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Abstract

Human activities are causing major negative environmental impacts and the development of sustainable
processes for production of commodities is a major urgency. Plants biomass represents a valuable
alternative to produce energy and materials but exploiting present crops for commodities production
would however require massive resources (i.e. land, water and nutrients), raising serious sustainability
concerns. In addition to efforts to improve plants land and resources use efficiency, it is thus fundamental
to look for alternative sources of biomass to complement crops. Microalgae are unicellular photosynthetic
organisms that show a huge, yet untapped, potential in this context.

Microalgae metabolism is powered by photosynthesis and thus uses sunlight, a renewable energy source
and the exploitation of microalgae-based products has the potential to provide a beneficial environmental
impact. These microorganisms have the ability to synthesise a wide spectrum of bioactive compounds, with
many different potential applications (e.g. nutraceutics/pharmaceutics and biofuels). Several, still
unresolved, challenges are however present such as the lack of cost-effective cultivation platforms and
biomass-harvesting technologies. Moreover, the natural metabolic plasticity of microalgae is not optimized
for a production at scale and low biomass productivity and product yields affect competitiveness. Tuning
microalgae metabolism to maximize productivity thus represents an unavoidable challenge to reach the

theoretical potential of such organisms.
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1. Microalgae biomass applications

1.1 Exploitation of microalgae biomass to mitigate environmental consequences of human activities
Human activities are responsible for the massive release of greenhouse gases (GHG) and other pollutants in
the environment (Moss et al. 2010). GHG accumulation in the atmosphere is causing serious environmental
consequences, leading to global temperature increase, extreme weather events, oceans acidification and
deoxygenation and magnifying the pressures on food and water security, as well as on forests and other
ecosystems functional bio-diversity (Levy and Patz 2015; Allison and Bassett 2015). Available models indeed
foresee a 30% net increase in anthropogenic emissions by the end of the century, if global economy is
assumed to follow historical trends, with a consequent rise in the average global temperature up to 3°C
(Walsh et al. 2015). According to the Paris agreement, net anthropogenic carbon emissions must be gradually
reduced to zero in order to limit the temperature increase to less than 2 °C and thus avoid the worst case
scenario (Schellnhuber et al. 2016; Rockstrom et al. 2017).

GHG emissions are not only connected with fuels combustion and energy use production but are also due to
other human activies. As example, agricultural productivity needs to increase to follow the growing world
population, but intensive practices can have negative consequences such as euthrophication (Nations; Ewel
et al. 2018). A short-term remodelling of human activities towards sustainability is thus a strong urgency.
Replacing part of industrial processes currently supporting global economy with more sustainable
alternatives would enable to preserve opportunities of economic development without constraining human
welfare in the long term.

In such context, plant biomass represents a promising alternative to fulfill commodities demand. The
photosynthetic metabolism requires only sustainable energy/carbon sources (i.e. sunlight and atmospheric
CO) to fuel production of biomass, which can ultimately be converted into biofuels or valuable materials.
However, scaling-up crops cultivation comes at the expence of the natural environment, rising several
concerns. Crops-derived biomass needs arable land/fresh water and nutrients, and redirecting part of the
agricultural practice to fuel the production of other commodities besides food is thus expected to increase
the pressure on land/resources use (i.e. increased fertilisation and consequent nutrients run-off into
environment causing eutrophication), with negative effects that could outweigh the benefits (Khanna et al.
2017). In fact, in order to replace the biomass diverted into the production of alterantive bio-commodities,
farmers worldwide would need to increase arable land thus converting present forests and grasslands to new
croplands (Fargione et al. 2008; Whitaker et al. 2018). Since soils and plant biomass are the two largest
biologically active stores of terrestrial carbon (Schlesinger and Bernhardt 2013), such practice would release
a huge amount of CO; in the atmosphere, as a result of burning and consequent microbial decomposition of
the biomass. In such a scenario, thus, the increase of arable land would cause an increase in GHG emissions,

leading to a massive carbon debt only repairable in a long-term (Searchinger et al. 2008).



It is thus necessary to find alternatives for the sustainable production of bio-commodities, beyond the simple
expansion of area dedicated to crops cultivation. Production of plant-biomass feedstocks from marginal lands
might be helpful in preserving the advantages of a photosynthesis-driven economy while minimizing the
negative impacts. As example, the cultivation of perennial grasses and short-rotation trees would not require
new arable land, thus providing a positive impact on GHG emissions also by reducing fertilizers and water
usage. However, implementing standard crops with perennial grasses cultivation on a global scale is not a

trivial task (Robertson et al. 2017). in this context an emerging promising alternative is to use other biomass
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Figure 1. Microalgae biomass-based economy. A. Microalgae metabolism is powered by reneable
energy/carbon sources (i.e. sunlight and CO,) and can be supported by nutrients from civil, agricultural and
industrial wastewaters, further improving environmental sustainability. CO; used for the cultivation can
originate from an industrial plant, sequestering the emissions. B. Biomass is feedstock for production of
several molecules, finding application in various markets. Low-value compounds can be converted to liquid
biofuels to fulfill part of the global energy demand, while high-value bioactive compounds find wide

applications in both nutraceutics and pharmaceutics markets as food or feed additives. Biomass serves also



for the production of energy to support water/nutrients recycling to the cultivation phase, potentially

allowing energetic sustainability.

Microalgae, as plants, support their metabolisms through photosynthesis and they could thus represent an
additional source of biomass to complement crops. Microalgae also present several other potentially
interesting advantages. Their whole biomass is photosynthetically active which a potentially higher Photon-
to-Biomass Conversion Efficiency (PBCE) with respect to plants (Melis 2009; Ooms et al. 2016). A larger PBCE
would allow minimizing the pressure on environmental resources (i.e. land/water) to generate the biomass.
Moreover, microalgae cultivation does not require arable land and the use of marine species would also
reduce the pressure on freshwater demand (Usher et al. 2014). As a consequence, most of the resources
needed to sustain microalgae cultivation do not compete with agriculture, not substantially perturbing crops
productivity and food/feed production chain. Another consequence of a larger PBCE is that microalgae
photosynthesis is highly effective in carbon sequestration, leading to the ability to withstand high CO;
concentrations, up to 90 % (Salih 2011) and enabling their cultivation in connection to industrial sites, to
mitigate overall anthropogenic GHG emissions.

