excitation energy for electron transport, and
photochemical reactions are saturated [38]. In particular, the very
reactive singlet oxygen (1O2) can easily be created by light within the
PSII complex in the presence of a photosensitizer such as chlorophyll,
which is the main pigment of the photosynthetic apparatus [33,38].
Then, under conditions of intense illumination, excess energy leads
to the production first of an increased amount of triplet excited state
chlorophyll (3Chl*) which in turn generates 1O2 [39] that can easily
oxidize and degrade pigments, proteins and lipids.

This ROS production under strong illumination has been sug-
gested to impair PSII efficiency by inducing the degradation of some
components of this protein–pigment complex (see a recent review
by [40]). In cells exposed to strong illumination, the Photosystem II
protein subunit D1 is continuously degraded and re-synthesized
[32,41–43]. Although the molecular mechanism of reparation
in vivo is not completely clarified, the damaged D1 subunit appears
to be first removed from a photoinactivated PSII center through
the progressive action of FtsH proteases [44,45] which bind the
N-terminus of damaged D1 to drive its removal from the Photosystem
II and its subsequent complete degradation [46,47]. After the removal
of damaged D1 a new copy of the polypeptide is synthesized
and re-inserted in PSII [44]. This repair mechanism is found con-
served in all organisms performing oxygenic photosynthesis,
from cyanobacteria [44] to plants [48], indicating that it plays a
fundamental role in protection from irreversible photoinhibition.
It has been estimated that D1 turnover in cells under illumination
is around 30 minutes [32], and considering the abundance of PSII
complexes in alga cells this implies that a relevant part of energy
is invested in resynthesizing this protein. Although these mecha-
nisms are clearly important to ensure cells survival, in the context
of alga biomass production such a massive turnover clearly impair
the efficiency of light conversion into biomass [43].

An additional strategy to cope with a strong illumination is the
thermal dissipation of part of the energy absorbed by the antenna so
as to balance the light capture to the photochemical reactions rate.
Antenna complexes are responsible for most of the light harvesting,
but they are also involved in this dissipation of excess excitation
[49,50]. Energy absorbed by LHC, in fact, can be dissipated as heat
before it reaches the RC reducing the amount of Chl excited states
and consequently decreasing the probability of reactive oxygen spe-
cies generation. This process is called Non Photochemical Quenching
(NPQ) and it can dissipate as heat up to 80% of the total absorbed
energy [33]. The NPQ is activated by strong light and it is present
in all photosynthetic organisms starting from cyanobacteria to land
plants, although the molecular mechanisms are variable in different
organisms [50].
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Fig. 3. Model of the light distribution in a photobioreactor. An algae photobioreactor
has high optical density because of the high pigment concentration in the cells.
A first layer of cells is thus exposed to full illumination and absorbs a major fraction
of the light energy available. These cells likely have a saturated photosynthesis, leading
to energy dissipation as heat and ROS production. As a consequence they not only
absorb a large fraction of light available but they also use it with low efficiency.
The rest of the biomass is left exposed to limiting light.
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The fastest component of NPQ is activated a few seconds after
exposition to strong illumination, when the accumulation of protons
in the thylakoids lumen causes the protonation of PSBS in plants
and LHCSR in algae [50–56]. When protonated, these proteins drive
NPQ activation and the consequent decrease in excited state lifetime
in pigment-binding subunits of the antenna system therefore reduc-
ing the possibility of generating high reactive singlet oxygen within
PSII [57]. Carotenoids also play a major role in photoprotection and
in all pigment–protein complexes of photosynthetic apparatus they
are found close to chlorophylls, thus the sites for the potential pro-
duction of triplet Chl and singlet oxygen. These carotenoid molecules
act as quenchers for Chl excited states and also scavengers for reactive
oxygen species eventually formed [58,59]. Carotenoids have different
photo-protective abilities due to their specific chemical and structural
properties, with zeaxanthin being particularly effective [58,60,61]. After
exposition to strong light, zeaxanthin is synthesized from violaxanthin
thanks to the activity of the enzyme violaxanthin de-epoxidase (VDE).
This enzyme, at neutral pH, is in its monomeric inactive form in the
lumen but, in high light, when the pH of this compartment decreases,
it dimerizes, associates to the thylakoid membrane and converts
violaxanthin into zeaxanthin [62,63]. This conversion increases cells'
ability to quench 1Chl*, 3Chl* and 1O2 [58,61].

