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«“O frati”, dissi, “che per cento milia «“O irmdos”, disse, “que por tanta milha
perigli siete giunti a I'occidente, de perigos vistes a ocidente,
a questa tanto picciola vigilia a tao breve vigilia que nos brilha
d’i nostri sensi ch’é del rimanente nos sentidos, e que € remanescente,
non vogliate negar 'esperienza, nao neqgueis experiéncia e sem detenca
di retro al sol, del mondo sanza gente. siga-se o sol, no mundo sem ter gentel
Considerate la vostra semenza; E que a vossa semente agora venca:
fatti non foste a viver come bruti, nao fostes feitos a viver quais brutos,

ma per sequir virtute e canoscenza."» mas a sequir virtude e conhecenca.”»

Canto XXVI, Inferno
A Divina Comédia de Dante Alighieri
Traducéo de Vasco Graca Moura
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Abstract

Despite their small size, the role of microalgae in biotechnology is quite greater, and it
is undergoing a current boom. These photosynthetic organisms can provide biomass for a
wide array of applications, thus alleviating the pressure upon less sustainable feedstocks.
However, production costs have become a significant bottleneck in microalgae
commercialization, thus limiting their application to high-value commaodities. To truly unveil the
potential of these microorganisms, a deeper understanding of their physiology, coupled with
the development of efficient cultivation systems, is a must. Notwithstanding these challenges,
microalgae production must be both cost-effective and sustainable; otherwise, they will not
constitute a viable feedstock option for medium- and low-value products. The first goal of this
thesis was to improve microalgal productivity in terms of biomass and intended end-
bioproducts by focusing on strain selection and the effect of abiotic factors upon growth.
Afterward, work was developed toward assessing the photosynthetic status of microalgae by
unfolding the applicability of monitorization through chlorophyll a fluorescence regarding
nutrient and weather conditions in laboratory and outdoor environments, respectively.
Focusing on cultivation systems, revamping of an open cultivation system — specifically
raceway ponds — was assessed via integration of artificial light in the most light-limited zone
thereof. Finally, integration of microalgae production in wastewater treatment was performed
using thin-layer cultivation systems. Cultivation was followed by biomass fractionation into
growth-promoting (biostimulants), protective (biopesticides) and nutritional (biofertilizers)
products, for agricultural application in an effort to stimulate circular economy. Therefore, this
thesis provides a multi-task approach using different cultivation systems and species, from lab
to pilot-scale, and from indoor to outdoor conditions. This work aims, in particular, at
elucidating the impacts of several biological, operational, and engineering parameters to
improve microalgae productivity, and accordingly develop a more cost-effective and

sustainable production.

Keywords: microalgae; productivity; photobioreactors, bioproduct synthesis; photosynthetic

fithess.
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Resumo

Apesar do seu tamanho pequeno, o papel das microalgas na biotecnologia € bem maior,
e esta actualmente em crescimento. Estes organismos fotossintéticos podem fornecer
biomassa para diversificas aplicagdes, liberando a pressao de outras matérias-primas menos
sustentaveis. No entanto, os custos de produgdo tornaram-se num dos principais obstaculos
na comercializagdo de microalgas, limitando sua aplicagdo em mercados de alto valor. Para
explorar o verdadeiro potencial destes microrganismos, € necessario um conhecimento mais
profundo da sua fisiologia, em conjunto com o desenvolvimento de sistemas de cultivo mais
eficientes. A produgéo de microalgas também necessita de ser mais econdmica e sustentavel;
ou poderao n&o constituir uma opgao de matéria-prima viavel para produtos de médio e baixo
valor. Deste modo, o primeiro objectivo desta tese foi melhorar a produtividade em termos de
biomassa e dos metabolitos finais pretendidos, focando na importadncia da selecdo das
estirpes e no efeito de factores abidticos no crescimento de microalgas. Posteriormente, o
estado fotossintético das microalgas foi avaliado e revelada a aplicabilidade da monitoragao
pela fluorescéncia da clorofila a em relacdo as condigbes nutricionais e climaticas em
laboratério e no exterior, respectivamente. Focando nos sistemas de cultivo, foi avaliada a
optimizagdo de um sistema de cultivo aberto — especificamente em raceways — integrando
luz artificial na zona com maior limitacdo de luz. Finalmente, o tratamento de efluentes
integrado com produgao de biomassa algal usando sistemas de camada fina foi realizado a
escala piloto. Posteriormente seguiu-se o fracionamento da biomassa em produtos com agéao
estimulante (bioestimulantes), protectora (biopesticidas) e nutricional (biofertilizantes) para
aplicagao agricola de modo a estimular a economia circular. Desta forma, esta tese fornece
multiplas abordagens usando diferentes sistemas de cultivo e espécies, de escalas
laboratorial a piloto, e de condi¢des internas a externas. Este trabalho visa elucidar os
impactos de diversos parametros biolégicos, operacionais e de engenharia para melhorar a

produtividade das microalgas e desenvolver uma produgdo mais econdémica e sustentavel.

Palavras-chave: microalgas; produtividade; fotobiorreactores; sintese de bioprodutos; fitness

fotossintético.
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Figure 2.2. Schematic cross-section through a thylakoid membrane, showing the major components of
the photosynthetic apparatus. Solid arrows indicate the electron-transport chain, and proton
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Fd, ferredoxin; FeS, iron-sulfur centers; FNR, ferredoxin/NADP* oxidoreductase; H*, protons;
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phosphoglycerate; Pheo, pheophytin a molecule; PQ, free (oxidized) plastoquinone; PQH:2, free
(reduced) plastoquinol; PSI/PSII, photosystem l/ll; Psso and P00, the reaction center chlorophyll a
molecules of PSIl and PSI, respectively; Pi, inorganic phosphate; Qa, bound plastoquinone;
Rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase; RuBP, ribulose-1,5-bisphosphate;
Y-, tyrosine residue; +/—, polarity of electrical potential difference across the membrane established
in the light; (CH20)n, generalized carbohydrate. Light-harvesting complexes are not shown. The
stoichiometry of protons, electrons, O2, ATP, NADPH, and CO: is not indicated. Original from
Whitmarsh and Govindjee (1995), and modified from Falkowski and Raven (2013). .................. 13

Figure 2.3. A: Schematic representation of the chlorophyll a fluorescence induction curve, known as
the OJIP curve. B: Sequential energy fluxes from absorbance (ABS) of photons by PSIl antenna
and dissipation (Dl), intermediate trapping flux (TR), electron transport (ET), and reduction of end-
electron acceptors at the PSI electron acceptor side (RE) driven by PSI; gp (= TR/ABS), ¢t (=
ET/ABS), ¢r (= RE/ABS), we (= ET/TR), and ér (= RE/ET) are proposed proxies for the ratios of
the respective energy fluxes; the lighting symbol represents light, P680* is the primary electron
donor of PSII; Pheo is pheophytin, the primary electron acceptor of PSII; Qa, is the primary
plastoquinone associated to PSIl, Qs is the secondary (electron acceptor) plastoquinone
associated to PSIl; PQ is plastoquinone in the PQ pool, P700* is the excited RC of PSI, Fd is
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Chapter 3

Figure 3.1. Average chlorophyll concentration, in mg mL-", in steady-state of semi-continuous cultures
of T. suecica AROSA, UW605, Tetraselmis sp. 63LG, 75LG, and 46NLG for 10% renewal rate
(dashed bars) and 30% renewal rate (open bars). Error bars represent the associated standard
deviations. Strains that do not share a letter, within each renewal rate, represent statistically
significant differences (P < 0.05). ..o iiiiiiiii e 31

Figure 3.2. Average chlorophyll content, in pg cell™!, in steady-state of semi-continuous cultures of T.
suecica AROSA, UW605, Tetraselmis sp. 63LG, 75LG, and 46NLG for 10% renewal rate (dashed
bars) and 30% renewal rate (open bars). Error bars represent the associated standard deviations.
Renewal rates that do not share a letter, within each strain, represent statistically significant
AIffErenCeS (10 < 0.05). ...t e e e e e e e e e e s nna e e e e e e e e aaaa 32

Figure 3.3. Average protein concentration (mg mL~") in the steady-state of semi-continuous cultures of
T. suecica AROSA, UW605, Tetraselmis sp. 63LG, 75LG, and 46NLG, for 10% renewal rate
(dashed bars) and 30% renewal rate (open bars). Error bars represent the associated standard
deviations. Strains that do not share a letter, within each renewal rate, represent statistically
significant differences (P < 0.05). ..o i 33

Figure 3.4. A Average total lipid content (pg cell™") of T. suecica AROSA, UW605, Tetraselmis sp. 63LG,
75LG, and 46NLG at the beginning of stationary phase, and after 4 days under 10% renewal rate
(dashed bars) and 30% renewal rate (open bars). B Average lipid productivity, in mg mL~" day™*,
of five different Tetraselmis strains (T. suecica AROSA, UW605, Tetraselmis sp. 63LG, 75LG, and
46NLG), under renewal rates of 10 and 30%. For both A and B, error bars represent the associated
standard deviations (n = 3). Strains that do not share a letter, within each renewal rate, represent

statistically significant differences (P < 0.05). ...c.eoiiiiiiiii i 34

XXViii



Figure 3.5. A: Example of flow cytometric histogram of a replicate of strain 46NLG using Algae Nile Red
software module of Muse Cell Analyzer, showing the percent gated of the defined negative, low,
and high lipid content populations at the beginning of the stationary phase, renewal rate 10% and
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Error bars represent the associated standard deviations. Strains that do not share a letter, within

each renewal rate, represent statistically significant differences (p < 0.05). ......ccooviiiiiiereeennnnn, 36
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Figure 4.1. Changes in Nannochloropsis oceanica biomass dry weight (DW) grown outdoors in a semi-
continuous mode under different temperature regimes (n = 2). After the morning sample, cultures
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and second (B) trials show the corresponding 28:18 °C L:D controls (dashed grey lines), the
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L:D), represented as a solid line in orange for the first trial (A) and in blue for the second trial (B).

