The potential of quantitative models to improve microalgae photosynthetic efficiency
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The massive increase in carbon dioxide concentration in the atmosphere driven by human activities is
causing huge negative consequences and new sustainable sources of energy, food and materials are
highly needed. Algae are unicellular photosynthetic microorganisms that can provide a highly strategic
contribution to this challenge as alternative source of biomass to complement crops cultivation. Algae
industrial cultures are commonly limited by light availability, and biomass accumulation is strongly
dependent on their photon-to-biomass conversion efficiency. Investigation of algae photosynthetic
metabolism is thus strategic for the generation of more efficient strains with higher productivity.

Algae are cultivated at industrial scale in conditions highly different from the natural niches they
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adapted to and strains development efforts must fully consider the seminal influence on productivity of

egulatory mechanism of photosynthesis as well as of cultivation parameters like cells concentration,

%

light distribution in the culture, mixing, nutrients and carbon dioxide availability. In this review we
will focus in particular on how mathematical models can account for the complex influence of all

environmental parameters and can be exploited for development of improved algae strains.

Abbreviations — ASII, antenna size of PSII; Chl, chlorophyll; 3Chl’, triplet chlorophyll state; CpSRP,
chloroplast signal recognition particle; GHG, greenhouse gases; LHC, light harvesting complexes;

LTD, LHC translocation defect proteins; NPQ, non-photochemical quenching; *O,, singlet oxygen;
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PAM, pulse-amplitude modulation; PBCE, photon-to-biomass conversion efficiency; PBR,
photobioreactor; PSII, photosystem II; PSI, photosystem I; PSU, photosynthetic units; RNAIi, RNA
interference; TLA, truncated light-harvesting antenna; VDE, violaxanthin de-epoxidase; ZE,

zeaxanthin epoxidase.
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Potential of microalgae as source of biomass

Current global economy is causing a massive release of greenhouse gases (GHG) and other pollutants
in the atmosphere (Gies 2017) with heavy negative consequences (Walsh et al. 2015). Photosynthetic
organisms use sunlight to fix CO, into biomass and their exploitation as source of energy, food and
other bio-commodities can provide a strong contribution in mitigating GHG emissions. An increased
demand for biomass, however, cannot be satisfied by plants alone (Rulli et al. 2016) motivating the
search for alternative sources. Photosynthetic organisms like microalgae have an interesting potential
and a strong complementarity with crops since they do not need arable land for their cultivation, they
can use civil and industrial wastewaters as nutrient sources and recycle CO, released from industrial
processes (Salih 2011).

Microalgae are a group of organisms with a large genetic and metabolic diversity and their biomass
can represent a valuable feedstock for food/feed or biofuels production. They also contain many
valuable molecules like pigments (i.e. carotenoids and keto-carotenoids) and fatty acids (i.e. omega-3
fatty acids), showing several applications already commercialized in nutraceutical and pharmaceutical
markets (Bilal et al. 2017, Ng et al. 2017, Koutra et al. 2018, Maeda et al. 2018, Renuka et al. 2018).
Algae-base products are however still not competitive in larger markets since costs for biomass
production, harvesting and processing are still too high (Acién Fernandez et al. 2012, Lam et al. 2018).
One unavoidable challenge to make industrial production of algae biomass competitive in large
markets and maximize their potential environmental benefits is to improve their productivity upon
cultivation at large scale. Here, algae are very often limited by light availability, thus making photon-
to-biomass conversion efficiency (PBCE) highly strategic for competitiveness of all algae-based
products (Ruiz et al. 2016). Microalgae in lab scale conditions have a PBCE around 3%, higher than
most crops in the field (i.e. 0.2-1 %; Melis 2009, De Vree et al. 2015). This is not due to a more
efficient metabolism per se but to other factors like having the whole biomass photosynthetically
active unlike plants. Moreover, crops are photosynthetically active only for few months in temperate
climates, limiting the total biomass producible per year. Algae cultivated at large scale, however, are
less performant than in lab with a lower PBCE (i.e. 0.5-1 %; De Vree 2015)) and the overall
productivity is thus not sufficient to compensate for higher energetic and monetary costs for such large
scale cultivation, thus limiting commercial competitiveness (Park et al. 2016, Carneiro et al. 2017).

Research efforts in investigating algae photosynthetic metabolism, assessing how it responds to large-
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scale cultivation conditions and identifying strategies to improve PBCE are thus seminal to drive new

applications of algae biomass to the market.
How microalgae photosynthetic metabolism is influenced by intensive cultivation
Microalgae industrial cultivation is performed in open or closed systems, called respectively ponds

and photobioreactors (PBR; De Vree 2015), where they are exposed to full sunlight and cultivated at
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high concentrations to maximize biomass productivity. Consequently, cultures have a high optical
density that causes an inhomogeneous distribution of the light, with cells at the surface absorbing most
incident radiation, leaving inner layers in light limitation (Fig. 1A). Such an inhomogeneous
distribution has major consequences on the photosynthetic metabolism. If light is limiting, cells do not
have enough energy to synthesize ATP/NADPH, feed the Calvin-Benson cycle, and sustain high
biomass growth rate. The light intensity can even go below the compensation point where energy used
for cell maintenance is higher than that available for CO, fixation (Fig. 1B). The need to avoid
extreme light-limitation and to prevent part of the cells with a null or even negative productivity limits
the cultures depth for algae large scale cultivation. Indeed, although specific limits depends on
biomass concentration and cultivation conditions, culture depth normally do not go beyond 20 cm
(Chisti 2016).

On the other extreme, cells exposed to full sunlight very often experience excess illumination (Fig.
1B). As an example, in the eukaryotic alga Nannochloropsis, photosynthesis is saturated at = 150
pmol photons m? s ™ (Sforza et al. 2012), a value well below intensities reached by full sunlight (500-

2000 pmol photons m? s *

in temperate climates depending on the season). Even if saturating,
sunlight is still efficiently absorbed by cells, where it generates excited chlorophyll states (triplet state
chlorophyll, ®Chl") that are not usable for photochemical reactions. Accumulation of excited
chlorophyll (Chl) leads to the formation of reactive oxygen species (such as singlet oxygen, *O,),
harmful molecules that can oxidizes pigments, proteins and lipids, with D1 subunit of photosystem Il
(PSII) being a major target (Szabé et al. 2005, Murata et al. 2007; Fig. 1B).