A further mechanism contributing to photo-protection is ‘state
transition’ which consists in the migration of LHCII, the PSII major
antenna complex, from PSII (state 1) toward PSI (state 2) in order to
equilibrate an imbalance of light excitation in the two photosystems.
LHCII migration from PSII to PSI is activated upon phosphorylation
when PSII is saturated and PQ pool is over-reduced. This is a reversible
phenomenon and LHCII can migrate back to PSII when the excitation
energy balance between the two photosystems is restored [64].
Although state transitions are present in both green algae and plants,
its physiological role seems to be more important in the former [64].
In fact, in Chlamydomonas, the ability of activating state transitions
was shown to contribute to a better carbon assimilation and algal
growth [65]. Also, it was recently demonstrated in Chlamydomonas
that cells' exposure to high light induce a persistent state 2 which
contributes to reducing PSII functional antenna size and consequently
protects this photosystem from over-excitation and in particular
decreases hydrogen peroxide formation [66].

All mentioned mechanisms allow cells to safely dissipate energy in
excess, thereby reducing oxidative damage, so as to survive under in-
tense illumination [51]. In the perspective of algae large scale cultivation,
however, energy dissipation as heat still causes a reduction of light use
efficiency and has therefore a negative effect on culture productivity.
Energy dissipated for protection, as well that used to repair the photo-
synthetic apparatus, strongly reduces biomass productivity and should
be minimized in a large scale cultivation system [24,42].

3. Increase of light use efficiency by algae genetic engineering

An additional factor to be considered is that algae are cultivated in
photobioreactors at high concentration and, because of the pigments
present in the cells, the medium has a high optical density. As a con-
sequence, light distribution in the systems is highly inhomogeneous
[67–69] with the surface-exposed cells absorbing most of the available
light, leaving only a residual part of the radiation for cells underneath
(Fig. 3). For this reason, external layers are easily exposed to excess
light and, as discussed above, to maintain their photosynthetic activity
they need to dissipate energy and repair photoinhibited complexes
with poor light use efficiency [24,70,71] (Fig. 3). At the same time,
most of the cells in the culture are instead exposed to a weak illumina-
tion limiting their growth. If light is below the compensation point,
cells might even have a negative productivity since respiration can
be faster than photosynthesis. The relevance of this inhomogeneous
light distribution on algae cultivation productivity is underlined by
the observation that the overall efficiency of photobioreactors increases
when the light path through the culture is shorter, reducing the inho-
mogeneity of light distribution [67,72–74]. Unfortunately, short light
paths are difficult to be implemented in large-scale structures because
of practical and economic reasons.

One possibility to reduce this limitation and increase productivity
in algae large scale outdoor cultivation systems is to genetically
engineer these organisms and make them more suitable to grow in
the light environment found in a photobioreactor. In a natural envi-
ronment, cells need to harvest light efficiently to compete with others
and have no evolutionary advantage in leaving radiation energy to
underneath layers. On the contrary, in a photobioreactor each cell
should ideally only harvest the amount of light it can efficiently
use for photochemistry. Unfortunately even if algae are a very diverse
group of organisms it is unlikely that species isolated from the
environment can have all the ideal characteristics for large scale
cultivation and therefore their genetic improvement will likely be
fundamental to optimize productivity [27,75]. Wild type (WT) algae
thus need to be “domesticated”, similarly to what happened for
crops where multiple traits which would have a negative effect in a
natural environment were artificially selected because, in cultivated
crops, they provided a positive influence on productivity.

One of the possible strategies under intense study to improve light
distribution in a photobioreactor is to generate strainswith a decreased
photosystems antenna size [36]. As mentioned above, antennas
(or LHC) are pigment binding proteins which harvest light and transfer
energy to the reaction centers. These proteins are particularly important
in a light limiting environment because they increase the cells' ability
to efficiently harvest available radiation. They also bind most of the
pigments in algae cells and therefore are the main responsible for the
optical density of the culture. Algae cells normally have a large number
of antenna proteins associated to both Photosystems I and II and, for in-
stance for Chlamydomonas, it has been estimated that there are respec-
tively 200–240 and 190–210 chlorophylls per reaction center [76–78].
The presence of antennaproteins, however, is not necessary for electron
transport reactions and their content can be reduced without affecting
the photosystems' ability to perform photochemistry. It was estimated
that the minimum number of Chl molecules is 37 for PSII and 95 for
PSI, since below these limits the assembly of the photosystemcore com-
plexes is affected, impairing their photochemical activity [79]. However,
these figures suggest that it is possible to strongly reduce the number
of antenna proteins associated to each photosystem, which should
have a positive effect on productivity in a photobioreactor by reducing
the amount of pigments in each cell and improving light distribution,
thereby increasing the energy available for all cells. Also cells with a
small Chl antenna sizewould reach photosynthesis saturation at higher
light intensity [71] reducing the amount of energy lost by cells at the
surface of the photobioreactor.
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However, as mentioned above, antenna proteins are not only in-
volved in light harvesting but also play a fundamental role in the pro-
tection from high light. In fact, thermal dissipation of energy absorbed
in excess (NPQ described above) requires antenna proteins to be acti-
vated and mutants completely depleted of antenna proteins have
been shown to be particularly sensitive to strong illumination. Thus,
the desirable situation should not be a complete depletion of the
antenna proteins but its selective reduction, which clearly requires
a deeper knowledge of factor involved in photosystem biogenesis
[80]. Following the domestication hypothesis, photosystems' antenna
size must thus be re-optimized for photobioreactor conditions.