Figure 4.2. Daily average (+SD) of biomass dry weight (DW) changes in Nannochloropsis oceanica
grown outdoors in a semi-continuous mode, under different temperature regimes, in two sequential
trials (trial 1 n = 8; trial 2 n = 7). Positive and negative values represent the daily biomass yield and
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L:D (blue). Significant differences (p < 0.05) to the corresponding control are marked with an
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Figure 4.3. Correlation between daily yield and biomass loss, combining all data points from both trials
using Nannochloropsis oceanica grown outdoors in tubular photobioreactors under different
temperatures. Data points from the 28:18 °C L:D (controls) cultures are depicted in dark (Trial 1)
and light (Trial 2) grey; cells kept at 28:28 °C L:D (Trial 1) and 18:18 °C L:D (Trial 2) are depicted
in orange and blue, respectively. The shaded grey area represents the confidence interval (95%)
of Pearson’s correlation. The correlation coefficient (r = 0.76) and the significance level (p < 0.05)
are shown in the upper left corner of the plot (1= 27). ..o 48

Figure 4.4. Kinetic representation of the OJIP transients from Nannochloropsis oceanica grown in
tubular photobioreactors outdoors under semi-continuous regime and subjected to different

temperatures (n = 1). The first row shows the OJIP curves for the morning (M.; orange) and evening
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(E.; brown) samples of the 2" and 7t days of the cells kept at 28:28 °C L:D (solid lines) in Trial 1.
The second row shows the results of the second trial when cells were kept at 18:18 °C L:D (solid
lines) in the morning (M.; light blue) and evening (E.; dark blue). Control curves (28:18 °C L:D) are
represented as dashed lines for morning (M.; light grey) and evening (E.; dark grey) samples in

both trials. Curves were double normalized to Fo and Fm, when possible. ..........cccccccceiiiiinnennee 51

Figure 4.5. Temperature influence on OJIP determined parameters of Nannochloropsis oceanica,

grown in tubular photobioreactors outdoors under semi-continuous regime and subjected to
different temperatures (n = 1). Spider plots depict the ratio of the conditions (28:28 °C L:D in the
first trial, and 18:18 °C L:D in the second trial) to their corresponding controls (28:18 °C L:D). The
first row shows the results of Trial 1 on the 2" and 7" day, respectively, with morning (M.; orange)
and evening (E.; brown) samples, and of Trial 2 on the second row, also with morning (M.; light

blue) and evening (E.; dark blue) samples for each day. ........cccccceeiiiiiiiiiii i 53

Figure 4.6. Net photosynthetic oxygen evolution (y > 0) and respiration (y < 0), normalized to chlorophyll

of Nannochloropsis oceanica grown in semi-continuous mode in outdoor tubular photobioreactors
at different temperatures, showing Trial 1 (A) and Trial 2 (B). Values for cells grown at 28:28 °C
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samples) or blue (lighter for morning [M.] and darker for evening [E.] samples) bars, respectively.
Grey stripped shaded bars correspond to the values of the corresponding controls, kept at 28:18
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Figure 4.7. Chlorophyll a content per cell of Nannochloropsis oceanica, grown in outdoor tubular

photobioreactors, under semi-continuous regime and subjected to different temperatures, showing
Trial 1 (A) and Trial 2 (B). Grey lines represent the controls when cells were kept at 28:18 °C L:D,
and orange and blue lines represent the cells kept at 28:28 °C L:D and 18:18 °C L:D for each trial,

respectively. Grey bars represent the dark period, when the cultures were covered (n = 1). ...... 55

Figure 4.8. Temperature influence on the lipid content of Nannochloropsis oceanica cells, grown in

tubular photobioreactors outdoors under semi-continuous regime and different temperature
profiles (n = 1). In Trial 1 (A) the culture was kept at 28:28 °C L:D (orange line), and in Trial 2 (B)
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Figure 4.9. Daily average (+ SD) of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA)
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Figure 5.1. General view of the experimental set up used in this study, composed by a fully controlled
1-L photobioreactor illuminated from one side. In-situ chlorophyll fluorescence was monitored with
a PAM-2100, with the optical fiber directly attached on to the lateral face of the flat
photobioreactors. Nutrient replete culture (control) (A), and nutrient deplete culture (B), after 48 h
of culture are represented. The arrows indicate the positioning of the optical fiber connected to the
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Figure 5.2. Variations of dry weight (DW; in g L-') over time (h) of the Nannochloropsis oceanica culture
grown in nitrate replete (control; blue circles with solid line) and nitrate deplete (NOs-deplete; yellow
triangles with dashed line) conditions in 1-L flat plate photobioreactors (n = 1). Error bars represent
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Figure 5.3. Variations of lipid content (% of DW) over time (h) of Nannochloropsis oceanica grown in
nitrate replete (control; blue circles with solid line) and nitrate deplete (NOs-deplete; yellow
triangles with dashed line) conditions in 1-L flat plate photobioreactor (n = 1). Error bars represent
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Figure 5.4. Variation of fatty acid profile, as percentage of total fatty acid (% of TFA) over time (h), of
Nannochloropsis oceanica grown in nitrate replete (control; left plots in blue tones) and nitrate
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deplete (NOs-deplete; yellow triangles with dashed line) conditions in 1-L flat plate photobioreactor
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Figure 5.6. Effective quantum yield of PSIlI (AF’/Fr'; A) and non-photochemical fluorescence quenching
coefficient (QN; B) over time (h) showing the individual data points (semi-transparent points) and
the corresponding locally weighted smoothing (LOESS; thick lines) measured with an in-situ pulse-
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(control; blue dots) and nitrate deplete (NOs-deplete; yellow triangles) conditions in 1-L flat plate
photobioreactor (n = 1). Inset in 6A shows amplification of the plot over the first 15 h. ............... 74
Figure 5.7. Variation of maximum quantum yield of PSII (Fv/Fm; A) measured ex-situ, and electron
transport rate (ETR; B) from in-situ AF/Fn' measurements over time (h) with a pulse-amplitude-
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in 1-L flat plate photobioreactor (n = 1). Error bars represent standard deviation. ....................... 75
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Figure 5.9. Correlations between in-situ effective quantum yield of PSII (AF/Fn') and lipid content (% of
dry weight [DW]; A), and between Vj and de-epoxidation state (AZ/VAZ; B) of Nannochloropsis
oceanica, grown in nitrate replete (control; blue circles) and nitrate deplete (NOs-deplete; yellow
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Figure 7.4. Comparison of specific areal productivities (g m2 d-') during the night (Nighttime Ps; A) and
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Chapter 1

Intfroduction

Nowadays, the photosynthetic microorganisms known as microalgae are considered as
multipurpose feedstocks with a panoply of biotechnological applications, including for food,
feed, cosmetics, agriculture, biofuel, bioplastic, and bioactive molecules, in addition to
bioremediation of effluents and CO, mitigation. However, high production costs have hindered
commercial microalgae-based systems, limiting their commercialization to high-value niche
markets. In this context, it is critical to technologically improve productivity and develop robust
and reliable processes, thus lowering production costs to achieve a more feasible industrial
alternative to other, less sustainable feedstocks. As such, awareness of the photosynthetic
status of microalgae that can improve these parameters is of the utmost importance.
Accordingly, this thesis focuses on different approaches to optimize and monitor microalgae
growth. The current chapter presents a brief background of the importance and challenges
posed upon microalgae biomass production; followed by personal motivation and objectives

and ending with the description of the thesis layout.

1.1. Background

As the human population grows exponentially, ecosystem degradation coupled with the
pressing demand for food, fuel, and clean water has become a growing and urgent concern.
In this context, the search for innovative and sustainable renewable sources is becoming
increasingly important worldwide. This concern is evident in the European Union (EU) policy
priorities, which include strategies such as the Blue Bioeconomy (EC, 2018) and the Circular

Economy action plan (EC, 2020); that fall within the goals of the European Green Deal (EC,



2019), aimed at implementing a more sustainable circular bioeconomy. With this in view, algal
biomass has been put forward as an efficient and blue alternative to land-based crops — with
significant potential to increase worldwide biomass production for various biotechnological
purposes (Gangl et al., 2015; Gerotto et al., 2020; Spolaore et al., 2006). Currently, the
commercialization of microalgae biomass is mainly targeted at high-value nutritional
supplements and feed for the aquaculture market (Garrido-Cardenas et al., 2018; Raja et al.,
2008; Suleria et al., 2015). However, several companies (e.g., Corbion N.V., Qualitas Health
Inc., and Veramaris V.O.F.) have started exploring the potential of microalgae for oil
production, a commodity with a lower market value.

Despite the potential and the growing demand for microalgal biomass (and its
derivatives) pushing production facilities to increase their supply, current processes still suffer
from several constraints that hamper the economic use of microalgae for large-scale
applications. From a bioeconomy point of view, the biomass production requirements should
enhance process efficiency rather than merely increasing overall production to meet the
market demand. Although microalgae productivities exceed that of agricultural crops (Wijffels
and Barbosa, 2010), there is a margin for further development at biological, technological, and
operational levels toward stimulation of using microalgae as feedstocks in markets as diverse
as food, feed, cosmetic, biomedical and energy. The specific processes that need urgent
optimization range from optimal strain selection to establishing an effective microalgae-based

biorefinery.

1.2. Motivation

The global algal database reports 161,419 species and infraspecific names of algae
reported to date (Guiry and Guiry, 2021) — of which more than half pertain to microalgae, with
new species being discovered every year. These photosynthetic organisms have evolved from
basal nodes of the prokaryotic and eukaryotic branches of the tree of life and have constituted
an untapped resource for many years. Fortunately, microalgae are currently under the
biotechnology spotlight, with an increasing number of applications, ranging from
biodegradable sandals (Gunawan et al., 2020) to bioregenerative life support systems for
space missions (Shepelev, 1975; Yang et al., 2019) or wastewater treatment and manufacture
of biofuels (Acién Fernandez et al., 2018). These microscopic treasures harbor an impressive
array of biochemical compounds with different biotechnological applications. However, all
applications rely on efficient biomass production, economic feasibility, and sustainability. This

thesis examines different alternative paths leading to better control of biomass production in
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different cultivation systems and resorting to different species. The results bring us one step

closer to a more sustainable and controllable production of microalgal biomass.