Fertilizers input to sustain microalgae cultivation is instead expected to be substantial, given most species
consist of =7% of nitrogen (N) and =1% of phosphorus (P) (Slade and Bauen 2013). Fertilizers currently come
from finite resources/environmentally unsustainable processes (Haber-Bosch process and phosphate rocks
for N and P, respectively) and large-scale microalgae cultivation would increase the demand for such
feedstocks. However, current research efforts aim to tackle such issue exploiting the natural ability of some
species to harvest nutrients from civil and industrial wastewaters, where they have been found to be
particularly efficient in removing nitrates and phosphates (Ramos Tercero et al. 2014). Such feature leaves
also room to implement microalgae as valuable tools to curb nutrients run-off into the environment as a
consequence of intensive agricultural and industrial practices (Santos and Pires 2018) (Figure 1A). It is thus
possible to design highly sustainable processes where biomass production is combined with wasterwater
treatment and or water/nutrients recycling (Figure 1). The high potential in sustainability has indeed been
show by economic models where microalgae-derived biomass exploited to satisfy at least 40% of global
energy/feed demands would result in massive environmental benefits and a drop in fossil fuels exploitation
(Walsh et al. 2015).

A second main characteristic of algae biomass beyond high sustainability is the large spectrum of its
potential applications. Microalgae are a highly diverse group of organisms, including species adapted to far
different ecological niches, which shaped also their metabolic versatility. Some microalgae species can
naturally accumulate high concentration of energy dense storage molecules, i.e. starch and triacylglycerols
(Nascimento et al. 2013; Simionato et al. 2013b; Fazeli Danesh et al. 2018), that can be used as liquid

biofuels precursors. As a consequence, microalgae could contribute to satisfy part of the primary energy
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demand on a global scale to sustain current anthropogenic activities. The global primary energy demand is
currently fulfilled by fuels of fossil origin, which are finite and major contributors to the accumulation of
greenhouse gases in the atmosphere. The constant growth in global population experienced has increased
the pressure on fossil fuels feedstocks, also increasing the environmental consequences to dramatic levels.
Diversifying the feedstocks for energy production, including more sustainbale alternatives, might allow
fulfilling an increasing energy demand while also lowering the environmental impact. Microalgae are
renewable feedstocks for energy production and have the potential to decrease the dependence from fossil
fuels, with an expected twofold advantage: (1) lower GHG emissions and (2) develop a more stable energy
market based on feedstocks less susceptible to prices fluctuations (Milano et al. 2016).

Different algae species can also synthesize a wide spectrum of bioactive compounds (Appeltans et al. 2012;
Maeda et al. 2018), potentially exploitable for the production of several commodities, such as food/feed,
dyes, cosmetics and drugs in nutraceutics and pharmaceutics markets (Vanthoor-Koopmans et al. 2013;
Gimpel et al. 2015; Bilal et al. 2017; Koutra et al. 2018; Renuka et al. 2018) (Figure 1B). The synthesis of
many bio-active compounds currently commercialized by biopharmaceutical and chemical industries relies
on environmentally unsustainable chemical reactions (i.e. toxic catalysers) and thus the development of
alternative processes based on naturally occurring enzymes would provide a futher advantage on a long
term (Ullrich et al. 2015).

All these potential advantages clarly open several challenges for their realization. As example the
generation of microalgae biomass to fulfil the demand of different commodities at scale would clearly
require the development of a complete sustainable and economically competitive production chain. As
example, the fraction of the biomass not converted into the desired product should not be discarded as
waste but be exploited for example to generate energy via anaerobic digestion (Gonzalez-Fernandez et al.
2015). Logistics of the process will need to be highly integrated to maximize the advantages. As example, if
cultivation occurs in marginal lands far from biorefineries where products are extracted this could have a
negative impact on the carbon balance (Robertson et al. 2017). The development of an integrated and
optimized production chain enabling both a positive energy and carbon footprint is thus a seminal objective

in order to develop a sustainble microalgae biomass-based economy (De Bhowmick et al. 2019).

1.2 Microalgae as natural source of nutrients and bio-active compounds

Despite their potential as platforms for developing environmental-friendly industrial processes is now widely
recognized, microalgae are presently on the market only as food/feed additives and for high-added value
molecules production in cosmetics (Vanthoor-Koopmans et al. 2013; Gimpel et al. 2015; Sathasivam et al.
2017). There are known examples of microalgae that have been used as food and nutritional supplements
for hundreds of years (Gantar and SvirCev 2008) and currently represent one valuable alternative for the

sustainabale production of proteins feedstocks and to the fast growing consumers demand for “healthy food”
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(Kim et al. 2019). Among them, the green microalga Chlorella vulgaris, Beijerinck and the cyanobactrium
Arthrospira platensis Gomont, also known as Spirulina platensis (Gomont) Geitler, currently represent the
most commercialized species, given their high nutrients/vitamins/proteins and active polysaccharides
content which enables them to provide valuable human diet/feed supplements finding applications in
nutraceutics (Kang et al. 2013; Choi et al. 2013; Yaakob et al. 2014) (Figure 1B and Table 1). Microalgae
biomass has been widely reported to have positive effects on humans health, reducing cancer and

cardiovascular diseases (Raposo and de Morais 2015; Luo et al. 2015; Wang et al. 2017) by increasing natural

killer cells titers and anti-inflammatory response (Kwak et al. 2012).

Table 1. Present main applications and biological properties for different microalgae genera. Data here
reported have been merged from (de Morais et al. 2015; Garcia et al. 2017; Sathasivam et al. 2017;
Torregrosa-Crespo et al. 2018; Kim et al. 2019).

Application/Product

Microalgae genera

Biological properties

Chlorella, Arthrospira, Tetraselmis,

Nutrients/vitamins supplement

Food Nostoc
Chlorella, Arthrospira, Tetraselmis, Nutrients/vitamins supplement
Feed Isochrysis, Phaeodactylum,

Nannochloropsis, Thalassiosira

Amino acids

Mycosporine-like

Aphazinomenon, Chlorella,
Scenedesmus

Vitamins and Carotenoids

Sunscreen

Vitamin B12

Chlorella, Arthrospira

Decrease fatigue, protect skin and against heart
diseases

Tocopherol Arthrospira Free radicals scavenger
Dunaliella, Haematococcus, Food colourant, anti-oxidant, anti-inflammatory,
B-carotene Synechococcus, Nannochloropsis antidiabetic, antitumor and benefit for cognitive
functions
Dunaliella, Haematococcus, Food colourant, anti-oxidant, anti-inflammatory,
Astaxanthin Chlorella antitumor, cardiovascular and neurodegenerative
diseases
Phaeodactylum Anti-obesity, reduce cardiovascular risk factors,
Fucoxanthin hepato-protective, skin-protective, anti-
inflammatory and anti-oxidant effect
Zeaxanthin, Dunaliella, Chlorella, Reduce cardiovascular risk factors, maintaining
Violaxanthin, Synechococcus, Nannochloropsis, visual function, food additives, free radicals
Antheraxanthin, Scenedesmus, Haematococcus scavengers
Cantaxanthin
Proteins
Glycoproteins Chlorella Anticancer, anti-inflammatory and anti-photoaging
Phycobiliproteins
Phycocyanin, Arthrospira Dye for food and cosmetics, antioxidant
Allophycocyanin
Phycoerythrin Porphyridium Fluorescent agent for diagnostic screenings
Chlorophyli
Chlorophyll a Aphazinomenon Radicals detoxifier and skin/liver repair
Alkenes
Alkadienes, Trienes Botryococcus Biofuels