Microalgae, as all photosynthetic organisms, evolved multiple mechanisms to cope with different light
regimes to ensure their survival in natural environments where illumination is highly variable.
Damaged protein D1 is constantly degraded and re-synthesized to restore photosynthetic activity (Kato
et al. 2012). Antioxidant molecules, such as carotenoids or tocopherol, are also accumulated to
scavenge reactive molecules like *Chl” or 'O, (Stahl et al. 2003). Another protection mechanism,
called non-photochemical quenching (NPQ), drives the non-radiative de-excitation of excited
chlorophyll states, resulting in a dissipation of excess energy as heat. Carotenoids are important for
detoxification of reactive species but are also involved in NPQ activation in algae, with zeaxanthin
playing a major role (Kuczynska et al. 2015). Zeaxanthin is synthesized upon exposition to strong
light from violaxanthin by Violaxanthin De-Epoxidase (VDE). Once cells return in limiting

conditions, zeaxanthin is converted back to violaxanthin thanks to the activity of the enzyme
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Zeaxanthin Epoxidase (ZE), closing the so-called xanthophyll cycle.

Regulatory mechanisms of photosynthesis have a fundamental biological role but also impact PBCE.
PSII repair requires the investment of energy for protein synthesis and can represent a major sink of
nutrients for algae (Melis et al. 2000). Photoprotection mechanisms like NPQ are important to reduce
photo-damage, but they achieve this objective by dissipating excitation energy as heat and thus cause a

decrease in PBCE (Fig. 1B). If the objective is to maximize PBCE and biomass productivity, thus, the
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optimal balance between efficiency and protection from eventual light excess for the specific growth
conditions must be found.

Algae cultures in large scale outdoor cultivations are actively mixed to ensure gas exchanges and
avoid CO, limitations or oxygen accumulation (Brennan et al. 2010). Mixing Kinetics are normally
faster in closed PBR (i.e. ms/seconds time-scale) than in open ponds (i.e. seconds / minutes time scale;
(Molina et al. 2001, Carvalho et al. 2011) but the precise values are strongly dependent from the
specific design of the cultivation system. A consequence of mixing in all systems is that cells can
abruptly move between different layers of the culture and be exposed to drastically different light
conditions without having sufficient time to activate regulatory mechanisms (Eberhard et al. 2008). As
example, zeaxanthin accumulation requires a few minutes of exposition to intense illumination
(Nilkens et al. 2010, Murchie et al. 2011) and if cells are mixed faster, those in limiting light will not
have time to activate photoprotection before being exposed to saturating conditions, leading to
photoinhibition and a decrease in productivity. On the other hand, zeaxanthin epoxidation is even
slower and takes several minutes to be completed (Goss et al. 2010). If cells exposed to excess light
accumulate zeaxanthin when they move to a deeper part of the PBR, where light is limiting, they will
still be in a photoprotective state, dissipating a significant fraction of the absorbed light as heat and
thus losing efficiency.

Increasing amount of evidences showed that fluctuating light indeed has a strong impact on algae
performances (Matthijs et al. 1996, Nedbal et al. 1996, Vejrazka et al. 2011, Sforza 2012) but still
there is not enough information on how algae respond and perform in a fluctuating light environment

to understand which mixing timescales are optimal to maximize productivity.

Genetic engineering to improve algal photosynthesis

Considerations above suggest the optimization of photosynthetic metabolism to the artificial
environmental conditions could provide a significant enhancement of algae biomass productivity. In
this case the priority should be overall population growth rather than the survival of single individuals,
thus with a distinct difference from natural conditions, where selection pressure would prioritize the
latter. In balancing photoprotection and efficiency, in fact, a unicellular organism should maximize
survival chances even at the expense of the efficiency or growth rate. During industrial cultivation
instead, strains should be optimized to have the maximal efficiency, even if this implies additional risk

of exposition to strong stress for a fraction of the culture. Genetic engineering represents a valuable
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strategy to domesticate microalgae photosynthetic metabolism, modifying traits positively selected in
the natural environment for the survival of the fittest, but detrimental for maximal productivity in the
specific artificial PBR conditions.

One example of such approach is the light harvesting apparatus. In a natural environment, algae need
to harvest as much light as possible and there is no selective advantage in leaving energy available for

other cells. Algae in fact have large macromolecular complexes comprising different pigments binding
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proteins, called antenna or light harvesting complexes (LHC), which serve the biological functions of
harvesting photons and transfer their energy to the reaction centres of both photosystems (Kirk 1994).
On the contrary, in intensive cultivation conditions each cell should ideally only harvest enough
energy to efficiently run photochemistry and the reduction in size of antenna complexes has indeed
been proposed as strategy to reduce culture optical density without affecting the photosystems ability
to perform photochemistry (Fig. 2). The expected benefits of this approach should be twofold: first,
cells at the PBR surface should saturate photosynthesis at higher irradiances, reducing energy losses
due to damage and heat dissipation and second, cells populating deeper layers should improve their

productivity due to a more uniform light distribution in the mass culture (Simionato et al. 2013).
O Efforts to improve light distribution identified also the reduction of Chl content per cell as a valuable
® ﬁ strategy to improve light penetration while maintaining biomass growth (Bonente et al. 2011, Perin et
H al. 2015). Most efforts, however, aimed at generating microalgae strains with reduced antenna size
H (called truncated light-harvesting antenna (TLA) mutants) targeting LHC encoding genes with
insertional mutagenesis and RNAI approaches (Melis et al. 1998, Nakajima et al. 2000, Nakajima et al.
2001, Nakajima et al. 2003, Polle et al. 2003, Bonente 2011, Perrine et al. 2012, Cazzaniga et al. 2014,
Perin 2015). More recent efforts proved that also molecular factors involved in either the co-
translational or post-translational regulation of antenna proteins (e.g. NAB1 repressor; Beckmann et
al. 2009, Wobbe et al. 2009), genes involved in Chl biosynthetic pathway (Polle et al. 2000),
@ chloroplast signal recognition particles (CpSRPs; Kirst et al. 2012b, Kirst et al. 2012a, Kirst et al.
® 2014) and LHC translocation defect proteins (LTD; Jeong et al. 2018), represent valuable targets to
generate a TLA phenotype by indirectly controlling LHC expression and assembly (Formighieri et al.
H 2014). Mutants isolated so far proved that TLA strains have increased photosynthetic activity and
Qreach saturation of photosynthesis at higher irradiances than parental ones (Beckmann 2009), with
beneficial effects on growth demonstrated in small-scale experiments. This approach has been largely
pursued with the model organism C. reinhardtii but it is expanding in other species with larger
industrial potential (Cazzaniga 2014, Perin 2015), also thanks to recent developments in genome

engineering methods (Wang et al. 2016, Poliner et al. 2018).