1.3. Objectives

The current research on microalgae cultivation has unfolded many gaps that need to be
filled to improve biomass production and the sustainability of the process. In this sense, a
clearer understanding of the optimum growth conditions of microalgae cultures, the search for
photosynthetic monitoring applications, the selection of adequate strains, the development of
new cultivation technologies, and the integration of circular economy approaches are crucial
efforts to optimize the productivity of the biomass and target metabolites, as well as to improve
the stability and sustainability of microalgae production.

Toward this goal, this thesis tested the effects of several abiotic parameters in several
species, particularly cultivation regime, temperature, and nutrient availability — namely, upon
biomass growth, photosynthetic efficiency, and biochemical profile. Afterward, in an industrial
setting, the growth, photosystem Il (PSIl) performance, and biochemical composition of two
diatoms were monitored outdoors. Subsequently, the integration of artificial lighting in a
typically light-limited cultivation system was considered again under outdoor conditions.
Finally, the feasibility of employing microalgae in wastewater treatment with an end-product
was evaluated to meet the circular economy requirements. Accordingly, this thesis aimed at
addressing the following issues:

1) How do growth conditions affect biomass productivity, and are they applicable at
industrial scale?

2) Is fluorometry a helpful tool to monitor and identify hindrances to cellular
performance?

3) lIs artificial lighting a promising solution to enhance microalgal production in
raceway pond (RWP) cultivation systems?

4) Can microalgae treat municipal wastewater centrate using thin-layer (TL)
cultivation systems, and can the resulting biomass be re-applicated in other

activities?



1.4. Thesis layout

This thesis is divided into nine chapters. Beyond the current chapter, the second chapter
provides a general introduction to microalgae biotechnology, followed by six chapters in the
form of scientific papers describing the experimental work performed to respond to the
objectives previously defined (see section 1.3. Objectives); and ending with a chapter
composed by a general discussion and conclusions from the work undertaken.

Chapter 2 starts with a short presentation of general concepts regarding photosynthesis
in microalgae, its applications, and their significance. A subsequent small introduction arises
on cultivation systems, production strategies, and the importance of monitorization — with a
focus on fluorometry — paves the way to clarify current bottlenecks in microalgae production.
The attention lies on upstream-related processes, as this constituted the primary approach of
the thesis work.

Chapter 3 addresses the effects of different renewal rates upon the biomass and neutral
lipid content of five strains — classified as lipogenic or non-lipogenic, depending on their
stationary-phase cell flotation features. This work emphasizes the importance of strain
screening in the selection of suitable microalgae, in this case, for biodiesel production.

Chapter 4 tackles the effect of different temperatures on the relation between biomass
growth and nighttime biomass loss through respiration, while assessing photochemical
changes and biomass composition to determine the best conditions toward increased biomass
valorization.

Chapter 5 assesses the use of online chlorophyll a fluorescence analysis to monitor
changes in the photosynthetic apparatus between nitrate-replete and -deplete microalgae
cultures. The evaluation of biochemical parameters such as growth, lipid, fatty acids, and
pigment contents revealed the value of having timely information on the photosynthetic state
of the cultures.

Chapter 6 focuses on the effect of light-emitting diode (LED) implementation in outdoor
RWPs by monitoring culture areal productivity at small and pilot scales. This work analyzes
the cost of preventing biomass losses related to cell respiration overnight.

Chapter 7 follows the growth of two commercially relevant diatoms grown in an industrial
setting, targeting variations in biomass productivity and intracellular accumulation of
macronutrients and fatty acids. Photosynthetic fitness is examined to address the adaptation
ability of two species to environmental conditions and its effect on biomass growth.

In Chapter 8, municipal wastewater centrate is used to grow microalgae using two
different TL cultivation systems. Culture growth, photosynthetic performance, and nutrient

removal rate are monitored under both batch and semi-batch cultivation modes. The bioactivity
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analysis of the resulting biomass determines the possibilities of biomass re-application, thus
assessing the integration of circular economy in microalgae production.

Finally, Chapter 9 presents the general discussion and conclusions of the work
performed in this thesis and presents prospects for further development towards microalgae
production.






Chapter 2

Literature review

2.1. Microalgae

Oxygen-producing  photosynthetic  microorganisms — including prokaryotic
cyanobacteria and eukaryotic microalgae — can use light energy to oxidize water and reduce
carbon dioxide to organic carbon compounds using chlorophyll a, although some species can
also grow hetero- and mixotrophically (Falkowski and Raven, 2013). This review will focus on
autotrophic growth since all experiments were performed using this mode of cultivation. As
prokaryotes, cyanobacteria are not, strictly speaking, algae since they lack a nucleus or
membrane-bound organelles (i.e., chloroplasts). However, cyanobacteria will be included in
the definition of microalgae in the current thesis for the sake of simplicity.

With sizes from 1 ym up to ca. 1 mm, microalgae are generally unicellular species, but
can also form small colonies or filaments (Hallmann, 2016). They can be classified according
to pigment content, energy storage components, and cell wall constituents. The most famous
groups comprise green algae (Chlorophyta), red algae (Rhodophyta), diatoms
(Bacillariophyta), and golden algae (Chrysophyceae). However, other evolutionary lines can
also be mentioned, such as haptophytes (Haptophyta), cryptophytes (Cryptophyta), and
euglenas (Euglenozoa), among others. Their separate evolution lineages affect their
biochemistry and physiology, as is the case of chlorophyll a accessory pigments that vary
according to phylogenetic group. For example, chlorophyll b is found in chlorophytes,
chlorophyll ¢ in diatoms, and phycobilins in cyanobacteria and red algae (Gerotto et al., 2020).
As a consequence of their vast diversity, microalgae can be found ubiquitously on Earth in

both aquatic (freshwater and seawater) and terrestrial environments, including extreme ones



(extremophiles). Their biodiversity also promotes an assorted range of biochemical features
among species and strains, thus increasing the potential for many different biotechnological

applications, all thanks to photosynthesis.
2.1.1. Microalgae as sources of natural products

The organic carbon obtained from the photosynthetic process is converted into proteins,
lipids, carbohydrates, and nucleic acids, through a series of biosynthetic pathways. Microalgal
metabolic diversity provides yet another advantage, resulting in a variety of products with high
and low-value applications. Selected examples are given in Table 2.1 However, it is important
to note that novel microalgae-based products keep emerging at a fast pace, especially those
with biological (e.g., antioxidant, antibiotic, antifungal, antiviral, antidiabetic, antitumoral, anti-

inflammatory, and neuroprotective) activity.

Table 2.1. Examples of products, and related market applications, from various feedstocks that can be found in
microalgae. Adapted from Gerotto et al. (2020).

Feedstock Valuable products Market

Pro_telns,_peptldes, Food, feed

amino acids

Lipids Triacylglycerols (TAG) Biofuels

Fatty acids (mainly ARA (C20:4n-6), GLA (C18:3n-6), EPA Food. feed

PUFA) (C20:5n-3), DHA (C22:6n-3) ’

Carbohydrates Ethanol and alcohols, starch, glucose, g- N_utraceutlcals,
glucans biofuels

R-Carotene, astaxanthin, lutein, zeaxanthin,
Pigments canthaxanthin, chlorophyll, fucoxanthin,
phycocyanin, phycoerythrin

Nutraceuticals,
cosmetics, dyes

A, B1, B2, B3, B5, B6, B7, B9, B12, C, E, Folic

acid Food supplements

Vitamins

Nutraceuticals,
Enzymes Catalases, superoxide dismutase cosmetics,
pharmaceuticals

Antioxidants Polyphenols
Cholesterol, brassicasterol, sitosterol, Pharmaceuticals,
Phytosterols : !
ergosterol, campesterol, stigmasterol cosmetics
Terpenoids Squalene Cosmetics
Biotoxins Tetrodotoxin, okadaic acid, brevetoxin Pharmaceuticals,

bioactive molecules




Frustules and silica Nanoparticles Drug delivery, new

shelves materials

H2 producing enzymes H2 Biofuels

Glycolate Fermentable substrate for methane production Biofuels

Polyhydroxyalkanoates  Poly-3-hydroxybutyrate Bioplastics

Phytohormones Cytokinins, auxins, gibberellins, betaines Agriculture
Surfactants,

Exopolymeric Mostly polysaccharides, proteins, DNA, RNA, lubricants, biomedical

substances other macromolecules and cosmetic
applications

Despite the wide range of possible applications, microalgal biomass is chiefly produced
for human consumption (nutraceuticals and food) and aquaculture feed (Garrido-Cardenas et
al., 2018; Raja et al., 2008; Suleria et al., 2015). This selectivity arises from an economic
limitation, since microalgal biomass is produced at a cost above 5 € kg™ (Garrido-Cardenas
et al., 2018; Llamas et al., 2021). The vitamin market is a good example of tough competition
between production costs of microalgae with other alternative sources (i.e., fungi, bacteria and
higher plants) with lower production costs (Borowitzka, 2013). Furthermore, microalgae
biomass commonly presents low yields of high-value products. Therefore, several induction
strategies have been applied at the operational level. For example, control of temperature and
light can increase the content of the desired high-value metabolite of the cell. Unfortunately,
this is commonly accompanied by a decrease in biomass productivity since the approaches
for high added-value compound induction are mostly based on the employment of stressful
conditions. Therefore, in microalgae screening, it is crucial to evaluate the productivity of the
end product, as opposed to its content in algal-biomass alone (Slocombe et al., 2015).