Lipids

PUFAs
EPA Phaeodactylum, Nannochloropsis, Nutritional supplement, aquaculture feed
Schizochytrium,
DHA Schizochytrium, Isochrysis, Nutritional supplement, aquaculture feed
Nannochloropsis, Pavlova
Arthrospira, Dunaliella, Protective against cardiovascular diseases

Linoleic/y-linoleic acid Rhodomonas, Tetraselmis

Acylglycerols
DAGs Arthrospira, Dunaliella Biofuels
TAGs Nannochloropsis Biofuels
Polysaccharides
. Chlorella, Nostoc, Arthrospira Thickeners and gelling agents, lubricants and
Polysaccharides L . .
antiviral and immune-stimulatory effect
Sulfonated Nostoc, Arthrospira Anticancer, antiviral and antioxidant
polysaccharides
Sterols
Brassicasterol, Dunaliella Antidiabetic, anticancer, anti-inflammatory,
Sitosterol and antioxidant activity
Stigamsterol

Phenolic and volatile compounds
Phenolic compounds Chlorella, Nostoc, Chlamydomonas  Antimicrobial and antioxidant activity
Neophytadiene, Phytol  Dunaliella, Arthrospira Antimicrobial and antioxidant activity
Penta-/Heptadecane  Synechocystis, Arthrospira Antimicrobial and antioxidant activity

Among the bioactive molecules microalgae naturally synthesize, the largest market share is currently covered
by carotenoids, which had a value of 1.24 billion USD in 2016 and it is projected to reach 1.51 billion by 2021
(Markets and Markets 2016). Such molecules belong to a class of more than 600 natural organic pigments,
which play different biological roles (Guedes et al. 2011; Raposo et al. 2015), representing the most abundant
natural pigments in nature (Torregrosa-Crespo et al. 2018). Among them, B-carotene is the most abundant
antioxidant of microalgae origin currently commercialized (Raposo et al. 2015). Its synthetic analog consists
only of the all-trans isomer, which was reported to be responsible of negative effects on plasma membrane
cholesterol levels in mice studies (Harari et al. 2008). B-carotene purified from Dunaliella salina, (Dunal)
Teodoresco is instead highly enriched in the 9-cis isomer, with no negative effects on health reported so far.
A second example is astaxanthin from the green microalgae Haematococcus pluvialis, J. Von Flotow, 1844,
that has antioxidant and anti-inflammatory activity and also finds application as natural dye for salmon and
shrimps pigmentation (Zhang and Wang 2015), (Table 1). Fucoxanthin is the third most commercialised
carotenoid for its antioxidant activity, recently proven to prevent epidermal hyperplasia and erythema when
administered in creams on mice skin (Rodriguez-Luna et al. 2018). Moreover, microalgae naturally synthesize
other pigments with strong bioactive properties, such as chlorophylls, reported to increase liver functionality
and cells repair (Garcia et al. 2017).

It is worth noting that the pool of bioactive pigments of microalgae origin we currently have access to is still
limited to only the species so far isolated (Guiry 2012; Appeltans et al. 2012). Efforts to identify novel

microalgae species will give the chance to isolate new promising candidates for carotenogenesis, possibly
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bearing a broader pigments set to expand further the applications on human health, even if more effective
screenig methods for pigments accumulation are required (Aburai et al. 2018).

Besides pigments, microalgae biomass is an established sustainable feedstock also for fatty acids. Several
marine species are highly enriched in omega-3 and omega-6 long chain polyunsatured fatty acids (PUFA),
such as docosahexaenoic acid (DHA, C22:6; e.g. from Isochrysis sp. strain T-iso, Pavlova lutheri Butcher, 1952,
several species of the Nannochloropsis genus), eicosapentaenoic acid (EPA, C20:5; e.g. Nannochloropsis
gaditana L.M.Lubidn, Phaeodactylum tricornutum, Bohlin), and alpha-linolenic acid (e.g. Rhodomonas salina,
(Wislouch) D.R.A.Hill & Wetherbee, Tetraselmis suecica, (Kylin) Butcher) (Kagan et al. 2014; Tsai et al. 2016)
(Table 1), finding potential application as feed in aquaculture (Gimpel et al. 2015; Garcia et al. 2017; Byreddy
et al. 2018) and also as food supplement since such molecules have been reported to be beneficial for
cardiovascular and inflammatory disorders. PUFAs are currently mainly derived from fish oils, whose
production is however rising several concerns for the long-term sustainability. Given the high content of oils
in microalgae biomass, they might thus represent a valuable alternative to curb intensive fishing, which is
strongly depleting current oceans fish stocks and marine biodiversity (Ryckebosch et al. 2014).
Polysaccharides (EPS) represent another important class of molecules naturally synthesised by some
microalgae species, used in the food industry as thickeners and gelling additives (Liu et al. 2016), besides
showing several positive effects on human health (Olasehinde et al. 2017) (Table 1). Other bioactive
compounds derived from microalgae biomass are triterpenes called sterols (Luo et al. 2015), able to reduce
low-density lipoproteins (LDL) abundance, promoting anti-inflammatory and positive cardiovascular effects
(Olasehinde et al. 2017) (Table 1). Also complex molecules, such as glyco- and pigment-binding proteins (i.e.
phycobiliproteins) are highly abundant in microalgae (Sonani et al. 2016). Among them, phycocyanin and
phycoerythrin are currently the main molecules from Spirulina platensis to be commercialized for many
different purposes, including natural dyes and nutraceutics with anti-inflammatory, neuroprotective and
anticancer properties (Jiang et al. 2017) (Table 1).

Such wide pool of bioactive compounds is naturally synthesised by microalgae, thus enabling a direct
administration of the biomass to complement diet. However, to reach a considerable effect, biomass needs
to be administered in sufficient quantities, with possible negative consequences on supplemented food
texture and flavor (Isleten Hosoglu 2018). A significant drawback to be considered also comes from the high
nucleic acids content of some species, which are converted in uric acid with potential adverse health effects
(Gantar and Svircev 2008). In this context, the direct administration of cyanobacteria biomass rises even more
concerns. Some species indeed synthesise hepato/neuro-toxins under centain environmental conditions,
requiring a better comprehension of the cell physiology before commercialization (Shimizu 2003; Chu 2012).
To prevent other biomass components to counteract the postive effect of the bioactive compounds listed in
Table 1, the latter can also be purified from the biomass, enabling a more targeted effect on human health

but also increasing costs (Kim et al. 2015).