One complementary strategy to improve photosynthesis is to optimize photo-regulatory mechanisms
(Cardona et al. 2018). In C. reinhardtii, it has been suggested that reducing NPQ capacity can improve
light-use efficiency (Berteotti et al. 2016). A massive decrease in NPQ, however, could also have

negative effects with cells unable to withstand intense illumination with an increased photoinhibition
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for more exposed layers. One promising possibility is to target not NPQ intensity but its
induction/relaxation kinetics (Fig. 2), a strategy proven to enhance photosynthetic activity and biomass
accumulation in tobacco plants on the field (Kromdijk et al. 2016). Such approach could help NPQ
activation and deactivation to follow light dynamics, including those due to mixing, enabling cells to

respond faster to light intensity changes, while maintaining their photoprotection ability.
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Efforts in improving photosynthetic efficiency have been so far concentrated on the regulation of light
harvesting without considering electron transport reactions. However, a large set of recent evidences
showed that mechanisms to modulate photosynthetic electron transport, like cyclic and pseudo-cyclic,
have a major role in plants, eukaryotic algae and cyanobacteria response to light dynamics and
particularly to fluctuating light conditions (Cardol et al. 2011). The interest of exploring such
strategies is supported by the observation that when electron transport chain is over-saturated it
damages PSI (Tiwari et al. 2016) that, unlike PSII, does not have an efficient repair mechanism and
thus causes a major impact on growth (Larosa et al. 2018). Interestingly, regulatory mechanism for
photosynthetic electron transport are found in all photosynthetic organisms but are not conserved

cl

(Alboresi et al. 2018), opening the possibility of modifications using synthetic biology approaches. It
) ﬁ is thus possible to imagine that in a new artificial environment the modulation of electron transport
could be optimized to improve efficiency (Fig. 2). As example, in cyanobacteria, some eukaryotic
algae and plants, pseudo-cyclic electron transport is active and avoids over-reduction of the electron
transport chain in fluctuating light conditions by redirecting electrons from NADPH to oxygen
(Yamamoto et al. 2016, Alboresi 2018, Gomez et al. 2018). This activity could be beneficial to face
the light fluctuations in PBR, improving cell tolerance to such conditions. Pseudo-cyclic electron
transport by donating electron back to oxygen, however, represents a loss in efficiency and, as

discussed above, the best balance between photo-protection and efficiency should be achieved.

Model-based approaches to generate strains with improved performances

The strategies discussed above aim at improving algae productivity in large scale cultivation by
altering the composition and regulation of photosynthetic apparatus. The recent development of
efficient genome editing approaches is opening the possibility to obtain any desired modification with
high efficiency and precision (Nymark et al. 2016, Ferenczi et al. 2017, Jeong 2018, Poliner 2018). As
discussed above, however, genetic modifications of photosynthesis can yield both positive and
negative effects and to effectively improve algal PBCE in industrial conditions any increase in
efficiency must outweigh all eventual decreases in photoprotection ability. Thus, to be effective,
targeted genetic modifications need a preliminary knowledge on which genotype would allow
achieving maximal productivity in the specific growing conditions. This is not a trivial task,
considering the complexity of regulatory mechanisms of photosynthesis and their interaction with the

environment described in Fig. 1. The cultivation conditions indeed have been shown to strongly
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influence biological properties and performances of genetic engineered microalgae strains, enhancing
or masking the advantages of modifications isolated in the lab (Perin et al. 2017b). This observation
helps understanding why promising strains showed contrasting results when cultivated at larger scale
(Cazzaniga 2014, De Mooij et al. 2014).

Finding an improved balance between efficiency and photoprotection is clearly a complex problem

where multiple parameters must simultaneously be accounted for. A further layer of complexity is that
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some of the most relevant phenomena affecting algae productivity are only measurable at a large scale
and thus identifying the right genetic targets by a trial and error approach is ineffective and extremely
time consuming.

Mathematical models can be very helpful to deal with this complexity by allowing the quantification
of the impact of each parameter on productivity. Methods capable of guantifying the influence of
environmental parameters on microalgae physiology could in fact be exploited to identify the genetic
traits with the potential largest impact on productivity and use this information to identify the most
promising targets for genetic modification.

Mathematical models have been developed to describe biological systems such as bacterial growth and
optimize their productivity in industrial fermenters (Almquist et al. 2014, Esser et al. 2015).
Describing photosynthetic organisms, however, requires the ability to also include light as a major
parameter. Several modelling approaches have been proposed in the literature (for a detailed
description see reviews by (Schirmer et al. 2016, Darvehei et al. 2018)). Some models aim at bulk
description of microalgae growth in industrial systems taking into account the effects of all most
relevant environmental parameters (e.g. Quinn et al. 2011, Bernard et al. 2012, Béchet et al. 2015).
Other models focus on a more detailed description of specific parameters such as nutrients (e.g. Droop
1968, Flynn 2002), temperature (e.g. Rosso et al. 1993, Franz et al. 2012), and, most importantly, light
(e.g. Grima et al. 1994, Rubio et al. 2003, Bernardi et al. 2014). Some models not only describe the
static effect of light on growth, but aim at representing the dynamics of photosynthesis, accounting for
regulation and inhibition (Eilers et al. 1988, Han et al. 2000). This idea was then further exploited and
validated to model the dynamics of photo-inhibitory and photo-regulatory phenomena (Nikolaou et al.
2015, Bernardi et al. 2016), also including a description of some major photosynthetic features
influencing microalgae growth such as pigments content, antenna size and NPQ.

The latter models, which are capable of capturing the key photosynthetic dynamics, can be exploited
to estimate how photosynthetic activity changes in distinct parts of the culture, starting from the light
distribution and the dependence of photosynthetic performances from illumination (Simionato et al.
2011, Alboresi et al. 2016, Meneghesso et al. 2016, Cordara et al. 2018; Fig. 3). Such approach allows
estimating that cells exposed to full sunlight can experience a strong photo-inhibition, which can affect
up to 60 % of photosynthetic units (PSU). However, such phenomenon is only relevant for the first
centimetre of culture and cells beneath do not experience any substantial photo-damage (Fig. 3A).
Most exposed cells are also predicted to activate photoprotection mechanisms to counteract
photoinhibition (Fig. 3B). NPQ activation also only involves cells in the first centimetre of culture,
while the rest can potentially use all the harvested energy for photochemistry with higher efficiency.
On the other hand, inner PBR layers are light-limited and, in the last two centimetres of culture, cells
do not receive enough light to run photochemistry with respiration rate higher than photosynthetic
oxygen evolution (grey area in Fig. 3C). These data allow estimating that in the specific conditions

applied here, the first centimetre of culture absorbs approx. 60 % of the available light but also has
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limited efficiency because photosynthesis rate is saturated (Fig. 3C), and thus a large fraction of
energy is lost due to photoinhibition and heat dissipation. Data presented are a specific example based
on several assumptions on culture density, strains properties, illumination intensity and do not
consider culture mixing, as detailed in Fig. 3. Nevertheless, they represent a clear example of how the
photosynthetic metabolism is in significantly different states within the same culture.