Looking at the algal biomass production in Europe, there are still challenges to be
addressed. EU food regulations are heavily applied to novel foods (EC 178/2002), food
additives (EC 1331/2008), and genetically modified organisms (EC 1830/2003). However, the
lack of a clear definition for the different microorganisms and their classification in the
legislation (i.e., algae, cyanobacteria, and non-photosynthetic microorganisms such as
thraustochytrids classified as “algae”), together with the diverse requirements of origin, safety
standards, and organic certification criteria for EU and non-EU countries (mainly Asia),
coupled with the weak control of biomass importation that fails to follow European rules,
constrains EU competitiveness, and leads to unfair market competition.

Nonetheless, there are several benefits of using microalgae biomass over other

biological sources or synthetic production:



o First, microalgae photosynthetic efficiency is known to easily surpass that of
terrestrial plants, besides lower needs of drinkable water and arable land (Vecchi et
al., 2020);

e Numerous microalgae have higher protein content than land plants with a
relevant essential amino acid profile (Koyande et al., 2019), and the protein and free
aminoacid contents can be easily manipulated through cultivation conditions;

¢ Several algae-based products present better bioactive activities than their
alternative synthetic counterparts. For example, phycobiliproteins provide a non-toxic
and non-carcinogenic natural food pigment alternative (Sekar and Chandramohan,
2008) while microalgal astaxanthin bears a superior antioxidant activity compared to
its synthetic alternative (Capelli et al., 2013);

e Some microalgal products are still not economically feasible for organic
synthesis, as is the case of fucoxanthin (D'Orazio et al., 2012);

¢ Microalgae provide an alternative source for long-chain polyunsaturated fatty
acids (PUFA) such as eicosapentaenoic (C20:5n-3; EPA) and docosahexaenoic
(C22:6n-3; DHA) acids, thus alleviating the pressure upon non-sustainable feedstocks
(e.g., fish/soybean meal and oils) and avoiding the contaminants often present in these
oil sources (Pereira et al., 2012);

e Life cycle analysis and product environmental footprint of microalgae
production, with integration of wastewater bioremediation support the claim that
microalgae-based products can be a sustainable process, while contributing to waste
valorization (Arashiro et al., 2018).

However, to extend microalgal applications, it remains crucial to reduce production costs

and increase productivity.

2.2. Cultivation

In general, autotrophic microalgae growth depends on light, CO2, inorganic nutrients,
and water. There are several types of microalgal production systems that provide suitable
microalgae growth. They are usually classified as open systems, such as raceway ponds
(RWP) or TL cascades (TLC); and closed systems, such as tubular or flat panel (FP)
photobioreactors (PBRs) (Karemore et al., 2015) (Figure 2.17). Light is one of the most limiting
factors in these cultivation systems; additional efforts to increase light availability are still

required to attain high productivity goals.
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Figure 2.1. Photographs of different cultivation systems considered in this thesis. Closed systems at lab-scale:
bubble columns (A) and flat-plate roux bottle (B); closed systems outdoors: flat plate (C) and horizontal tubular (D);
open systems outdoors: raceway pond (E) and thin-layer cascade (F).

Cultivation systems differ significantly in biomass productivity, depending on their
specific design and control of operational conditions. Open systems are conveniently cheaper,
but have poor light penetration and CO, absorption, along with higher O» build-up and
susceptibility to contamination by other microalgae, predators (e.g., rotifers and amoebae),
and parasites (e.g., fungi and chytrids). Consequently, lower areal productivities range
typically from 12 to 28 g m2 day™ (Davis et al., 2011; Llamas et al., 2021; Tredici, 2004). While
closed systems exhibit a better performance in terms of light distribution, CO, absorption, and
lower rates of contamination, with productivities between 10 and 45 g m2 day', they are more
prone to overheating (Acién et al.,, 2012; Guerra et al.,, 2021; Llamas et al., 2021).
Nonetheless, the high cost of closed systems makes them fit for high-value products only
(Llamas et al., 2021).

Beyond the importance of the species and strains selected, the operation mode — batch,
semi-continuous, and continuous — and metabolite induction strategies also greatly affect the
success of cultivation. The quantity and quality of microalgal biomass and metabolites are
influenced by several biotic and abiotic factors — including irradiance, temperature, nutrient

availability, and renewal rate (Fabregas et al., 1984; Hu, 2013; Spoehr and Milner, 1949), even
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among closely related strains. Even when all other culture parameters are optimized, cells in
concentrated cultures are potentially exposed to high light and darkness on time scales much
shorter than their acclimation responses. Regarding the cultivation system design and
operation, attempts to improve photon distribution and minimize self-shading in the culture are
focused on designing optically thin (shallow) cultures, e.g., TL systems (Grivalsky et al., 2019),
"fine-tuning" turbulence (Grobbelaar et al., 1996), and optimizing renewal rates to stimulate
productivity.

Depending on its environment, the biochemical pathways in microalgal cells can
undergo regulatory shifts to promote viability (e.g., towards protein, carbohydrate, or lipid
biosynthesis) (Masojidek et al., 2013). Predictably, significant variations of biosynthesis rate
of these compounds also occur during the circadian cycle. Understanding daily fluctuations of
biomass and accumulation of biocompounds (lipid, protein, or carbohydrates) in microalgal
cultures is of the utmost importance for the microalgal industry — and is one of the aspects that
is greatly overlooked in most academic works. However, it is essential to note that the whole
production process needs to be tailored to the final application, so one size does not fit all
(Garrido-Cardenas et al., 2018). In this sense, using a multidisciplinary approach, the selected
microalgae, and the most appropriate culture system and operational conditions are crucial
steps to take into account to enhance productivity and satisfy marine-based bioproduct market
(Haefner, 2003). These choices should be accompanied by an understanding of photosystem

adaptation in the algal cell to prevent lower productivities or even culture crashes.
2.21. Photosynthesis

Green microalgae (Chlamydomonas reinhardtii, Chlorella spp.) and cyanobacteria
(Synechocystis spp.) have been largely used as models for the study of photosynthesis
(Jensen and Leister, 2014; Zallen, 1993). In these organisms, carbon dioxide and water are
converted to carbohydrate and oxygen in thylakoid membranes, in the chloroplast for
eukaryotes, and in the cytosol for prokaryotes (Walker, 1992). This process is divided into
"light reactions", that occur in the thylakoid membrane of the chloroplast (Figure 2.2), and
"dark reactions" (which may also occur in the light), that take place in the stroma (Falkowski
and Raven, 2013; Whitmarsh and Govindjee, 1995).
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Carbon fixation and reduction

Rubisco
CO; + RuBP—>2 PGA ATP Synthase

L ———ATP ADP

‘CHQO)n

Outside (pH 8) Stroma

O, 4H* Inside (pH 5) 4H" -~

Figure 2.2. Schematic cross-section through a thylakoid membrane, showing the major components of the
photosynthetic apparatus. Solid arrows indicate the electron-transport chain, and proton transport is indicated with
dashed lines. Details are given in the text. Abbreviations: ADP, adenosine diphosphate; ATP, adenosine
triphosphate; Ao, chlorophyll; A+, phylloquinone; b. and bx, low and high forms of b-type cytochromes; Cyt bef,
cytochrome bsf complex; f, cytochrome f;, Fd, ferredoxin; FeS, iron-sulfur centers; FNR, ferredoxin/NADP*
oxidoreductase; H*, protons; NADPH, nicotinamide adenine dinucleotide phosphate (reduced); PC, plastocyanin;
PGA, 3-phosphoglycerate; Pheo, pheophytin a molecule; PQ, free (oxidized) plastoquinone; PQHz, free (reduced)
plastoquinol; PSI/PSII, photosystem I/Il; Peso and P700, the reaction center chlorophyll a molecules of PSIl and PSI,
respectively; Pj, inorganic phosphate; Qa, bound plastoquinone; Rubisco, ribulose-1,5-bisphosphate
carboxylase/oxygenase; RuBP, ribulose-1,5-bisphosphate; Yz, tyrosine residue; +/-, polarity of electrical potential
difference across the membrane established in the light; (CH20), generalized carbohydrate. Light-harvesting
complexes are not shown. The stoichiometry of protons, electrons, Oz, ATP, NADPH, and COz: is not indicated.
Original from Whitmarsh and Govindjee (1995), and modified from Falkowski and Raven (2013).

Photosystems are composed of light-harvesting complex (LHC) antennas and reaction
centers (RC). In LHC, antenna pigments are responsible for photon absorption and energy
transfer to the photosynthetic RC. The photons captured by LHC are converted to an excited
state of the antenna pigment molecule (Whitmarsh and Govindjee, 2003), and this energy is
transferred until it reaches a particular chlorophyll a molecule in the RC known as the primary
electron donor of photosystem Il (PSll), and labeled as P680 (Cardona et al., 2012). The
energy which is not used for photochemistry (photochemical processes) is dissipated
thermally (via non-photochemical processes), and in the form of fluorescence or transferred
to molecular oxygen forming excited singlet state oxygen species (Cessna et al., 2010; Logan,
2014). Microalgae have two types of RCs where charge separation occurs, and proton and
electron transfer ensues (Gerotto et al., 2020; Guidi et al., 2017; Nugent et al., 2003). A type
I RC is represented by photosystem | (PSI), since it uses iron-sulfur clusters as terminal

electron acceptors; and a type |l RC uses quinones as terminal electron acceptors, and is
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represented by PSIl (Antonkine and Golbeck, 2004). The photosystems operate in series,
being connected by a chain of electron carriers, commonly termed the "Z scheme", as
proposed by Hill & Bendall (1960). Starting with PSIl and followed by PSI, the electron
transport results in formation of adenosine triphosphate (ATP) molecules from ADP and
inorganic phosphorus, and in production of nicotinamide-adenine dinucleotide phosphate
(reduced; NADPH). This electron transport depends on metal ion complexes and aromatic
molecules (including quinones, pheophytin, NADPH, tyrosine residues and flavoprotein) that
function as electron carriers (Whitmarsh and Govindjee, 2003). In PSIl, the manganese-
containing enzyme from the oxygen-evolving complex starts by donating an electron to the
tyrosine residue, which in turn donates an electron to P680. This results in the release of
oxygen and protons to the thylakoid lumen, and in the formation of a strong reducing agent
(P680*) (Leegood, 2004). Hence, P680* transfers the electron to a permanently RC-matrix
bound plastoquinone (PQ) molecule, Qa, via a pheophytin molecule (de Wijn and van Gorkom,
2001). In turn, Q4 reduces the loosely bound PQ, Qu, until it forms plastoquinol (PQH2) with
two protons, which binds to, and reduces the cytochrome bsf complex, releasing protons to
the thylakoid lumen (de Wijn and van Gorkom, 2001; Leegood, 2004). Simultaneous to
electron transport, a pH gradient is formed by higher accumulation of protons in the lumen and
use of protons in the stroma for the reduction of nicotinamide adenine dinucleotide phosphate
(oxidized; NADP*) to NADPH. This gradient is then used to drive ATP synthesis
(photophosphorylation) from ADP and inorganic phosphorus, catalyzed by the protein
complex ATP synthase (Leegood, 2004; Masojidek et al., 2013).