Different C. reinhardtii strains with reduced antenna size have
already been isolated and characterized in the past few years using
insertional mutagenesis and RNAi approaches [76,77,81–85]. tla1
[77], tla2 [76] and tla3 [85] are DNA insertional transformants carrying
mutations in genes involved in the modulation of expression of genes
encoding for light harvesting complexes. As a consequence, these
mutants have a truncated light harvesting chlorophyll antenna size
and show a lower chlorophyll per cell contentwith respect to the corre-
spondingWT strains. One interesting consequence of the truncated an-
tenna size is the difference in the saturation of photosynthesis which
occurs in tla1 mutant at about 2500 μmol of photons m−2 s−1 instead
of 1000 μmol of photons m−2 s−1 measured for WT [76,85].

Mutants with reduced antenna size were also obtained by RNA
interference, exploiting the similarity between different LHC proteins
to ensure the simultaneous down regulation of multiple genes.
One line developed with this approach, called StmLR3 [82], presents
reduced levels of both LHCI and LHCII mRNAs and proteins. StmLR3
shows a higher photosynthetic quantum yield and a reduced sensi-
tivity to photo-inhibition which led to a faster cell growth under
strong illumination. In fact, under illumination at 1000 μmol of
photons m−2 s−1, Stm3LR3 cultures reached peak density already
after 26.5 h when WT cultures only were at 54% of their maximal
cell densities.

In conclusion, these works showed that the advantage of mutants
with reduced antenna size is twofold. On one side, cells with truncated
antenna, when exposed to strong irradiation, harvest light less efficient-
ly, reducing the damage on the photosynthetic apparatus and the need to
thermally dissipate absorbed energy. On the other side, light absorption
by single cells in amass culture is minimized allowing a better transmis-
sion in the culture thereby increasing overall photosynthesis and bio-
mass accumulation. Both contributions yield into a higher productivity
which for Tla1 at 1500 μmol of photons m−2 s−1 was estimated to be
twice that of WT [77]. Although all present studies were performed
with the model alga C. reinhardtii, it is expected that strains with a
truncated antenna isolated for other species, more suitable for industrial
applications, will yield similar advantages.

4. Light use efficiency increase through optimal alternation of
dark/light cycles

Considering data reported in Fig. 2, a possible solution to grow algae
with a good light use efficiency would be to cultivate them under light
intensity below the saturation limit. However, illumination under
a full sunlight in summer is over 2000 μmol of photons m−2 s−1,
suggesting that, for a large fraction of time, algae exposed to direct sun-
light use energy with low efficiency, especially those located at the
more external layers. However, this first layer of cells absorbs most of
the available radiation and therefore this has a major negative effect
for the overall productivity.

An additional factor of complexity to be also considered is
that cells in a photobioreactor are actively mixed and move between
dark and fully exposed regions of the photobioreactor [69]. The kinetics
of mixing cycles vary greatly according to cultivation systems and
change between a millisecond time-scale in closed tubular reactors or
optical fiber-based photobioreactors to longer times by several order
of magnitude in open ponds [69]. These dark/light cycles can strongly
affect algae photosynthetic efficiency depending on the frequency and
intensity of light flashes [86–91]. An example of their influence is
shown in Fig. 4 where the growth of N. salina cells is reported when
exposed to square-wave light/dark cycles to simulate mixing [29].
All experiments were performed providing the same total amount of
photons, corresponding to 120 μmol of photons m−2 s−1 of continuous
illumination, to evidence differences in light use efficiency due to fre-
quency and intensity of light pulses [29]. In some conditions, the growth
rate corresponds to that of cells exposed to constant moderate light
(120 μmol of photons m−2 s−1, Fig. 4A), suggesting that, in these con-
ditions, cells were able to completely integrate the light absorption,
exploiting intense light pulses as well as continuous illumination
[92–94]. It is important to stress that this result implies that cells
not only were able to avoid photo-oxidation damage under saturating
flashes, but they were also able to use energy from pulses with the
same efficiency as dim continuous light, even if they were 8 times
over the saturation limit. Also, it is worth underlining that the intensity
of the pulses was not affecting the results, at least in the range tested,
since flashes of 350 and 1200 μmol of photons m−2 s−1 were exploited
with the same efficiency.