Comprehensive models capable of including all major parameters influencing algae productivity are
still missing since they need to account for many phenomena spanning numerous time-scales, from
milliseconds in case of photochemical reactions, to days in modulation of photosynthetic apparatus
composition during acclimation. Even if some major parameters influencing productivity at scale are
not included, however, it is already possible to exploit available models to simulate in silico
hypothetical genetic modifications and their impact on growth to obtain valuable predictions, such as
the identification of Chl content per cell as a major parameter to be addressed by genetic modifications
(Perin et al. 2017a).

In the example reported in Fig. 4, models describing biomass productivity for Nannochloropsis
gaditana are exploited to predict the influence of different seasons, cultivation sites and PBR
geometries. The model considered in this example combines a model describing photosynthetic
productivity as function of the available light (Bernardi 2016) with the mathematical description of the
light attenuation profile in a microalgae dense culture (Yun et al. 2001). In order to calculate the
biomass concentration in the PBR, the volume has been divided in ten different sub-regions based on
the distance from the illuminated surface. In each sub-region, the light was assumed to be constant and
equal to the value in the median point to calculate the growth rate constant. The overall biomass
concentration has then been calculated as the volumetric mean of the biomass concentration in the
different sub-regions. The different PBR geometries considered are reflected in the volume of the sub-
regions (Fig. 4A). This model represents a state-of-the-art model and its predictions have been
validated against PAM fluorescence and growth experiments in lab-scale PBR irradiated with constant
light showing excellent agreement with the experimental data (Perin 2017a).

It should be underlined that predicted productivities have a margin of uncertainty related to the
parameter values, which are always known with a certain confidence level. Furthermore, the model
considered in the example reported does not include the description of photo-acclimation, nutrient
limitation or temperature effects. Clearly expanding available models to include more input variables

will increase their value; for example, photo-acclimation modelling is likely to increase reliability for
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outdoor predictions (Bernardi et al. 2017).

Bearing in mind such caveats, it is still highly interesting to observe that even if they are still
incomplete, available models can be exploited to make valuable predictions. As example, estimation
of productivities in different sites combined with the use of different PBR geometry can be highly
valuable to plan large scale cultivation systems (e.g. deeper cultures show a lower productivity, even

in lower latitudes and summer season; Fig. 4A).

This article is protected by copyright. All rights reserved.



These models also include the description of several photosynthetic parameters and thus they can be
exploited to predict the effect of different photosynthesis modifications, identifying the ones with the
largest positive impact on productivity. Different mutant strains can be simulated by varying the
model parameters related to chlorophyll content, antenna size of PSII (ASIl) and NPQ (Fig. 4B). At
least in lab scale experiments, thus in conditions minimizing the effects of parameters not included in
the mathematical description like nutrients limitation and temperature changes, such models were
shown to be able to predict the impact of genetic modifications with excellent agreement with the
experimental data (Perin 2017a). In principle, it is also possible to include the effect of equipment
design and operation parameters on a specific strain, looking for optimal conditions that yield the best

cl

increase in performances (Fig. 4B).

) ﬁ As said above, however, no comprehensive model is available and in order to further implement the
potentiality of such quantitative methods to drive genetic engineering, current models focusing on
specific parameters should be expanded with a proper multiscale representation of all major
phenomena occurring in a complex large-scale environment. Models will need to be implemented to
account for the effect of all the variables affecting algae performances beyond light availability, thus
including CO,/nutrients availability, temperature, and so on. For instance, to assess (and to optimize)
the effect of light and dark cycles in industrial equipment, a detailed description of the fluid flow
behaviour (e.g. see (Gao et al. 2018)) should be coupled to a representation of all key phenomena
affecting microalgae photosynthetic response.

The definition of such comprehensive multiscale models poses however several challenges also in
terms of experimental capabilities and reliable calibration. In fact, the effectiveness of such modelling
approaches relies on a trade-off between the inclusion of the complexity of all physical-chemical-
biological phenomena of interest (i.e. comprehensiveness), and the model mathematical identifiability,
i.e. the possibility to estimate all the model parameters in a statistically meaningful way, thus retaining
their physical significance. Physical significance in the model equations also ensures transferability,
meaning that equations developed for a species can be exploited for others with an easy re-
parametrization with species-specific experimental data.

Developing models with mathematical identifiability is one of the main challenges of biological
phenomena, since the information on the underlying molecular mechanisms and the number of
available experimental data points is usually limited. To address these challenges, the ability to design

the experiments maximising the information that may be collected (Bernardi 2016), and to efficiently
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collect large experimental dataset testing the effect of multiple parameters will be strategic. In this
perspective, the development of micro-scale devices (Kim et al. 2014, Luke et al. 2016, Perin et al.
2016) is opening the possibility to investigate the effect of multiple variables (e.g. light intensity, CO,
and nutrients availability, temperature) on microalgae physiology, thus reducing experimental time
and costs, and to rapidly tune models to different strains. These devices operating in a microliter-scale

are the ideal systems to assess the influence of single parameters for instance allowing assessing light
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impact minimizing influence of cells shading. At the same time micro-scale devices are not able to
represent other relevant phenomena such as hydrodynamic effects in a large culture that need to be
assessed using complementary strategies.

Overall, developing comprehensive models capable of reliably describing the impact of all relevant
parameter on algae productivity in large scale cultivation systems is a huge challenge considering the
complexity of environmental conditions and the regulation of photosynthetic metabolism. These
mathematical models, however, have a unique potential as a tool to optimize microalgae performances
in an industrial cultivation and identify the most relevant targets for genetic engineering approaches.
As exemplified in Fig. 4, even incomplete models can provide approximate estimations that can be

extremely helpful in driving improvement in algae productivity.

Author contributions
G.P. and T.M. drafted the manuscript. G.P., A. Bellan and A. Bernardi contributed to figures

preparation. All authors contributed to the writing of the manuscript and approved the final version.