Besides the above described applications, microalgae sustainability advantages have raised a strong interest
as potential feedstocks for biofuels production to fulfill part of the global primary energy demand. In fact,
several microalgae species are able to accumulate up to 60 % dry weight in fatty acids (Simionato et al. 2013b;
Jia et al. 2015) as triacylgrlycerols that are easily convertible in biodiesel through transesterification
(Medipally et al. 2015; Park et al. 2015). The oleagenous trait is present in several microalgae, with
Nannochloropsis species being the preferrable hosts since showing an enrichment in the copy number of

genes involved in key steps of lipids biosynthesis (Wang et al. 2014; Zienkiewicz et al. 2017).

1.3 Present major limitations of algae biotechnology

The great potential of microalgae opens the way for their integration in the current global economy as
feedstock for different bio-commodities. However, despite microalgae biomass represents an eco-friendly
and energetically sustainable solution to current industrial processes, the theoretical potential is still largely
untapped, because implementing microalgae cultivation on a global scale is not commercially feasible yet
(Carneiro et al. 2017). Critical issues still to be addressed include the development of efficient and cost
effective cultivation platforms and biomass-harvesting technologies (Acién Fernandez et al. 2012; Lam et al.
2018). Moreover, except for fatty acids and other energy rich storage compounds, the majority of bio-
active compounds achieves unsatisfactory final yields (i.e. < 1 up to 5% of biomass dry weight, depending
on the cultivation conditions and the species) (Markou and Nerantzis 2013), therefore limiting the full
realization of their potential.

In order to increase the production of microalgae-derived bio-commodities to allow a better integration in
the global economy, intensive research efforts are thus still needed to overcome intrinsic limitations of the
current state-of-the-art and concretize such technology into an industrial reality. Such task is not trivial and
research efforts are indeed twofold: channelling more cellular resources towards bio-active molecules
accumulation should in fact be complemented with more effective cultivation/harvesting technologies,

tailored to large-scale production.

2. Algae metabolic engineering to increase yield in bio-commodities

2.1 Challenges in microalgae metabolic egineering

Pushing bio-active compounds accumulation in microalgae relies on the ability to manipulate their
metabolism, by overexpressing endogenous enzymes or introducing heterologous proteins triggering non-
native reactions (Rasala and Mayfield 2015). However, regulatory networks are expected to be species-
specific, limiting the development of universal strategies. The development of effective genome-editing
approaches based on molecular mechanisms compatible with multiple hosts is currently opening the
possibility to apply metabolic engineering to different species. Integrating genetic engineering with the native

metabolism of the host is however not a trivial process and research efforts still need to address multiple
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constraints. Rewiring the central metabolism might lead to unpredictable secondary effects on cell
homeostasis due to the potential accumulation of toxic intermediates.

The impact of overexpression of enzymes depends on the molecular complexity of the target, which the
native maturation steps of the host might not be able to support (Spadiut et al. 2014). Prokaryotic microalgae
(i.e. cyanobacteria) are not able to efficiently perform post-translational modifications (Spadiut et al. 2014)
and are thus likely not suitable hosts for the expression of complex enzymes. The control of post-translational
modifications (e.g. disulphide bonds formation and glycosylation) is indeed highly strategic because they are
often seminal to support the biological activity of complex enzymes, but if hyper-active they might lead to
negative consequences on human health. E.g. the yeasts Saccharomyces cerevisiae Hansen, 1883 and Pychia
pastoris (Guillermond) Pfaff tend to hyper-glycosylate recombinant proteins, possibly leading to
immunogenic effects. Eukaryotic microalgae might thus represent promising solutions to achieve the right
balance in this context, because they carry protein maturation processes similar to plants (Ullrich et al. 2015),
enabling the correct folding also of complex enzymes and allowing post-translational modifications. Unlike
plants, they are however unicellular hosts, allowing an easier transformation process (Boer et al. 2007) and
saving time to isolate stable transformants (Peters and Stoger 2011).

Among microalgae, Chlamydomonas reinhardtii Dangeard, 1899 currently presents the most advanced
molecular toolkit for genetic manipulation and all three genomes (nuclear, chloroplast and mithocondrial)
have been fully sequenced and are transformable (Remacle et al. 2006; Specht et al. 2010). However,
metabolic engineering in such host has so far lagged behind expectations. Gene integration in the nuclear
genome of eukaryotic microalgae mainly occurs by non-homologous end joining (NHEJ) (Gumpel et al. 1994),
leaving room for positional effects curbing the transcription efficiency of genes of interest (GOI) and
eventually leading to silencing (Scranton et al. 2015), particularly frequent for long coding sequences. On the
contrary, plastid transformation is not affected by such constraints, enabling the accumulation of target
enzymes up to 10 % of total soluble proteins (Young and Purton 2015). However plastids, due to their
prokaryotic origin do not carry proteins maturation pathways limiting the potential of such strategy (Scaife
et al. 2015). Research efforts have thus been dedicated to counteract the above mentioned constraints in C.
reinhardtii, and promising strategies have been indeed identified to establish more reliable molecular toolkits
in such host (Gimpel et al. 2015). As an example, merging the coding sequence of the enzyme to overexpress
with the one of the selection marker, through the foot-and-mouse disease-virus 2A (FMDV 2A) self-cleavage
peptide, led to a 100-fold increase in the accumulation of the target protein (Rasala et al. 2012). A second
strategy involves the insertion of introns in the coding sequence of the GOI, showing positive effect on gene
expression (Dong et al. 2017). Introns likely play a seminal role in controlling gene expression through
enhancers and mRNA processing activity (Baier et al. 2018). Moreover, in C. reinhardtii native genes
expression deals with highly frequent introns also longer than exons. Therefore, mimicking the native gene

structure might represent a promising strategy to push non-native genes overexpression in such host, as
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recently demonstrated (Baier et al. 2018). A similar approach could also be effective in other microalgae
species, with a larger industrial production potential than Chlamydomonas. The introduction of introns within
the GOI coding sequence increases the level of complexity of such strategy, but it is also expected to minimise
the chances of lateral transgenes transfer during the cultivation of transgene microalgae, preventing the GOI
to be expressed by prokaryotic organisms (Lauersen 2018).

Increasing sub-cellular translocation efficiency of the protein of interest is another important target to
increase the efficacy of metabolic engineering. In this context, versatile and expandable vector toolkits,
enabling an easy replacement of targeting peptides according to operational needs, have been developed,
expanding the number of sub-cellular compartments currently targetable (i.e. ER, chloroplast, nucleus,
mitochondria, and intracellular micro-bodies (Lauersen et al. 2013; Lauersen et al. 2015)).