A similar electron-excitation process occurs in PSl. A Cu-containing protein,
plastocyanin (PC), mediates the continuity of electron transfer from the cytochrome bef
complex to the RC of PSI (P700) (Leegood, 2004; Whitmarsh and Govindjee, 2003). P700*
then reduces the small iron-sulfur protein, ferredoxin (Fq4), via several electron carriers,
specifically a chlorophyll monomer (Ao), a phylloquinone (A1), and iron-sulfur clusters (Fx, Fa,
Fg). This transport culminates in the reduction of NADP* to NADPH, with the help of ferredoxin-
NADP reductase (Masojidek et al., 2013; Whitmarsh and Govindjee, 2003).

The NADPH and ATP formed provide the necessary reducing equivalents and energy
for the dark reactions of photosynthesis — known as the Calvin-Benson cycle. These reactions
promote reduction of carbon dioxide to carbohydrates or other compounds (Masojidek et al.,
2013). This process develops in distinct phases, starting with carboxylation, where carbon
dioxide and ribulose bisphosphate (RuBP) form phosphoglycerate, catalyzed by ribulose 1,5-
bisphosphate carboxylase-oxygenase (Rubisco). The carboxylation product is converted to 3-
carbon products (Triose-P) using NADPH and ATP in the reduction phase. Finally, RuBP is
regenerated for further CO; fixation (Leegood, 2004; Masojidek et al., 2013). Although

14



carbohydrates are the primary end-product of photosynthesis, the actual resulting product can
vary with growth conditions of the microalgal culture (Masojidek et al., 2013).

Microalgal photosystems are susceptible to multiple stressors, and therefore, they must
display some plasticity to help in situations of potential damage. Although polypeptide D1 —
part of the heterodimeric RC core of PSII, is the most frequent target of photodamage, it is
also efficiently repaired (Rochaix, 2020; Whitmarsh and Govindjee, 2003). Photodamage can
originate from the strongly oxidizing, water-splitting reaction in PSII, or when the energy of the
absorbed light exceeds the photosynthetic apparatus capacity, thus resulting in the generation
of reactive oxygen species (ROS) (Rochaix, 2020). Photodamage can be avoided by
photoacclimation, or by releasing the excess exciton energy via dissipation as heat (Raven et
al., 2020; Rochaix, 2020). However, if the rate of repair is lower than the rate of photodamage,
this results in decreased photochemical activity of PSII, designated as photoinhibition (Raven
et al., 2020).

In addition, it should be taken into account that photon capture events (~10 s) have
much shorter timescales than CO; fixation (~1 s), and even shorter than acclimation to
different light intensities (~10° s) (Beardall and Raven, 2013). Therefore, high photon fluxes
often lead to "congestion" in electron transport and wasted photon energy. Hence, high light-
adapted algae reduce the size of the light-harvesting antenna to decrease the collection rate
of photons and prevent photoinhibition. This allows more light to penetrate into the culture and
be utilized more efficiently (Beardall and Raven, 2013). While increasing pigment content
improves light harvesting at low light levels, it also increases the chance of photodamage as
well as of intracellular self-shading (package-effect), therefore, photon acquisition can actually
become less efficient (Malerba et al., 2018).

Photoacclimation is achieved by different strategies including by changes in
photosynthetic unit (PSU) number (RCs per cell; Pniewski and Piasecka-Jedrzejak, 2020) and
size (Chl a per RC; Pierangelini et al., 2015; Six et al., 2008) as well by changing the light
absorption efficiency per RC or the effective absorption cross-section (o; Six et al., 2008). For
example, at low irradiances, PSU size is decreased (less pigment per cell) which lowers
photosynthetic rates, since less light is absorbed; however, this provides higher protection at
excess irradiances (Six et al., 2008). In turn, there is a reduced need for investment in
photoprotection mechanisms such as the water-water cycle and non-photochemical
quenching (NPQ) (including the xanthophyll cycle) (Asada, 1999). Even though decreasing
photosynthetic unit size can limit photoinhibition around midday, such a strategy would also
decrease photosynthetic capacity near dawn and dusk — when photon flux is lower.
Nonetheless the strategy employed is group (Falkowski and Owens, 1980), species (Six et
al., 2008) and even strain-specific (Suggett et al., 2007). Therefore, ideally, the species

chosen should be capable of good photosynthetic efficiencies at low light levels, have a high
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tolerance for high light, and good stress management such as that from ROS in attempts to

improve algal performance.

2.3. Chlorophyll a fluorescence

Successful cultivation depends on constant monitoring to ascertain the conditions that
favor microalgae growth. This is typically accomplished by measuring cell concentration,
culture nutrients, temperature, pH, and microscopic observation to analyze cell morphology
and occurrence of contaminants. Additionally, monitorization of O, production or CO; uptake
can provide information on the photosynthetic performance of the culture. However, the
analysis of chlorophyll a fluorescence has the benefit of offering sensitive data on energy
distribution between photochemical and non-photochemical processes (i.e., pathways that
lead or not to production of reduced compounds, respectively) (Logan, 2014; Masojidek et al.,
2021). When an excited chlorophyll singlet state returns to the ground state after transferring
excitation energy for photochemistry, it can re-emit a photon — fluorescence — while another
fraction is converted to heat — NPQ (Whitmarsh and Govindjee, 2003). Fortunately, this energy
(which is not used for photochemistry) can be measured by a fluorimeter. Chlorophyll a
fluorescence is thus a powerful, non-invasive, and fast tool to provide an array of information
including, but not limited to, primary photochemistry and rates of electron transfer reactions in
PSII (Govindjee, 2004; Masojidek et al., 2021). Fluorescence analysis can be divided into two
types of measurements, fast fluorescence induction kinetics and saturating pulse analysis of
fluorescence quenching, using pulse-amplitude modulation (PAM) techniques. Fast changes
in chlorophyll a fluorescence, also termed the Kautsky effect (Kautsky and Hirsch, 1931),
fluorescence transients or OJIP curves, can be used to understand the efficiency of electron
transport through PSII by revealing the redox status of the photosynthetic electron transport
chain (Stirbet et al., 2018). Conversely, the distribution of the absorbed energy between
photochemical and non-photochemical processes is given by modulated fluorescence
techniques, namely the measurement of NPQ and Photosynthesis-Irradiance curves, also
known as light curves (LC; Masojidek et al., 2021). Chlorophyll a fluorescence was primarily
used to provide a sensitive signature of photosynthesis status in plants and phytoplankton in
natural environments and is currently acknowledged as a valuable tool in mass cultures of
microalgae (Masojidek et al., 2021). A brief explanation of the three most frequently used

protocols is detailed below.
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2.3.1. Fluorescence transients — OJIP

The measurement of fluorescence transients, also known as OJIP curves are
characterized by a fast (1 s) polyphasic rise from the origin (O = Fy) to the highest peak (P =

Fm) via two curve inflections, J and |, even though more inflections can occur (Figure 2.3A).
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Figure 2.3. A: Schematic representation of the chlorophyll a fluorescence induction curve, known as the OJIP
curve. B: Sequential energy fluxes from absorbance (ABS) of photons by PSIl antenna and dissipation (Dl),
intermediate trapping flux (TR), electron transport (ET), and reduction of end-electron acceptors at the PSI electron
acceptor side (RE) driven by PSI; gp (= TR/ABS), ¢e (= ET/ABS), ¢r (= RE/ABS), we (= ET/TR), and 6r (= RE/ET)
are proposed proxies for the ratios of the respective energy fluxes; the lighting symbol represents light, P680* is
the primary electron donor of PSII; Pheo is pheophytin, the primary electron acceptor of PSII; Qa, is the primary
plastoquinone associated to PSII, Qs is the secondary (electron acceptor) plastoquinone associated to PSII; PQ is
plastoquinone in the PQ pool, P700* is the excited RC of PSI, Fd is ferredoxin, and NADP is nicotinamide adenine
dinucleotide phosphate. A modified from Malapascua et al. (2014), and B from Gururani et al. (2015) and Stirbet
et al. (2018).
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To measure OJIP curves, the culture is dark-adapted to oxidize (open) all RC and is
afterward exposed to a weak modulated measuring light (ML), which gives the fluorescence
at the origin. A strong saturating actinic light is then turned on, promoting the rapid O-J rise
(~2 ms) that reflects the reduction of Qa. The dip after the J inflection suggests electron
transport from one quencher to the next (e.g., Q4 — Qg). The second inflection | (~30 ms)
reflects a temporary maximum of Q, Q% (Govindjee, 2004). The peak P is reached when the
PQ pool becomes fully reduced (fully closed RC). Based on the dogma by Duysens and
Sweers (1963), where the state of PSII RC is defined only by the redox state of Qa when the
primary acceptor is reduced (Q,) and the RC closes, there is an increase in antenna
chlorophyll a fluorescence. Conversely, this fluorescence is quenched when Qa is in the
oxidized state (Strasser et al., 2004).