Acknowledgments — TM acknowledges the financial support by the European Research Council
(BIOLEAP grant no. 309485). The authors have no conflict of interest to declare.

References

Acién Fernandez FG, Gonzéalez-Lopez C V, Fernandez Sevilla JM, Molina Grima E (2012)
Conversion of CO2 into biomass by microalgae: how realistic a contribution may it be to
significant CO2 removal? Appl Microbiol Biotechnol 96: 577-86

Alboresi A, Perin G, Vitulo N, Diretto G, Block M, Jouhet J, Meneghesso A, Valle G, Giuliano G,
Maréchal E, Morosinotto T (2016) Light Remodels Lipid Biosynthesis in Nannochloropsis
gaditana by Modulating Carbon Partitioning between Organelles. Plant Physiol 171: 2468-82

Alboresi A, Storti M, Morosinotto T (2018) Balancing protection and efficiency in the regulation of
photosynthetic electron transport across plant evolution. New Phytol: doi 10.1111/nph.15372

Almaquist J, Cvijovic M, Hatzimanikatis V, Nielsen J, Jirstrand M (2014) Kinetic models in industrial
biotechnology - Improving cell factory performance. Metab Eng 24: 38-60

Béchet Q, Chambonniere P, Shilton A, Guizard G, Guieysse B (2015) Algal productivity modeling: a
step toward accurate assessments of full-scale algal cultivation. Biotechnol Bioeng 112: 987-996

Beckmann J, Lehr F, Finazzi G, Hankamer B, Posten C, Wobbe L, Kruse O (2009) Improvement of
light to biomass conversion by de-regulation of light-harvesting protein translation in
Chlamydomonas reinhardtii. J Biotechnol 142: 70-7

Bernard O, Rémond B (2012) Validation of a simple model accounting for light and temperature effect
on microalgal growth. Bioresour Technol 123: 520-7

Bernardi A, Nikolaou A, Meneghesso A, Chachuat B, Morosinotto T, Bezzo F (2017) Semi-empirical

This article is protected by copyright. All rights reserved.



Accepted Article

modeling of microalgae photosynthesis in different acclimation states — Application to N.
gaditana. J Biotechnol 259: 63-72

Bernardi A, Nikolaou A, Meneghesso A, Morosinotto T, Chachuat B, Bezzo F (2016) High-Fidelity
Modelling Methodology of Light-Limited Photosynthetic Production in Microalgae. PLoS One
11: e0152387

Bernardi A, Perin G, Sforza E, Galvanin F, Morosinotto T, Bezzo F (2014) An Identifiable State
Model To Describe Light Intensity Influence on Microalgae Growth. Ind Eng Chem Res 53:
67386749

Berteotti S, Ballottari M, Bassi R (2016) Increased biomass productivity in green algae by tuning non-
photochemical quenching. Sci Rep 6: 21339

Bilal M, Rasheed T, Ahmed I, Ighal HMN, Sada EG (2017) High-value compounds from microalgae
with industrial exploitability — A review. Front Biosci 9: 319-342

Bonente G, Formighieri C, Mantelli M, Catalanotti C, Giuliano G, Morosinotto T, Bassi R (2011)
Mutagenesis and phenotypic selection as a strategy toward domestication of Chlamydomonas
reinhardtii strains for improved performance in photobioreactors. Photosynth Res 108: 10720

Brennan L, Owende P (2010) Biofuels from microalgae—A review of technologies for production,
processing, and extractions of biofuels and co-products. Renew Sustain Energy Rev 14: 557-577

Cardol P, Forti G, Finazzi G (2011) Regulation of electron transport in microalgae. Biochim Biophys
Acta 1807: 912-8

Cardona T, Shao S, Nixon PJ (2018) Enhancing photosynthesis in plants: the light reactions. Essays
Biochem 62: 85-94

Carneiro MLNM, Pradelle F, Braga SL, Gomes MSP, Martins ARFA, Turkovics F, Pradelle RNC
(2017) Potential of biofuels from algae: Comparison with fossil fuels, ethanol and biodiesel in
Europe and Brazil through life cycle assessment (LCA). Renew Sustain Energy Rev 73: 632-653

Carvalho AP, Silva SO, Baptista JM, Malcata FX (2011) Light requirements in microalgal
photobioreactors: an overview of biophotonic aspects. Appl Microbiol Biotechnol 89: 1275-88

Cazzaniga S, Dall’Osto L, Szaub J, Scibilia L, Ballottari M, Purton S, Bassi R (2014) Domestication
of the green alga Chlorella sorokiniana: reduction of antenna size improves light-use efficiency
in a photobioreactor. Biotechnol Biofuels 7: 157

Chisti Y (2016) Large-Scale Production of Algal Biomass : Raceway Ponds. Algae Biotechnol 21-40

Cordara A, Re A, Pagliano C, Van P, Pirone R, Saracco G, Branco F (2018) Analysis of the light
intensity dependence of the growth of Synechocystis and of the light distribution in a
photobioreactor energized by 635 nm light. Peer] 6803: 1-28

Darvehei P, Bahri PA, Moheimani NR (2018) Model development for the growth of microalgae: A
review. Renew Sustain Energy Rev 97: 233-258

Droop MR (1968) Vitamin B12 and Marine Ecology. IV. The Kinetics of Uptake, Growth and
Inhibition in Monochrysis Lutheri. J Mar Biol Assoc United Kingdom 48: 689

This article is protected by copyright. All rights reserved.



Accepted Article

Eberhard S, Finazzi G, Wollman F-A (2008) The dynamics of photosynthesis. Annu Rev Genet 42:
463-515

Eilers P, Peeters J (1988) A Model for the reletionship between light-intensity and the rate of
photosynthesis in phytoplankton. Ecol Model 42: 199-215

Esser DS, Leveau JHJ, Meyer KM (2015) Modeling microbial growth and dynamics. Appl Microbiol
Biotechnol 99: 8831-8846

Ferenczi A, Euan D, Xipnitou A, Molnar A (2017) Efficient targeted DNA editing and replacement in
Chlamydomonas reinhardtii using Cpfl ribonucleoproteins and single-stranded DNA. Proc Natl
Acad Sci USA 114: 13567-13572

Flynn KJ (2002) How critical is the critical N:P ratio?J Phycol 38: 961-970

Formighieri C, Melis A (2014) Regulation of B-phellandrene synthase gene expression, recombinant
protein accumulation, and monoterpene hydrocarbons production in  Synechocystis
transformants. Planta 240: 309-24