Most genome editing tools have been applied to green algae but are rapidly expanding to other species, such
as diatoms and Eustigmatophyceae (e.g. Phaeodactylum and Nannochloropsis) which show a larger industrial
potential and in some cases also have a lower genetic complexity (Radakovits et al. 2012; Vieler et al. 2012)
(e.g. lower intron frequency (Corteggiani Carpinelli et al. 2014)), theoretically enabling easier strategies for
metabolic engineering. As an example, recently homologous recombination and CRISPSR-based methods
have been successfully developed in such species, enabling a more targeted genome editing (Wang et al.
2016; Dolch et al. 2017; Poliner et al. 2018a; Poliner et al. 2018b) but still important work is needed to

develop efficient tools in multiple species to allow multigene expression.

2.2 Improving the content of bio-active compounds

The synthesis of bio-active compounds in microalgae (Table 1) is often dependent on the exposition to
environmental stressful stimuli, from nutrients limitation (nitrogen (N) and phosphorous (P)) and high salinity
to saturating light (Chen et al. 2011; Simionato et al. 2011; Yin-Hu et al. 2012; Menon et al. 2013; Chen et al.
2015; Alcantara et al. 2015; Jerez et al. 2015; Alboresi et al. 2016). Such environmental conditions, however,
negatively affect growth (Sun et al. 2013; Simionato et al. 2013b), as reported for N limitation which triggers
an overall remodeling of cell central metabolism as a consequence of a reduced proteins and nucleic acids
biosynthesis. This approach thus requires a two stage process where first biomass accumulation is
maximized, followed by a nutrients limitation phase to induce the accumulation of the desired molecules.
This strategy, while very effective at lab scale, increases costs and complexity at the large scale, finally limiting
productivity achievable at scale (Rawat et al. 2013).

In order to develop a microalgae-biomass based economy scalable to fulfill bio-commodities needs on a
global scale, bio-active molecules synthesis and biomass accumulation should operate simultanously.
Coupling these two aspects of microalgae cell physiology is however not a trivial process, requiring a deeper
understading of the molecular factors controlling the metabolic channelling of resources. Strategies to push

for the accumulation of a specific molecule can act at mutiple levels of a metabolic pathway, for instance
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increasing its biosynthesis and down-regulating the catabolism. Major efforts have however been so far
dedicated to the former, with carotenogenesis and lipids biosynthesis being the major targets.
Carotenogenesis takes place in the plastid and is highly integrated with the central metabolism, making
efforts for its modification highly challenging. A reasonable strategy to increase carotenoids accumulation is
to push the abundance of their precursors (i.e. isoprenoids). Such group of compounds includes many
molecules of economic interest, representing good targets for metabolic engineering (Lauersen 2018), which
even in the case of no success in increasing the accumulation of carotenoids, might thus still enhance the
commercial value of the microalgal host. Moreover, isoprenoids metabolic pathways are modulatory, making
them easy targets to manipulate in multiple hosts. As an example, reliable non-native di-/tri-
/sesquiterpenoids production has been recently achieved in P. tricornutum and C. reinhardtii (Lauersen et al.
2016; Wichmann et al. 2018; D’Adamo et al. 2018; Lauersen et al. 2018), increasing their commercialisation
potential.

Among isoprenoids, geranylgeranyl phyrophosphate (GGPP) is the precursor of carotenoids synthesis and
likely a limiting metabolite for carotenogenesis. Overexpression of geranylgeranyl phyrophosphate synthase
(GGPPS) in Chlamydomonas however failed in triggering a remodeling in isoprenoid profile (Fukusaki et al.
2003). Also attempts to increase keto-carotenoids production by overexpressing B-carotene ketolases (BKT)
from Dunaliella salina failed to achieve the expected outcomes (Ledn et al. 2007), highliting the presence of
a more complex regulation or additional rate-limiting steps (Figure 2A).

Phytoene synthase (PSY) and phytoene desaturase (PDS) catalyse the first and second step in
carotenogenesis, respectively, and have been identified as important targets to push B-carotene and keto-
carotenoids (e.g. astaxanthin) synthesis in several species such as H. pluvialis, D. salina, Chlorella zofingiensis
Dé6nz 1934 and C. reinhardetii, (Couso et al.; Cordero et al. 2011; Liu et al. 2013; Liu et al. 2014) (Figure 2A).
However, the biotechnological optimization of carotenoids synthesis is more complex than expected because
precursors (i.e. isoprenoids) are shared among different classes of pigments (e.g. carotenoids and
chlorophylls) and prioritising their channelling towards one or the other is not a trivial process, risking to
unbalance carotenoids and chloporhylls abundance with detrimental consequens on cell physiology. Merging
GGPPS with PSY was recently demostrated to push the metabolic flux of GGPP towards carotenogenesis in
Arabidopsis thaliana (L.) Heynh. (Camagna et al. 2018), leaving room for implementing such technology also
in microalgae. In the future, identifying novel candidates (Sugiyama et al. 2017; Lao et al. 2018) and
engineering simoultaneously multiple enzymatic steps in the pathway might strengthen the metabolic flux
redirection towards carotenoids synthesis with no secondary effects on cell physiology and the development
of effective targeted genome editing approaches is currently opening such possibility (Nymark et al. 2016;
Banerjee et al. 2018).

Another major target for microalgae metabolic engineering was the increase in lipids accumulation. In the

past years, different enzymatic steps of lipids biosynthesis pathway of several species have been targeted to
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enhance fatty acids accumulation or modify their composition profile, showing different degrees of success
(Sun et al. 2018). Acetyl-CoA carboxilase (ACCase) catalyses the first step in fatty acids (FA) biosynthesis,
converting acetyl-CoA into malonyl-CoA. However, a higher protein accumulation did not result in an
increased lipids content in Cyclotella cryptica Reimann, Lewin & Guillard (Dunahay et al. 1996), while a
positive effect was instead observed in P.tricornutum upon chloroplast transformation, highlighting possible
other species-specific limiting steps in the biosynthesis pathway (Figure 2B). Pyruvate dehydrogenase (PDC)
catalyses the conversion of pyruvate into acetyl-CoA, therefore it contributes to control the availability of the
substrate for FA biosynthesis. Pyruvate carboxylase kinase (PDK) controls PDC activity through
phosphorilation and its down-regulation was shown to significatively increase FA content in P. tricornutum
(Ma et al. 2014) (Figure 2B). FA acyl-carrier protein thioesterases (TE) are another important target to
remodel lipids biosynthesis, and their overexpression was shown to increase total FA content in P.
tricornutum (Gong et al. 2011). Alternatively, the overexpression of Acyl-CoA : diacylglycerol acyltransferase
(DGAT) in the same organism was shown to increase neutral lipids accumulation (Niu et al. 2013), pushing
also the EPA content of the cell.