This fast transient has been widely used to produce a proxy for the maximum quantum
yield of PSII photochemistry, F./Fn, using the maximum (Fn) and minimum (Fo) fluorescence

(Butler and Kitajima, 1975; Govindjee, 2004), calculated as shown in equation (2.1):
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F_ (2.1)

The popularity of this parameter is due to its sensitivity, with typical values of unstressed
cultures ranging from 0.7 to 0.8 in microalgae. However, these values are dependent on
irradiance regime and physiological treatment (Masojidek et al., 2013). Although these
fluorescence parameters also exhibit circadian fluctuations, F./Fn values decrease
considerably under stressful conditions. This decrease has been correlated with reduced O
evolution or CO; uptake (Genty et al., 1989).

Five energy fluxes are considered in the OJIP curves (Figure 2.3B): the absorbance flux
(ABS) by the antenna of PSII RC, the trapping flux (TR) of open PSIlI RC that lead to the
reduction of Qa, the dissipation flux (DI) of untrapped excitation energy, and the energy flux
associated with the electron transport from Q}, to intersystem electron acceptors (ET) and to
the final electron acceptors of PSI (RE) (Stirbet et al., 2018). From the ratios of the
corresponding energy fluxes, we can obtain several important parameters (equations 2.2-2.6;

Strasser and Strasser, 1995):

TR F F
(ppoz_ozl__o:_" (2.2)
ABS F, Fn
_EL F; (2.3)
YE0 = ABS T T F,
_RE, _ ) F; (2.4)
PRO=ABS T T T F,
ET, F,—F 2.5
E0 = — = = l=1- V (25)
TR, F,
RE, F,—-F; (2.6)
Oro = g1 = F.—F
0 m j

The subscript "o" refers to the fluxes at the onset of the fluorescence induction, while
fluorescence levels are determined based on specific times of the transient (Fo, Fk, Fj, and F;
at =0.05, =0.3, =2, and =30 ms, respectively) and maximum fluorescence (Fn at =1 s). These
examples are just a small sample of all the information provided by a one-second
measurement (plus the time for dark adaptation) (Stirbet et al., 2018). The @po parameter gives
information on Qa reduction, while wgo gives the efficiency () with which a trapped exciton by
PSII RC leads to electron transfer (ETo) from Q, to PQ, in the PQ pool, and dro the efficiency
(8) of the electron transport (REg) from plastoquinol (PQH>), in the PQ pool, to the final electron
acceptors of PSI (e.g., Fd, NADP*, O, thioredoxin) (Stirbet et al., 2018; Strasser et al., 1999).
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Under stress, the electron transport chain can be compromised and thus is reflected in
the OJIP curve and its parameters. Because of the extent of the topic, the reader is referred

to the excellent review by Stirbet et al. (2018) for further details.

2.3.2. Modulated fluorescence

2.3.2.1. NPQ

Absorbed photons that cannot be used for photochemistry represent excess energy that
needs to be dissipated to prevent damage to the photosynthetic apparatus. Because of the
long period of photoacclimation — that can have a time scale of days —, this process can be
insufficient for photoprotection which needs activation within minutes of excess light exposure
to prevent photoinhibition (Nikolaou et al., 2016). NPQ is a fast regulatory response (within
minutes) of PSII that can prevent damage to the photosynthetic machinery (Lavaud and
Lepetit, 2013; Muller et al., 2001). NPQ introduces an alternative pathway to shorten the
lifetime of the singlet chlorophyll excited states and hence competes with the production of
chlorophyll triplet states (Schiphorst and Bassi, 2020). Therefore, NPQ can be activated by
shifts in the redox potential of intramembranous electron transport intermediates, by shifts of
the electrostatic potential at membrane surfaces, or by a high proton concentration in the
lumen (Papageorgiou and Govindjee, 2014). Excess light can lead to inhibition of ATP
synthase activity, which favors thylakoid lumen acidity, forming a trans-thylakoid pH gradient
(ApH) and activating NPQ and violaxanthin de-epoxidase activity (Schiphorst and Bassi,
2020). De-epoxidation promotes conversion from the xanthophyll violaxanthin, primarily
involved in light harvesting, to the photoprotective zeaxanthin (Z) via antheraxanthin (A). The
xanthophyll cycles serve to dissipate excess electronic excitation and present a big diversity
among microalgae which is dependent on their phylogeny (Papageorgiou and Govindjee,
2014; Tamaki et al., 2021). Found in many microalgae, zeaxanthin is a strong antioxidant and
promoter of NPQ (Schiphorst and Bassi, 2020). NPQ can be further decomposed in its energy-
dependent quenching (qE), inhibitory quenching (ql), state transitional quenching (qT), and
zeaxanthin-dependent pH-independent quenching (qZ). A higher capacity to adapt to high
irradiances relies on an effective quenching mechanism. However, a high gl can indicate
photoinhibitory damage to PSII that can take from hours to days to be reversed, and can
negatively impact the rate of photosynthetic production (Masojidek et al., 1999; Papageorgiou
et al., 2007).

To analyze quenching components, it is necessary to start by dissipating the thylakoid
pH gradient by dark adaptation. A low intensity ML, too low to induce electron transport but

enough to elicit a minimum fluorescence value (Fo), is turned on (Figure 2.4).
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Figure 2.4. Example of a chlorophyll a fluorescence measurement, showing photochemical (qP) and non-
photochemical quenching (NPQ). See text for details. Modified from Muller et al. (2001).

A saturating pulse is then emitted to close all RC, keep NPQ negligible and achieve
maximum fluorescence (Fn). An actinic light is turned on to enable photosynthesis. Saturating
pulses are applied until a steady state of maximum fluorescence in the light (F«') is reached,
which enables measurement of NPQ. NPQ can thus be determined by the Stern-Volmer

relation, as shown in equation (2.6):

Fm - Fm’
Fn'

NPQ = (2.7)

A relaxation analysis can be performed by extending the protocol with the actinic light
turned off. This allows observation of the dark recovery of cells and decomposition of NPQ to
several of its components. A photochemical quenching parameter (qP) can also be found by

using equation (2.7):

 Fp—F (2.8)
CF, —F,

qP

where, F' and Fo' represent the steady-state and minimum chlorophyll fluorescence in
the light. Together, gP and NPQ allow the attribution of changes in PSII operating efficiencies
to NPQ processes or the ability of an excited PSII RC to drive electron transport (Baker, 2008).

A more detailed description of non-photochemical quenching can be found by Demmig-
Adams et al., (2014) and Muller et al. (2001).
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2.3.2.2. Light curves

LC can reveal information about the photoacclimation status, and help explain the
involvement of alternate oxygen-consuming electron transfer pathways (Masojidek et al.,
2010). LC are derived from a culture exposed to several saturating pulses, under increasing
light intensities. This allows the determination of the effective quantum efficiency of charge
separation in actinic irradiance — effective quantum yield (AF’/Fn") according to Genty et al.

(1989) as shown in equation 2.9:

(2.9)

To estimate the photosynthetic rate from each data point, the relative electron transport
rate (rETR) through PSII can be obtained by the product of AF’/F' by the irradiance intensity

(Epar) as shown in equation (2.10) (Maxwell and Johnson, 2000):

r

AF

m

while the linear electron transport rate (ETR) needs estimation of the light absorption

specific cross-section of PSIl (a*) as equation 2.11:

g JAF ~PsI 211)
=—X X X— .
F,  PARZ® X e pall

which is often not available; as well as the partition of electrons attributed to each PS,
commonly assumed as 0.5 (i.e., agreeing with equal electron distribution among photosystem,
although this is not always the case). Even though rETR is more susceptible to deviations
caused by possible cyclic electron transport (Prasil et al., 1996), rETR is more frequently used
than absolute ETR owing to its simplicity.

In view of the established relationship between quantum yield of CO: fixation and O-
evolution to the effective quantum yield measured by chlorophyll a fluorescence (Genty et al.,
1989; Masojidek, 2001), ETR is often assumed as a proxy for photosynthetic rate. In this

sense, plotting ETR versus irradiance, yields a LC or rapid light curve (RLC; if steady-state is
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not achieved) comparable to a photosynthesis versus irradiance (PE) curve. A schematic of a

PE curve is shown in Figure 2.5.
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Figure 2.5. Schematic representation of the photosynthetic light-response curve (solid line), i.e., the dependency
of photosynthesis on irradiance. The initial slope of the curve (a, dashed line) shows the maximum quantum
efficiency of photosynthetic electron transport. The intersection between the maximum rate of photosynthesis (P max)
and a defines the end of the light-limiting region and the beginning of the light saturation irradiance (Ik). Light
inhibition begins when the rate of photosynthesis starts to decline, commonly called down-regulation or
photoinhibition. The rate of photosynthesis below zero is attributed to dark respiration. When the curve crosses 0
(light compensation point), it begins net photosynthesis (oxygen production), and over above Pmax is excess energy
dissipated. Modified from Malapascua et al. (2014) and Masojidek et al. (2013).

These curves unfold the irradiance where maximum ETR is attained (Pmax or ETRmax)
and the ftransition of light-limiting irradiance to light-saturating irradiance (lk) from the
intersection of the initial slope of the curve (a) with Pmax. The eventual decrease in the
photosynthesis rate at greater irradiances may indicate the onset of apparent photoinhibition.
In this way, information on the saturation characteristics of electron transport has been found
to directly reflect photosynthetic performance and growth of microalgal cultures (Malapascua
et al., 2014; Masojidek et al., 2021). Excellent reviews of light-response curves have been
published by Ralph and Gademann (2005) and Serddio et al. (2006).

All these fluorescence analyses have proven useful to ascertain the physiological
conditions of microalgae for different applications, including nutrient availability (Lakatos et al.,
2021), monitoring of metabolite accumulation (White et al., 2011), estimation of growth
(Figueroa et al., 2013; Gorbunov and Falkowski, 2021; Torzillo et al., 2012), monitoring

photoinhibition (Serédio et al., 2017; Torzillo et al., 1996), and determination of temperature
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optima (Ranglova et al., 2019); and have been recently proposed as a possible indicator of

the presence of predators in microalgae cultures (Deore et al., 2020).