Franz A, Lehr F, Posten C, Schaub G (2012) Modeling microalgae cultivation productivities in
different geographic locations - estimation method for idealized photobioreactors. Biotechnol J 7:
546-57

Gao X, Kong B, Vigil RD (2018) Simulation of algal photobioreactors: recent developments and
challenges. Biotechnol Lett 40: 1311-1327

Gies E (2017) The real cost of energy. Nature 551: S145-S147

Gbémez R, Carrillo N, Morelli MP, Tula S (2018) Faster photosynthetic induction in tobacco by
expressing cyanobacterial flavodiiron proteins in chloroplasts. Photosynth Res 136: 129-138

Goss R, Jakob T (2010) Regulation and function of xanthophyll cycle-dependent photoprotection in
algae. Photosynth Res 106: 103-22

Grima EM, Camacho FG, Pérez JAS, Sevilla JMF, Fernandez FGA, Gomez AC (1994) A
mathematical model of microalgal growth in light-limited chemostat culture. J Chem Technol
Biotechnol 61: 167-173

Han B-P, Virtanen M, Koponen J, Stras “kraba M (2000) Effect of photoinhibition on algal
photosynthesis: a dynamic model. J Plankton Res 22: 865-885

Jeong J, Baek K, Yu J, Kirst H, Betterle N, Shin W (2018) Deletion of the chloroplast LTD protein
impedes LHCI import and PSI — LHCI assembly in Chlamydomonas reinhardtii. J Exp Bot 69:
1147-1158

Kato Y, Sun X, Zhang L, Sakamoto W (2012) Cooperative D1 Degradation in the Photosystem Il
Repair Mediated by Chloroplastic Proteases in. Plant Physiol 159: 1428-1439

Kim HS, Weiss TL, Thapa HR, Devarenne TP, Han A (2014) A microfluidic photobioreactor array
demonstrating high-throughput screening for microalgal oil production. Lab Chip 14: 1415-25

Kirk J (1994) Light and photosynthesis in aquatic ecosystems, 2d Edn, Cambridge University Press

Kirst H, Garcia-Cerdan JG, Zurbriggen A, Melis A (2012a) Assembly of the light-harvesting

This article is protected by copyright. All rights reserved.



Accepted Article

chlorophyll antenna in the green alga Chlamydomonas reinhardtii requires expression of the
TLA2-CpFTSY gene. Plant Physiol 158: 930-45

Kirst H, Garcia-Cerdan JG, Zurbriggen A, Ruehle T, Melis A (2012b) Truncated photosystem
chlorophyll antenna size in the green microalga Chlamydomonas reinhardtii upon deletion of the
TLA3-CpSRP43 gene. Plant Physiol 160: 2251-60

Kirst H, Melis A (2014) The chloroplast signal recognition particle (CpSRP) pathway as a tool to
minimize chlorophyll antenna size and maximize photosynthetic productivity. Biotechnol Adv
32:66-72

Koutra E, Economou CN, Tsafrakidou P, Kornaros M (2018) Bio-Based Products from Microalgae
Cultivated in Digestates. Trends Biotechnol 36: 819-833

Kromdijk J, Glowacka K, Leonelli L, Gabilly ST, Iwai M, Niyogi KK, Long SP (2016) Improving
photosynthesis and crop productivity by accelerating recovery from photoprotection. Science
354: 857-861

Kuczynska P, Jemiola-Rzeminska M, Strzalka K (2015) Photosynthetic Pigments in Diatoms. Mar
Drugs 13: 5847-81

Lam GP, Vermué MH, Eppink MHM, Wijffels RH, Berg C Van Den (2018) Multi-Product
Microalgae Biorefineries : From Concept Towards Reality. Trends Biotechnol 36: 216-227

Larosa V, Meneghesso A, La Rocca N, Steinbeck J, Hippler M, Szabd |, Morosinotto T (2018)
Mitochondria Affect Photosynthetic Electron Transport and Photosensitivity in a Green Alga.
Plant Physiol 176: 2305-2314

Luke CS, Selimkhanov J, Baumgart L, Cohen SE, Golden SS, Cookson NA, Hasty J (2016) A
Microfluidic Platform for Long-Term Monitoring of Algae in a Dynamic Environment. ACS
Synth Biol 5: 8-14

Maeda Y, Yoshino T, Matsunaga T, Matsumoto M, Tanaka T (2018) ScienceDirect Marine
microalgae for production of biofuels and chemicals. Curr Opin Biotechnol 50: 111-120

Matthijs HCP, Balke H, van Hes UM, Kroon BMA, Mur LR, Binot RA (1996) Application of light-
emitting diodes in bioreactors: Flashing light effects and energy economy in algal culture
(Chlorella pyrenoidosa). Biotechnol Bioeng 50: 98-107

Melis A (2009) Solar energy conversion efficiencies in photosynthesis: Minimizing the chlorophyll
antennae to maximize efficiency. Plant Sci 177: 272-280

Melis A, Neidhardt J, Benemann JR (1998) Dunaliella salina (Chlorophyta) with small chlorophyll
antenna sizes exhibit higher photosynthetic productivities and photon use efficiencies than
normally pigmented cells. J Appl Phycol 10: 515-525

Melis A, Zhang L, Forestier M, Ghirardi ML, Seibert M (2000) Sustained photobiological hydrogen
gas production upon reversible inactivation of oxygen evolution in the green alga
Chlamydomonas reinhardtii. Plant Physiol 122: 127-135

Meneghesso A, Simionato D, Gerotto C, La Rocca N, Finazzi G, Morosinotto T (2016)

This article is protected by copyright. All rights reserved.