FA biosynthesis requires ATP and NADH to operate. Indirect strategies pushing energy/reducing power
availability might thus be valuable alternatives to complement direct approaches in remodelling FA
biosynthesis. As an example, malic enzyme (ME) converts malate into pyruvate, generating NADH. Its
overexpression was shown to increase total lipids accumulation in P. tricornutum under nutrient-replete
conditions (Xue et al. 2015), likely as a consequence of the larger availabilty of reducing power (Figure 2B).
Strategies affecting lipids biosynthesis might be also complemented with others rewiring their catabolism
(Kong et al. 2018). Lipases and TEs involved in acyl-CoA hydrolysis are valuable target to knock-down in this
context and in P. tricornutum were proven to increase total lipids (Trentacoste et al. 2013) and TAGs
accumulation (Hao et al. 2018). One alternative to “classic” approaches targeting single enzymes is to identify
master regulators of FA metabolism whose modification is instead expected to provide a more global
remodeling of their accumulation. In such context, transcription factors (TF) play a critical role and are indeed
viable targets for lipids biosynthesis biotechnological optimization (Hu et al. 2014; Banerjee et al. 2018).
Overexpression of different TFs in Nannochloropsis salina D.J.Hibberd was shown to have a strong impact on
biomass accumulation as well as on lipids biosynthesis (Kang et al. 2015; Kang et al. 2017; Kwon et al. 2018).
Another possibility is to target the lipids composition rather than the overall content. As example, the
insertion of two higher plants TE in P. tricornutum resulted in a larger incorporation of short-chain FA in
triacylglyreols (TAGs) (Radakovits et al. 2011). Poly-unsatured fatty acids (PUFA) market share is increasing
over time, pushing for the development of reliable engineering strategies to increase their content in
microalgae hosts. Desaturases and elongases are here expected to play a major role, driving the research

efforts so far (Dolch et al. 2017) (Figure 2B). The former have been shown to increase PUFA accumulation in
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C. reinhardtii, P. tricornutum and Nannochloropsis oceanica Suda & Miyashita, highlighting the feasibility of
such practice (Zduner et al. 2012; Peng et al. 2014, Kaye et al. 2015).

The strategies listed above prove the feasibility of genetic engineering to increase/remodel FA content in
different microalgae species. Such approachases are however unlikely to be universal because of the huge
metabolic diversity of microalgae species, likely to regulate FA metabolism in a species-specific manner. This
feature has contributed to lag the achievements in such field behind expectation in the past years, mainly
because of the monetary and time costs to elucidate metabolic networks regulation and apply genetic

engineering, tuned to different species.
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Figure 2. Simplified biosynthetic pathways for carotenoids (A) and lipids (B) in microalgae. A.
Carotenogenesis. Abbreviations: Metabolites: DMAPP, Dimethylallyl pyrophosphate; GGPP, Geranylgeranyl
phyrophosphate; Enzymes: BKT, B-carotene ketolase; CrtR-B, B-carotene hydrozylase; LYC-B; Lycopene B-
cyclase; PDS, Phytoene desaturase; PSY, Phytonene synthase; ZDS, T-carotene desaturase. B. Lipids
biosynthesis. Abbreviations: Metabolites: PUFA, Polyunsaturated fatty acids; TAG, triacylglycerols. Enzymes:
ACCase, Acetyl-CoA carboxylase; ACP; Acyl carrier protein; CoA, Coenzyme A; FAS, Fatty acids synthase; LACS,
Long-chain acyl-CoA synthetase; MAT, Malonyl-CoA/ACP transacylase; ME, Malic enzyme; PDC, Pyruvate
dehydrogenase; PDK, Pyruvate carboxylase kinase; TE, Fatty acyl-ACP thioesterase. Major targets to increase

microlgae commercial potential are idicated in red. Scheme adapted from (Gimpel et al. 2015).

It is also worth noting that a global remodelling of lipids metabolism to fulfill multiple bio-commodities
productions is challenged by the natural competition for cellular resources between different lipids classes

and by the difficulty in simultaneosly modifying enzymes belonging to different sub-cellular compartments.
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Therefore, the metabolic strategies listed above ought to be tuned not only to the target strain biology but
also to the eventual application of the biomass (i.e. human nutrition rather than feed etc.). A deeper
comprehension of both biosynthesis and catabolism of lipids as well as of the metabolic processes involved
in length and saturation rate modification is seminal to such purpose and filling this gap is of extreme
importance because the nutritional value of the biomass depends on them (Medipally et al. 2015; Park et al.
2015).

Moreover, pushing bio-active molecules accumulation in microlgae biomass is just the first step to approach
a broader impact on economy of microalgae-derived products. Accumulated molecules in some cases must
be extracted from the biomass to have a more targeted impact on human health. However, conventional
extraction methods have several limitations (i.e. low efficieny and yield and high costs) and need further
improvement to be effective but safe for humans and environmentally sustainable (Sosa-Hernandez et al.

2018).

3. Strategies to improve microalgae biomass productivity

3.1 Challenges in large scale microalgae cultivation

Microalgae are photosynthetic organisms, therefore their physiology is highly influenced by light availability,
which has also been identified as major parameter affecting growth (Ruiz et al. 2016). Microalgae are
generally cultivated in open or closed platforms, namely ponds or photobioreactors (PBR), respectively,
which guarantee a controlled cultivation environment (De Vree et al. 2015). Such systems are exposed to
excess irradiance to avoid energy inputs limitations and microalgae are here cultivated at high densities to
push productivity. In general conditions experienced during industrial cultivation are different from the
natural algae ecological niches, where cells are diluted and often experience nutrients/light limitations which

contributed to evolution of specific traits, often not advantageous in an intesive cultivation (Figure 3).
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Natural environment Intensive cultivatio“/

Figure 3. Schematic representation of environmental differences microalgae face when switching from

natural to intensive cultivation. In nature microlgae are generally diluted and often experience nutrients
(here i.e. NOs and PO,*), HCOs and light limitation. During intensive cultivation cells experience high cell

concentrations and excess nutrients and HCOs™ availability.

As example, the general light limitation triggered the evolution of high pigment content per cell, to maximise
the chances to prevail on other photosynthetic competitors for the available energy (Kirk 1994). Chlorophyll
(Chl) is the main pigment responsible of light harvesting, which consequently is converted into excited forms,
i.e. singlet chlorophyll (*Chl’), to ultimetely fuel photochemical reactions, leading to the synthesis of ATP and
NADPH. Pigments are bound to proteins called light-harvestig complexes (LHC), which accomplish the
biological function of harvesting light energy and tranfer it to the reaction centres of the two photosystems
(PS) (Blichel 2015). An expanded light harvesting apparatus is seminal in nature where cells are diluted, but

in an intensive cultivation evironment where cell concentration is high, it is detrimental for the overall
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population growth. A high efficiency in harvesting light, in fact, causes an inhomogenoeus light distribution
in the mass culture, with cells exposed to the light source capturing the majority of the incoming light, while
inner layers instead experienced energy limitation (Simionato et al. 2013a). Therefore, overall microalgae
cultivation in PBR is strongly light-limited, compromising the achievable biomass productivity.