2.4. Current challenges

Current challenges in the production of these photosynthetic micro-factories include
selecting strains capable of withstanding potentially stressful conditions — light and
temperature extremes and shifts, and tolerance to oxidative stress —, improved early detection
of physiological stress and potential predators that can lead to culture crashes, and design of
efficient cultivation systems. Although there are many applications and even advantages of
using microalgae biomass, only a few species have been "domesticated" so far (Araujo et al.,
2021).

Other approaches have focused on optimizing culture conditions and on advanced strain
engineering designs, both of which greatly increased prediction accuracy and improve
metabolite productivity. However, many metabolic pathways are complex, as their metabolites
might be the substrates for more than one pathway, undergo bypasses (shunts) between
alternative pathways, or even be under opposing, multifactorial regulatory loops due to one or
multiple biotic or abiotic factors, all of which increase the difficulty of predictive modelling.
Therefore, efforts should focus on a deeper understanding of carbon metabolism, nutrient
dependence, and distribution of reactions on physiological and environmental factors
controlling microalgal resource allocation to the multiple metabolic pathways (Gerotto et al.,
2020). Hence, it is not surprising that strategies to prevent photodamage, that lead to a lower
photosynthetic efficiency, are currently the subject of intensive research efforts toward
increasing productivity (Vecchi et al., 2020). To attain the latter goal, biological (e.g., the
selection of adequate strains), operational (e.g., optimization of cultivation conditions), and
engineering (e.g., improvement of cultivation system designs) approaches should be
proposed and implemented.

In microalgae cultivation systems, light is attenuated exponentially with culture depth
and cell concentration, thus leading to growth-limiting conditions. Hence, optically dense
cultures receive supra-optimal incident irradiances close to the surface of the cultivation
system, using photons very inefficiently and possibly suffering from severe photoinhibition.
Conversely, the remaining culture is severely light-limited and thus exists in virtual darkness
(Ritchie and Larkum, 2012). Thus, one of the major challenges in mass culture of algae is still

the maximization of light utilization efficiency.
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Other constraints worth mentioning are production costs. Much effort has been put
forward to diminish production costs by increasing productivity, while lowering capital
(CAPEX) and operational (OPEX) expenditures and implementing low-cost biomass
harvesting. Up until recently, cultivation costs only justified the extraction of high-value niche
components. However, the integration of wastewater treatment in microalgae production
permitted the valorization of the process by providing a service that results in clean water and
cheaper biomass.

In summary, microalgae biotechnology should focus on screening and characterization
of new robust algae strains (preferably not genetically modified); monitoring and
understanding metabolic pathways that lead to increased productivity; and integration of cost-
effective approaches that make the biological production system economically and sustainably

viable.
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Chapter 3

Lipid accumulation in selected

Tetraselmis strains

This Chapter is based on the published article: Carneiro, M., Pdjo, V., Malcata, F. X. and Otero, A.,

2019. Lipid accumulation in selected Tetraselmis strains.
Journal of Applied Phycology 31, 2845-2853. DOI: 10.1007/s10811-019-01807-8.

Marine microalgae constitute a natural source of compounds (e.g., alkanes, TAG) useful
for biodiesel production — yet improvement of lipid productivity by microalgae is a sine qua non
for the economic feasibility of such a microalga-based process. Toward this goal, five
Tetraselmis strains, Tetraselmis suecica UW605, T. suecica AROSA, and three Tetraselmis
sp. strains, coded as lipogenic (63LG and 75LG) or non-lipogenic (46NLG) on the basis of
stationary-phase cell flotation features, were cultured semi-continuously, and subjected to 10
and 30% renewal rates; the effects upon growth rate and lipidic profile were accordingly
assessed. As expected, cell productivity by all strains was higher under a renewal rate of 30%.
Chlorophyll, protein, and total lipid content per cell also increased with the highest renewal
rate. Conversely, cell content of neutral lipids, measured with Nile red staining, decreased with
increasing renewal rate. The non-lipogenic strain 46NLG revealed a much lower total lipid
content, at the 10% renewal rate, than all other strains, but a higher neutral lipid content. This
result supports the use of the flotation method for the selection of lipogenic strains. The diverse
profiles of the various Tetraselmis strains, and the effect of renewal rate upon their neutral
lipid content emphasize the importance of strain screening to promote a suitable microalgae

selection for eventual biodiesel production purposes.
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3.1. Introduction

Optimization of microalgae biomass production systems and selection of suitable strains
are key factors for successful development of microalga-based cell factories. The intended
profile of such biomass depends on the final product desired — be it for pharmaceutical,
cosmetic, food, aquaculture, or biofuel purposes. Specifically for the latter, the rate of
synthesis and accumulation of substrates, such as neutral lipids, mainly in TAG form that are
susceptible to esterification to fatty acid methyl esters (FAMESs), is critical (Hu et al., 2008;
Montero et al., 2011). The genus Tetraselmis comprises well-known, easy to cultivate species,
bearing an interesting lipid profile that has been already explored for biofuel production
suitability (Custodio et al., 2014; Montero et al., 2011; Pereira et al., 2016; Sansone et al.,
2017; Tulli et al., 2012). Previous reports have shown that, under stress conditions, such as
nitrogen deprivation (but not exclusively), Tetraselmis spp. contents in total lipids and
(intracellular) neutral lipids and TAGs can increase significantly (Fon-Sing and Borowitzka,
2016; Pereira et al., 2016; Sharma et al., 2014; Tsai et al., 2016; Xu et al., 2013). However,
other reports (Bondioli et al., 2012; Otero and Fabregas, 1997; Rodolfi et al., 2009) could not
find substantially altered lipid contents when T. suecica was cultured under nitrogen-deficient
conditions. This emphasizes that distinct mechanisms of stress response exist within the same
genus of microalgae, which may lead to species-specific divergence.

Regarding abiotic parameters, the importance of operation mode has been overlooked
in many studies. Several operational modes (e.g., batch, continuous, semi-continuous
cultures) can be employed for microalgae production, depending on species and bioreactor
configuration selected. Nonetheless, the elected regime will likely affect productivity and
biochemical profile of the culture (Brown et al., 1993; He et al., 2016; Martinez-Macias et al.,
2018; Otero and Fabregas, 1997). Continuous and semi-continuous cultivation modes can
provide a stable biochemical profile — essential when assessing differences in biochemical
profile and productivity of different strains (Otero and Fabregas, 1997). The semi-continuous
cultivation mode is based on removal of part of the culture volume, and immediate
replacement by fresh medium (at a given renewal rate); when this renewal process is repeated
every 24 h under circadian light/dark cycles, the results obtained are similar to chemostat
operation (Brown et al., 1993; Otero and Fabregas, 1997). The renewal rate by itself also
affects growth parameters, as well as biochemical profile of the microalga at stake (Chini
Zittelli et al., 2006; Fabregas et al., 1998, 1996; Otero and Fabregas, 1997; San Pedro et al.,
2014). Renewal rate logically affects nutrient availability, as well as the amount of light
received per cell, and consequently influences the stress level of cells; this leads to metabolic

changes, and allows fine-tuning of the biochemical profile of the resulting biomass.
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By resorting to the Tetraselmis genus, an economically appealing and biodiesel
candidate, the present study aimed at evaluating differences in lipid productivity between
different strains of said genus—including strains originally isolated by Prof. Ralph A. Lewin
and categorized as lipidogenic (LG) and non-lipidogenic (NLG). This study compares growth
and total lipid productivity of five Tetraselmis strains and includes use of the MUSE Cell
Analyzer cytometer to rapidly and easily assess this effect upon neutral lipids. Flow cytometry,
in combination with Nile Red staining (Satpati and Pal, 2015), can provide a rapid detection of
neutral lipids. Strains were cultivated in semi-continuous mode, and subjected to two different

daily renewal rates that generated nitrogen-limited and nitrogen-sufficient conditions.

3.2. Methods

3.2.1. Strains

Five different strains of Tetraselmis sp. were supplied by the laboratory of the
Microbiology Department of the Centre for Biological Research of the University of Santiago
de Compostela (CIBUS). These included two T. suecica strains tagged as AROSA (Otero and
Fabregas, 1997) and UW605 (Provasoli-Guillard National Center for Marine Algae and
Microbiota), and three strains of Tetraselmis sp. isolated by Prof. Ralph A. Lewin, and
previously classified as lipogenic (63LG, 75LG) or non-lipogenic (46NLG) as per the flotation
characteristics of stationary phase cells (R.A. Lewin, personal communication). This
classification was based on the floating capabilities of cells under nitrogen starvation — when
cells tend to synthesize more lipids or carbohydrates (Lewin and Cheng, 1989). The

experiments were performed using three biological replicates for each strain.
3.2.2. Culture system

Cultures were maintained in tubular glass units, with 80 mL of culture medium, at 21 °C. They
were subjected to 12 h light/12 h dark cycles; two fluorescent tubes provided lighting
equivalent to 160 umol photons m™ s™'. The culture medium was composed of sterilized
seawater (salinity 35%o), enriched with NaNO3, 8 mM; NaH2PO4, 0.4 mM; ZnClz, 4 yM; MnCly,
4 uM; NaMoOQOs, 4 uM; CoCls, 0.4 pM; CuSOs, 0.4 uM; ferric citrate, 80 yM; thiamine, 0.528
MM; biotin, 0.082 uM; B12, 0.009 uM; and Ethylenediamine tetra-acetic acid (EDTA) 106 yM

(Fabregas et al., 1984). Cultures were aerated with filtered air, and supplemented with CO-
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every 10 min to keep pH between 7 and 8; the pH was monitored via two additional replicates
of the cultures, placed on both ends of the air flow.