Accepted Article

Photoacclimation of photosynthesis in the Eustigmatophycean Nannochloropsis gaditana.
Photosynth Res 129:291-305

Molina E, Ferna J, Acie FG, Chisti Y (2001) Tubular photobioreactor design for algal cultures. J
Biotechnol 92: 113-131

De Mooij T, Janssen M, Cerezo-Chinarro O, Mussgnug JH, Kruse O, Ballottari M, Bassi R, Bujaldon
S, Wollman F-A, Wijffels RH (2014) Antenna size reduction as a strategy to increase biomass
productivity: a great potential not yet realized. J Appl Phycol 27: 1063-1077

Murata N, Takahashi S, Nishiyama Y, Allakhverdiev SI (2007) Photoinhibition of photosystem II
under environmental stress. Biochim Biophys Acta 1767: 414-21

Murchie EH, Niyogi KK (2011) Manipulation of photoprotection to improve plant photosynthesis.
Plant Physiol 155: 86-92

Nakajima Y, Itayama T (2003) Analysis of photosynthetic productivity of microalgal mass cultures. J
Appl Phycol 15: 497-505

Nakajima Y, Tsuzuki M, Ueda R (2001) Improved productivity by reduction of the content of light-
harvesting pigment in Chlamydomonas perigranulata. J Appl Phycol 13: 95-101

Nakajima Y, Ueda R (2000) The effect of reducing light-harvesting pigment on marine microalgal
productivity. J Appl Phycol 12: 285-290

Nedbal L, Tichy V, Xiong F, Grobbelaar JU (1996) Microscopic green algae and cyanobacteria in
high-frequency intermittent light. J Appl Phycol 8: 325-333

Ng I, Tan S, Kao P, Chang Y, Chang J (2017) Recent Developments on Genetic Engineering of
Microalgae for Biofuels and Bio-Based Chemicals. Biotechnol J 1600644: 1-13

Nikolaou A, Bernardi A, Meneghesso A, Bezzo F, Morosinotto T, Chachuat B (2015) A model of
chlorophyll fluorescence in microalgae integrating photoproduction, photoinhibition and
photoregulation. J Biotechnol 194: 91-9

Nilkens M, Kress E, Lambrev P, Miloslavina Y, Miller M, Holzwarth AR, Jahns P (2010)
Identification of a slowly inducible zeaxanthin-dependent component of non-photochemical
quenching of chlorophyll fluorescence generated under steady-state conditions in Arabidopsis.
Biochim Biophys Acta 1797: 46675

Nymark M, Sharma AK, Sparstad T, Bones AM, Winge P (2016) A CRISPR/Cas9 system adapted for
gene editing in marine algae. Sci Rep 6: 24951

Park H, Lee C (2016) Theoretical calculations on the feasibility of microalgal biofuels : Utilization of
marine resources could help realizing the potential of microalgae. Biotechnol J 1461-1470

Perin G, Bellan A, Segalla A, Meneghesso A, Alboresi A, Morosinotto T (2015) Generation of
random mutants to improve light-use efficiency of Nannochloropsis gaditana cultures for biofuel
production. Biotechnol Biofuels 8: 161

Perin G, Bernardi A, Bellan A, Bezzo F, Morosinotto T (2017a) A mathematical model to guide
genetic engineering of photosynthetic metabolism. Metab Eng 44: 337-347

This article is protected by copyright. All rights reserved.



Perin G, Cimetta E, Monetti F, Morosinotto T, Bezzo F (2016) Novel micro-photobioreactor design
and monitoring method for assessing microalgae response to light intensity. Algal Res 19: 69-76

Perin G, Simionato D, Bellan A, Carone M, Occhipinti A, Maffei ME, Morosinotto T (2017b)
Cultivation in industrially relevant conditions has a strong influence on biological properties and
performances of Nannochloropsis gaditana genetically modified strains. Algal Res 28: 88-99

Perrine Z, Negi S, Sayre RT (2012) Optimization of photosynthetic light energy utilization by
microalgae. Algal Res 1: 134-142

Poliner E, Farré EM, Benning C, Benning C (2018) Advanced genetic tools enable synthetic biology
in the oleaginous microalgae Nannochloropsis sp . Plant Cell Rep. doi: 10.1007/s00299-018-
2270-0

Polle JEW, Benemann JR, Tanaka A, Melis A (2000) Photosynthetic apparatus organization and
function in the wild type and a chlorophyll b-less mutant of Chlamydomonas reinhardtii.
Dependence on carbon source. Planta 211: 335-344

Polle JEW, Kanakagiri S-DD, Melis A (2003) tlal, a DNA insertional transformant of the green alga
Chlamydomonas reinhardtii with a truncated light-harvesting chlorophyll antenna size. Planta
217: 49-59

Quinn J, de Winter L, Bradley T (2011) Microalgae bulk growth model with application to industrial
scale systems. Bioresour Technol 102: 5083-5092

Renuka N, Guldhe A, Prasanna R, Singh P, Bux F (2018) Microalgae as multi-functional options in
modern agriculture : current trends , prospects and challenges. Biotechnol Adv 36: 1255-1273

Rosso L, Lobry JR, Flandrois JP (1993) An Unexpected Correlation between Cardinal Temperatures
of Microbial Growth Highlighted by a New Model. J Theor Biol 162: 447-463

Rubio FC, Camacho FG, Sevilla JMF, Chisti Y, Grima EM (2003) A mechanistic model of
photosynthesis in microalgae. Biotechnol Bioeng 81: 459-73

Ruiz J, Olivieri G, de Vree J, Bosma R, Willems P, Reith JH, Eppink MHM, Kleinegris DMM,
Wijffels RH, Barbosa MJ (2016) Towards industrial products from microalgae. Energy Environ
Sci 9: 3036-3043

Rulli MC, Bellomi D, Cazzoli A, Carolis G De, Odorico PD (2016) The water-land-food nexus of
first- generation biofuels. Nat Publ Gr 1-10

Salih FM (2011) Microalgae Tolerance to High Concentrations of Carbon Dioxide: A Review. J
Environ Prot (Irvine, Calif) 02: 648-654

Schirmer M, Posten C (2016) Modeling of Microalgae Bioprocesses. Adv Chem Eng 48: 151-184

Sforza E, Simionato D, Giacometti GM, Bertucco A, Morosinotto T (2012) Adjusted light and dark
cycles can optimize photosynthetic efficiency in algae growing in photobioreactors. PLoS One 7:
e38975

Simionato D, Basso S, Giacometti GMGM, Morosinotto T (2013) Optimization of light use efficiency

Accepted Article

for biofuel production in algae. Biophys Chem 182: 71-8

This article is protected by copyright. All rights reserved.