A second consequence can be found at the single-cell level. Microlgae generally can efficiently exploit light
energy only until other factors (e.g. CO; avilability) become limiting. If irradiance is higher, absorbed energy
exceeds cells photochemical capacity, causing an excess of *Chl’ that eventually leads to intersystem crossing
and formation of Chl triplets (3Chl"). The latter can react with oxygen and generate singlet oxygen (*O2), which
is a highly reactive molecule that oxidizes pigments, proteins and lipids, leading to damage and photo-
inhibition. To counteract the latter scenario, microalgae evolved photo-protection mechanisms (i.e. non-
photochemical quenching (NPQ) (Melis 2009)) which are molecular valves to allow a safe de-excitation of
excess *Chl” as heat. This means that in cells exposed to intense illumination, such as those at the PBR surface,
a large fraction of the harvested energy (estimated up to 80 %, (Melis 2009)) is dissipated to avoid possible
photo-damage and oxidative stress, thus strongly decreasing their PBCE. At the same time, cells in inner
layers do not receive enough light to run photochemical reaction. Light energy is here often below the
compensation point, sometimes just enough to fulfill cells maintenance demands with therefore negative
consequences on CO; fixation, which operates in sub-optimal conditions, limiting biomass accumulation.
The situation is further complicated by the fact that cells in PBR also experience a changing light environment,
as a consequence of daily and seasonal variations in the light supply and of the active mixing of the culture
which suddendly switches cells from inner light limited layers to fully exposed ones and vice versa. Microalgae
naturally evolved mechanisms to cope with changing light environments to maximise the chances of survival.
Among them, microalgae can regulate pigments and photosynthetic components abundance according to
their needs, from fast-occurring modifications of pigments content (i.e. between seconds and minutes) to
slow-occurring ones (i.e. between minutes to hours), requiring de novo proteins synthesis (i.e. antenna size
regulation) (Meneghesso et al. 2016). As an example, full NPQ activation in microalgae requires zeaxanthin
(Nilkens et al. 2010; Murchie and Niyogi 2011), a pigment showing a direct activity in scavenging reactive
oxygen species (ROS) (Kuczynska et al. 2015), but also essential to trigger conformational changes in specific
classes of antenna proteins (light-harvesting complexes stress related (LHCSR and LHCX according to the
species) (Bichel 2015)) to allow photoprotection. Such pigment is synthesized from violaxathin by
Violaxanthin De-Epoxidase (VDE), upon saturating light conditions, and converted back into the latter by
Zeaxanthin Epoxidase (ZE) when cells return to limiting light, to close the so-called xanthophylls cycle. While
the first reactions takes seconds to occur, the latter can take several minutes (Goss and Jakob 2010). Despite
microalgae are equipped with the required molecular mechanims to keep photosynthesis homeostasis in a
changing light environment, kinetics of such mechanisms are incompatible with mixing in PBR, which

generally operates in a milliseconds to seconds time-scale (Molina et al. 2001; Carvalho et al. 2011). As a

17



consequence, cells exposed to the PBR surface do not have enough time to relax photoprotection before
being exposed to light limiting conditions in the inner layers, while cells in the latter do not have sufficient
time to activate photoprotection mechanims to counteract saturating irradiances of most exposed regions.
Both cell populations therefore spend energy to inefficiently counteract light changes (Eberhard et al. 2008),
again subtracting it to photochemical reactions and leading to a further reduction in light-use efficiency,

ultimately leading to unsatisfactory PBCE values.

3.2 Metabolic engineering to increase microalgae light-use efficiency

Pushing microlgae PBCE is not a trivial objective and strategies to optimize the entire cultivation process have
been pursued in the past few years. In order to domesticate the photosynthetic metabolism to the artifical
cultivation conditions, several issues need to be addressed (see 3.1) (Perin et al. 2014). The major strategies
explored in the past years to pursue this objective were: the reduction of the pigment content of the
cell/reduction of the size of LHC (i.e. antenna proteins) and remodelling of photoprotection (for a detailed
review on the topic please refer to (Perin et al. 2018)) (Figure 4).

The first two strategies respond to the need of increasing available light for cells populating inner layers of
the mass culture and pushing single cell light-use efficiency in most exposed layers, enabling to channel more
light-energy into photochemisty, pushing CO, and biomass accumulation (Simionato et al. 2013a) (Figure 4A).
A lower pigment content is in fact expected to reduce the amount of harvestable light by the first layers of a
PBR, therefore shifting the saturating limit of photosynthesis towards higher irradiances, but also increasing
light availability in underneath layers (Oey et al. 2013) (Figure 4A). Cells in such environment would thus
receive an amount of energy exceeding just the one needed for cell maintenance, therefore enabling its
channelling towards photochemical reactions, increasing CO; fixation and biomass productivity (Simionato
et al. 2013a). It has indeed been estimated that only a fraction of the Chl molecules of a cell are seminal for
the correct assembly of PS reaction centres (i.e. = 15 and = 30% for PSIl an PSI, respectively in C. reinhardtii
(Melis 1991)), while the others are theoretically dispensable since not necessary for electrons transport
reactions. Such strategy has been widely pursued in the past years mainly by applying forward genetic
approaches in different microalgae species, with overall positive results in increasing light penetration in a
mass culture (Bonente et al. 2011; Oey et al. 2013; Perin et al. 2015). However, pushing light availability in
inner culture layers is not always expected to improve biomass productivity and in fact, if the reduction of
Chl molecules affects indispensable photochemistry reactions, the negative consequences on photosynthesis
might compensate the advantages of a greater light availability.

The reduction in the size of LHC therefore represents a valuable complementary strategy to alter specific
targets (Figure 4A). Several strategies have been exploited for such purpose in the past, directly targeting
LHC encoding genes (Polle et al. 2003; Bonente et al. 2011; Cazzaniga et al. 2014; Perin et al. 2015). Also

indirect approaches proved their effectiveness in reducing LHC size, by targeting co-/post-traslational
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molecular factors (Beckmann et al. 2009; Wobbe et al. 2009; Kirst and Melis 2014; Sharon-Gojman et al.
2017; Jeong et al. 2018).
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Figure 4. Strategies to increase microalgae light-use efficiency in intensive cultivation. Schematic
representation of the major strategies postulated to increase microalgae light-use efficiency in PBR. A. Lower
Chl accumulation and antenna size should increase the light penetration in the mass culture, increasing the
amount of light exploitable by cells populating inner culture layers and push the saturation limit of
photosynthesis, enabling more exposed cells to channel more light towards photochemical reactions,
enhancing CO; fixation and biomass accumulation. B. Photo-protection remodelling is expected to provide a
valuable contribution to reduce the amount of energy lost. In particular speeding up NPQ relaxtion would
increase the amount of energy that more exposed cells channel towards CO, fixation, once reaching inner

culture layers. Abbreviations: PS, photosystem.