The results with light flashes, however, were not always positive
and in other cases growth was inhibited even if the integrated
amount of photons provided was the same. The conditions showing
the best productivity (1200 μmol of photons m−2 s−1 — 10 Hz and
350 μmol of photons m−2 s−1 — 30 Hz) had in common the same
length of the light pulse (Fig. 4), which thus appears to have a large
influence on biomass productivity among the parameters considered
here. The optimal duration of light pulses was found to be around
10 ms [29] while longer pulses were not efficiently exploited. Similar
results have been described for other species of microalgae [89,95] and
with the model green alga C. reinhardtii it was shown that the specific
growth rate under flashing light increased with the rise in flash
frequency. Algae grown at 1000 μmol of photons m−2 s−1 — 100 Hz,
again with 10 ms flash duration, presented similar growth rate and
final biomass yield as the algae exposed to continuous 100 μmol of
photons m−2 s−1, confirming that the flash duration has a key influ-
ence on the light use efficiency [96,97]. These results suggest that a
photobioreactor might well exploit with good efficiency even in highly
intense light provided that mixing is optimized to that scope.

The timescale of the optimal duration of the light flashes, around
10 ms, is consistent with the suggested PSII turnover rate in whole
cells [5,98], meaning that after charge separation by the photosys-
tems, 10–15 ms are needed before the photosystem is ready to re-
ceive another photon [69]. In Fig. 4B a scheme providing a possible
explanation for these observations is shown. One of the major rate
limiting steps for photosynthesis is the Calvin–Benson cycle, which
consumes ATP andNADPH produced by the light phase of photosynthe-
sis for carbon fixation. Its activity has a fundamental influence also on
the light phase because it re-generates the indispensable substrates
ADP, Pi, and NADP+. If light is too intense and Calvin–Benson cycle is
not capable of fixing CO2 at a sufficient rate, these substrates become
limiting for the light phase of photosynthesis which, as a consequence,
is not able to use all available energy for photochemistry, leading to the
above discussed radiation damage and activation of heat dissipation
mechanisms. In the case of experiments with pulsed light shown in
Fig. 4A the total amount of energy provided is lower than the saturation
point (120 vs. 150 μE m−2 s−1) suggesting that the dark reactions
should be able to use the energy with good efficiency and carbon fixa-
tion rate should not be limiting in these conditions.

Another limiting step for photosynthesis is electron transport
between PSII and PSI via Cytb6f which requires the diffusion of plasto-
quinone in the membrane. PSII final acceptor is a plastoquinone
molecule bound to QB site, which is reduced in around 1 ms. Once
plastoquinol is formed, however, it must diffuse into the membrane
and donate electrons to Cytb6f and another plastoquinone molecule
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has to take its place in the QB site. This step is known to be a rate
limiting step for the light phase of photosynthesis and in fact under
intense illumination PSII is saturated at the level of PQ pool. Under
light flashes plastoquinone is reduced but, if light is switched off
fast enough, it allows the time for re-oxidation of electron trans-
porters, thus preparing the reaction centers for the following pulse.
If the light exposure is longer, instead, it increases the probability
that a second photon reaches the reaction center when this is still
in the oxidized state, thus leading to the generation of ROS and
photo-damage. If the illumination is short enough, instead, not only
the damage is reduced but also, since energy is “stored” as reduced
PQ, the electron transport can proceed efficiently. In these conditions,
the plastoquinone pool can act as a buffer which temporarily stores
electrons allowing the efficient use of even very short light flashes.

These results suggest that very intense light can be harvested and
exploited efficiently by cells growing in a photobioreactor, even if the
total intensity is well beyond the saturation limit for that particular
species. They also suggest that, provided that they are cultivated in
optimal conditions, high photosynthetic efficiencies can be obtained
also with algae growing in outdoor conditions exposed to very
intense illuminations. However, for this to occur it is necessary
that photobioreactor design is such that mixing is optimized and
cells are exposed to short light pulses before moving back to the
dark part of the photobioreactor. If this is possible, even very intense
external light intensities could be harvested and used efficiently for
photosynthesis.
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