Accepted Article

Simionato D, Sforza E, Corteggiani Carpinelli E, Bertucco A, Giacometti GMGM, Morosinotto T
(2011) Acclimation of Nannochloropsis gaditana to different illumination regimes: effects on
lipids accumulation. Bioresour Technol 102: 602632

Stahl W, Sies H (2003) Antioxidant activity of carotenoids. Mol Asp Med 24: 345-351

Szabo |, Bergantino E, Giacometti GM (2005) Light and oxygenic photosynthesis: energy dissipation
as a protection mechanism against photo-oxidation. EMBO Rep 6: 629-34

Tiwari A, Mamedov F, Grieco M, Suorsa M, Jajoo A, Styring S, Tikkanen M, Aro E-M (2016)
Photodamage of iron—sulphur clusters in photosystem | induces non-photochemical energy
dissipation. Nat Plants 16035

Vejrazka C, Janssen M, Streefland M, Wijffels RH (2011) Photosynthetic efficiency of
Chlamydomonas reinhardtii in flashing light. Biotechnol Bioeng 108: 2905-2913

De Vree JH, Bosma R, Janssen M, Barbosa MJ, Wijffels RH (2015) Comparison of four outdoor pilot-
scale photobioreactors. Biotechnol Biofuels 8: 1-12

Walsh BJ, Rydzak F, Palazzo A, Kraxner F, Herrero M, Schenk PM, Ciais P, Janssens IA, Pefiuelas J,
Niederl-Schmidinger A, Obersteiner M (2015) New feed sources key to ambitious climate
targets. Carbon Balance Manag 10: 26

Wang Q, Lu Y, Xin Y, Wei L, Huang S, Xu J (2016) Genome editing of model oleaginous microalgae
Nannochloropsis spp. by CRISPR/Cas9. Plant J 88: 1071-1081

Wobbe L, Blifernez O, Schwarz C, Mussgnug JH, Nickelsen J, Kruse O (2009) Cysteine modification
of a specific repressor protein controls the translational status of nucleus-encoded LHCII mRNAs
in Chlamydomonas. Proc Natl Acad Sci USA 106: 13290-5

Yamamoto H, Takahashi S, Badger MR, Shikanai T (2016) Artificial remodelling of alternative
electron flow by flavodiiron proteins in Arabidopsis. Nat plants 2: 16012

Yun YS, Park JM (2001) Attenuation of monochromatic and polychromatic lights in Chlorella
vulgaris suspensions. Appl Microbiol Biotechnol 55: 765-70

This article is protected by copyright. All rights reserved.



Accepted Article

Figure Legends

Fig. 1. Schematic representation of the inhomogeneous light distribution in PBR and consequences on
photosynthesis and photo-regulation. (A) High optical densities in PBR are responsible for an
inhomogeneous light distribution in algae cultures. Cells on the surface are exposed to full
illumination (represented by a paler colour) while the rest of the culture is in limiting light (darker
culture). The light attenuation profile, expressed as transmittance (T; i.e. the ratio between transmitted
and incident light intensities), is reported as a function of depth (in centimetres, cm), exploiting
experimental data collected for Nannochloropsis cultures at 1 g I'* concentration in cylindric PBR with
5 cm diameter (Perin 2017b). (B) The profile is expected to be affected by cells concentration and
PBR geometry. Because of the inhomogeneous light distribution, some cells are exposed to full
irradiation, perform CO, fixation at their maximal capacity but also waste part of the energy to repair
damaged photosystems as well as in form of heat to reduce oxidative stress. Cells in inner layers are
left in limiting light with reduced CO, fixation, potentially going below the compensation point where

respiration and photosynthesis rates are equivalent.

ﬂ \ B . .
L Cells in excess light

-3 CO, fixation

Respiration / cell
maintenance

T

.0 0.2 04 06 08 10

Excess light

Cells in Limiting light
% CO, fixation

Limiting light
—> Respiration / cell
\ / \ maintenance /

Fig. 2. Schematic representation of potential genetic targets to improve algae light-use efficiency.
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Photosynthesis components are here schematized as core complex and light-harvesting complexes
(LHC). Red solid arrow indicates linear electron flow from photosystem Il (PSIl) to photosystem |
(PSI), leading to the generation of reducing power (NADPH). Light-harvesting complexes stress
related (LHCSR) are involved in NPQ in algae, dissipating excess energy as heat (red wave). The
green dashed box includes the xanthophylls cycles (i.e. synthesis of zeaxanthin (Zx) in excess light
catalysed by VIOLAXANTHIN DE-EPOXIDASE (VDE) and reconversion of Zx in violaxanthin
(Vx) in limiting light catalysed by ZEAXANTHIN EPOXIDASE (ZE)) whose kinetics control NPQ
induction/relaxation. Blue solid arrow indicates cyclic electron flow around PSI. Dashed blue arrow
indicates pseudo-cyclic electron flow which redirects electrons downstream PSI to water. As detailed

in the text, targets for improvement of algae photosynthetic efficiency proposed in the literature are:
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Chl content per cell, accumulation of LHC proteins, NPQ capacity, modulation of xanthophyll cycle

INPQ photoprotection induction/relaxation kinetics, optimization of electron flows.
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Fig. 3. Quantitative description of photosynthetic activity and induction of photo-regulation in PBR.
Prediction of (A) photoinhibition level, expressed as fraction of photo-inhibited PSUs out of the total,
(B) NPQ activation, as percentage of its maximal activity, and (C) photosynthetic activity, expressed
as oxygen evolution (Perin 2015) for different PBR layers, as function of the PBR depth in centimetres
(cm). Predictions come from the model developed in (Perin 2017a) and refer to Nannochloropsis
cultures with a biomass concentration of 1 g I"* in cylindric lab PBR with 5 cm diameter exposed to

! Cultures were kept in semi-continuous mode and thus acclimated to such

1500 pmol photons m? s~
conditions. Nutrients and CO, were provided in excess ensuring that growth was only dependent on
PBCE. Photosynthetic activity in different PBR layers was predicted from oxygen evolution as
function of incident radiation, later converted as function of the PBR depth according to the light

attenuation profile of Fig. 1. The grey area indicates values below the compensation point.
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Fig. 4. Prediction potential of mathematical models. (A) Biomass productivity predictions (g I d™)
during a day of cultivation for Nannochloropsis gaditana WT strain exposed to irradiances of different
seasons/latitudes, assuming a starting biomass concentration of 1.3 g I". Error bars represent the
estimated uncertainty of different model parameters values. (B) Increase in biomass productivity for
two photosynthetic mutants with respect to the parental strain. Mutant #1 (grey) and #2 (white) show
100/5 % NPQ, 75/95 % ASII and 60/85 % Chl content of the parental strain, respectively. Prediction
are here represented as a function of season (January (JAN) and July (JUL)), cultivation site (Gibraltar
(G), The Netherlands (N), Italy (1)) and PBR geometry (cylindrical with 5 (5), 10 (10) cm diameter or
rectangular (r) 4 x 10 cm). For the specific irradiation profile at the different cultivation sites we
referred to the following website: http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php#. Latitude: 36.1
(Gibraltar), 52.4 (The Netherlands), 45.4 (ltaly); Longitude: 5.3 (Gibraltar), 4.9 (The Netherlands),
11.9 (ltaly).
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