Overall, several strain generated following those strategies indeed showed an improved light-use efficiency
and the ability to saturate photosynthesis at higher irradiances with respect to the parental strains (Bonente
et al. 2011; Cazzaniga et al. 2014; Perin et al. 2015), validating the above described approaches to effectively
improve the photosynthetic metabolism. However, LHC proteins are not only involved in light harvesting but
play a complex biological role, with some classes also involved in regulating photoprotection (see 3.1) (Horton
and Ruban 2005). A reduction in such proteins could therefore trigger unexpected secondary effects, by
lowering cell ability to withstand intense illumination and increasing susceptibility to saturating irradiances.
Moreover, LHC proteins are bound to both PS, and if LHC reduction is not balanced among them it might lead
to further negative consequences. As an example, the reduction of LHC classes only bound to PSII might result
in a reduction in overall light-use efficiency because light-energy absorbed by PSI could not be utilized by the
linear electron transport, if a consistent adjastment in PSII/PSI ratio would not be introduced (Polle et al.
2000). The above discussed possible drawbacks of LHC reduction might however be counterbalanced by
more targeted approaches, in which only LHC involved in light harvested will be affected, also potentially
balancing their reduction among the two PS. The development of CRISPR-based genome editing approches
is indeed opening such possibility, by targeting also microlgae species with a larger industrial potential
(Banerjee et al. 2018; Verruto et al. 2018).

Metabolic engineering of the photosynthetic metabolism is thus more likely to be successful when balancing
light-harvesting and photoprotection efficiencies (Perin et al. 2018). The latter is a seminal feature of
microalgae cells to curb photo-inhibition and consequent cell damage (3.1.), and modifications in light
harvesting efficiency should never compromise it. In fact, cells in most exposed PBR layers still need to be
able to withstand intense illumination and avoid photo-damage, and an overall photo-protection reduction
is expected to have serious negative consequences which would compensate for a lower energy loss (Perin
et al. 2017a). Rather than NPQ modulating intensity a preferable strategy could be to remodel
photoprotection activation/relaxation kinetics, to enable photosynthesis to respond faster to sudden

changes in the light environment (Figure 4B). As discussed in 3.1, photo-regulation mechanims kinetics

20



generally lag behind the time-scales of the environmental changes in light intensities experienced in PBR, and
therefore a faster response might contribute to respond more promptly to them, increasing light-use
efficiency while preserving photoprotection ability. NPQ activation in microalgae is controlled by the
xanthophylls cycle, therefore speeding up its kinetics might have an influence on the time-scale of NPQ
activation/relaxation. Modulating xanthophylls cycle kinetics was indeed recently demostrated to speed up
NPQ relaxation in tobacco plants, pushing biomass accumulation in the field (Kromdijk et al. 2016).

Not only light-harvesting and photoprotection contribute to control light-use efficiency, also electrons
transport reactions in fact play a major role, with alternative electron transport involved in regulating
photosynthesis in a changing light environment (Cardol et al. 2011). Strenthening such pathways in microlgae
species that lost some of such components during evolution might therefore represent a promising
complementary strategy to those listed above. As an example, Flavodiiron (Flv) proteins avoid over-reduction
in the electron transport chain in fluctuating light conditions, redirecting electrons from NADPH to oxygen
and preventing PSI to be photodamaged (Rochaix 2014). Their introduction in Arabidopsis and tobacco plants
was indeed proven to speed up the recovery of photochemistry in fluctuating light conditions (Yamamoto et
al. 2016; Gémez et al. 2018). Such approaches have not been attempted in microalgae so far, but the
elucidation of the regulatory network of photoprotection in different microalgae species (Goss and Lepetit
2015) together with the development of more effective genome editing approaches might open such
possibility.

Overall, metabolic engineering of photosynthesis was proven to be feasible in different microalgae species,
leading to significant improvements in PBCE and biomass productivity in some cases. However, such results
were observed at the lab-scale and mutants performances in PBR need still to be assessed. The cultivation
environment was indeed demonstrated to have a huge impact on genetically engineered microalgae,
highlighting how operational conditions may enhance or reduce the performances of strains isolated in the
lab (Perin et al. 2017b). Identifying the right genetic traits to target in order to push PBCE in PBR is clearly
not a trivial process, since algae performances respond to many environmental parameters. Not only the
dynamic environment, but also parameters related to the PBR design and operation such as light path,
culture density, mixing rate, temperature and pH might have an influence on photosynthesis because
controlling light, CO, and nutrients availability. It is therefore impossible to extrapolate the impact of a
genetic modification in the PBR environment from simple lab-scale evaluations. The elucidation of the
impact that different cultivation parameters have on microalgae physiology is therefore seminal to speed
up engineering strategies and to direct them towards the biological targets expected to have the greatest
impact on PBCE. It should be underlined, however, given the complexity of the final cultivation
environment, it is likely that there will be no superior genetically modified strain applicable in all
circumstances, but instead the genetic modification ought to be tailored to the local environment and PBR

characteristics.

21



4. Conclusions

The massive environmental impact of current anthropogenic activities calls for the development of
alternative sustainable processes to fulfill the growing demand of commodities. Microalgae are able to
exploit clean energy/carbon sources to synthesize a wide spectrum of bio-active compounds and biofuels
precursors and thus are highly promising in this context. Their metabolic versatility can also enable the
production of diverse commodities for multiple markets (i.e. from livestock feed to human healthcare and
fuels).

The realization of such potential is however still not realized and several technological barriers ar present,
as demonstrated by the relatively small number of operating industrial plants. The cost of microalgae
biomass production is still too high and several efforts are being indeed dedicated to the development of
cost-effective cultivation platforms and biomass-harvesting technologies. In addition to operational
parameters, microalgae metabolism will also need to be optimized to intensive production to achieve
maximal productivity. Genetic approaches to improve microalgae metabolism have already demonstrated
at least at the lab scale their potential in channeling more cellular resources to the synthesis of compounds
of interest.

Biomass productivity is the second target requiring optimization to achieve efficient solar-driven
production of commodities and microagae light use-efficieny is the key limiting parameter which currently
curbs the maximum achievable production. Several strategies have been proven effective to tune the
photosynthetic metabolism and select beneficial traits to push growth during intensive cultivation.
Improved strains have however been so far mainly tested at small scale and the influence of conditions
experienced during large scale intensive cultivation must be taken in full account for the development of a
robust process. Both aspects should be seriously taken into consideration in the future to move from the
proof-of concept stage of current achievements in microalgae biotechnologies to a concrete industrial

application.
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