Cultures were inoculated at a cell density of 5 x 10° cells mL™", and maintained in batch
mode; they were allowed to reach the early stationary phase (14" day) before the semi-
continuous regime was started. This was accomplished by a daily harvest of 10% (from the
14" to the 18" day), and 30% (from the 18™ to the 22" day) of the volume of the cultures, with
concomitant replacement with fresh medium enriched with nutrients at the same
concentration. Renewal of cultures was carried out during the first hour of the light period.

Cell density was measured daily in the harvested cultures using Lugol to immobilize cells

and counting with a Neubauer haemocytometer.
3.2.3. Chlorophyll

Samples were collected at the steady state, under the two renewal rates mentioned. For
chlorophyll analysis, 3 mL of culture were centrifuged at 3,000 rpm for 10 min at 4 °C. The
supernatant was discarded and the pellets were stored at —20 °C, and protected from light for
later analysis. Then, 6 mL of methanol were added and vortexing took place for 30 s (or until
the pellet was dissolved). The solution was sonicated on ice for 30 s x 3 (except 30 s x 6 for
Tetraselmis sp. 46NLG replicates, as they proved more difficult to extract), in an ultrasonic
homogenizer (4710 series). Afterwards, the samples were centrifuged, the supernatant
collected, and absorbance measured in a spectrophotometer at 665 and 652 nm. Methanol
was used as blank. Chlorophyll a and b concentration was determined using extinction
coefficient calculations as mentioned in Porra et al. (1989) according to the following

equations:

Chla (ugmL™D) = (16.29 X Aggsy) — (854 X Agszo) (3.1)
Chlb (ug mL_l) = (3066 XA652.0) - (1358 X A665.2) (32)

Total chlorophyll content was calculated as the sum of Chl a and Chl b.
3.2.4. Protein

Samples were collected at the end of the steady state, for the two renewal rates (10%
on the 18" day, and 30% on the 22" day). For protein analysis, 5 mL of culture were

centrifuged at 5,000 rpm, for 5 min at 4 °C. The supernatant was discarded, and the pellets
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stored at -20 °C for later analysis that was accomplished according to the Lowry method
(Lowry et al., 1951) as modified by Herbert et al. (1971).

3.2.5. Lipid quantification

Samples were collected at early stationary phase, before the onset of the semi-continuous
regime (14" day), and at steady state for each renewal rate (10% on the 18" day, and 30%
on the 22" day). For lipid analysis, 7 mL of culture were centrifuged at 3,000 rpm for 10 min
at 4 °C. Lipids were extracted according to Bligh & Dyer, (1959). The lipid extracts were dried,
resuspended in chloroform and distributed in three replicates for quantification by the sulfuric
acid charring method — using tripalmitine (Sigma-Aldrich, USA) as standard (Marsh and
Weinstein, 1966).

3.2.6. Neutral lipid analysis

The stock solution of Nile Red reagent was prepared in acetone (100 ug mL™") in a flask
protected from light. A working solution was prepared by diluting the stock solution in
phosphate buffer solution (PBS; dilution factor 1:2.5).

Cell suspensions (100 yL) were diluted to ca. 3.0 x 10° cells mL™" in PBS. From this
dilution, 195 L of each single-cell suspension was transferred, upon vigorous mixing, to Muse
Cell Analyzer tubes, to which 5 L of the previously prepared solution of Nile Red in PBS were
added (Nile Red final concentration of 1 uyg mL™"). A blank was prepared by adding 5 L of
PBS to the cell suspension, instead of Nile Red solution. The samples were incubated for 5
min in the dark, resuspended, and read in the Muse Cell Analyzer, starting with the unstained
sample to adjust parameters. Data were acquired using the Algae Nile-Red software module
of the Muse Cell Analyzer (Millipore, Germany). Results were screened according to size to
remove contaminants and debris, and specific populations were selected according to relative

values of neutral lipid content (i.e., low, middle, and high).
3.2.7. Statistic treatment

The results were expressed as mean * standard deviation (SD). Parametric tests were
used to seek significant differences between means — in terms of chlorophyll, protein, lipid,

and neutral lipid contents. These tests included one-way analysis of variance (ANOVA) and
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Tukey test. Outliers, when found, were removed according to Bonferroni outlier test. Only

results with p < 0.05 were considered as statistically different.

3.3. Results and discussion

3.3.1. Growth and chlorophyll concentration

All strains achieved similar cell densities within each renewal rate of 10 and 30%, but
Tetraselmis sp. 46NLG that showed significantly lower cell density at both renewal rates
(Table 3.1). Under the 10% renewal rate, T. suecica AROSA reached a cell density of 1.27 x
107 cells mL™", i.e., only slightly higher than T. suecica UW605 that achieved 1.21 x 107 cells
mL™" under the same conditions. Cell density predictably decreased in all strains upon
application of the 30% renewal rate; the highest steady-state cell density, 1.17 x 107 cells
mL~", was achieved by T. suecica UW605. Cell densities obtained were higher than those
reported by (Otero et al., 1997) for T. suecica AROSA who found ca. 9 x 10° cells mL™" and
6.5 x 10° cells mL™", under renewal rates of 10 and 30%, respectively, in an identical culture
system. These results are, in any case, much higher than 1.5 x 106 cells mL™", reached by
(Lim et al., 2012) in the stationary phase using batch cultures. Our higher values could be due
to the higher concentration of NaNOs3 used in our cultures, coupled with a better control of pH;
and also because strains T. suecica AROSA and UW605 were characterized by a smaller cell
size (data not shown) when compared to the other strains and were thus able to reach higher
densities (Agusti et al., 1987).

Table 3.1. Cell density of T. suecica AROSA, UW605, Tetraselmis sp. 63LG, 75LG and 46NLG at stationary phase
and after 4 days under under renewal rates of 10 and 30%. Values are depicted as mean of four days during which
they were subjected to each renewal rate + standard deviation. Strains that do not share a letter, within each
renewal rate, represent statistically significant differences (p < 0.05).

Strain Stationary phase Renewal rate 10% Renewal rate 30%
(108 cells mL™") (108 cells mL™") (108 cells mL™")

T. suecica AROSA 12.7 £ 0.58 127+ 0.59 @ 11.0+1.8@

T. suecica UW605 13.8+1.2 12.1 £ 0.92 (@b) 117+22@
Tetraselmis sp. 63LG 8.54+£0.14 10.5 £ 0.91 @bc) 9.66 + 1.2 (@b)
Tetraselmis sp. 75LG 8.65 + 0.070 10.0 £ 2.0 ®.9) 8.84 £ 1.3 @b)

Tetraselmis sp. 46NLG 7.05+0.15 7.85+1.20 7.22+110
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Steady-state chlorophyll concentration did not reflect the differences between strains
observed in steady-state cell density. Total chlorophyll content (chlorophyll a + b), in mg mL™",

was higher for Tetraselmis sp. 75LG at both renewal rates, 10 and 30%, i.e., 0.046 and 0.047

mg mL™", respectively (Figure 3.1).
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Figure 3.1. Average chlorophyll concentration, in mg mL™", in steady-state of semi-continuous cultures of T. suecica
AROSA, UW605, Tetraselmis sp. 63LG, 75LG, and 46NLG for 10% renewal rate (dashed bars) and 30% renewal
rate (open bars). Error bars represent the associated standard deviations. Strains that do not share a letter, within
each renewal rate, represent statistically significant differences (p < 0.05).

Strain 46NLG showed a great increase in chlorophyll concentration between 10 and

30% renewal rates, thus indicating that this strain reduces drastically its photosynthetic

machinery under nitrogen-limited conditions. Despite cell densities being lower under 30%

renewal rates, chlorophyll concentration was in all cases higher than or equal to those under

a renewal rate of 10%, as the result of an increase in cell chlorophyll content at higher renewal

rates (Figure 3.2).
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Figure 3.2. Average chlorophyll content, in pg cell™, in steady-state of semi-continuous cultures of T. suecica
AROSA, UW605, Tetraselmis sp. 63LG, 75LG, and 46NLG for 10% renewal rate (dashed bars) and 30% renewal

rate (open bars). Error bars represent the associated standard deviations. Renewal rates that do not share a letter,
within each strain, represent statistically significant differences (p < 0.05).

The increase in chlorophyll cell content at higher renewal rate indicates that cultures
maintained under renewal rates of 10% were nutrient-limited for all strains (Fabregas et al.,

1995; Otero and Fabregas, 1997).

3.3.2. Protein concentration

In general, protein concentration increased when 30% renewal rates were applied,

despite the lower steady-date cell density attained (Figure 3.3).

32



059 Culture condition:
B Renewal rate 10%
O Renewal rate 30%
c
04 7 a I
a
T b - 1
b b i N 7
— b 7
T, 0.3 : ;_J_ 1 Z
=
E 7
3 Z Z
e 02 7 /
0.1 Z 7
2 . .
7
00 a ’ S
AROSA Uwe05 63LG 75LG 46NLG

Strain

Figure 3.3. Average protein concentration (mg mL™") in the steady-state of semi-continuous cultures of T. suecica
AROSA, UW605, Tetraselmis sp. 63LG, 75LG, and 46NLG, for 10% renewal rate (dashed bars) and 30% renewal
rate (open bars). Error bars represent the associated standard deviations. Strains that do not share a letter, within

each renewal rate, represent statistically significant differences (p < 0.05).

This is due to the increase in cell protein content, derived from the higher nitrogen
availability at higher renewal rates, and again indicates that cultures were nitrogen-limited, at
a renewal rate of 10% under the culture conditions applied (Dammak et al., 2017; Otero and
Fabregas, 1997). Despite exhibiting the lowest steady-state cell densities, Tetraselmis sp.
46NLG achieved the highest protein content per cell of 44.3 pg cell™" and 53.2 pg cell™, for
renewal rates of 10 and 30%, respectively, compared to the lowest protein contents per cell
of 24.0 and 25.3 pg cell™, respectively, obtained with the strain UW605.

Protein synthesis mechanisms appeared more active under the 30% renewal rate.
Increasing protein cellular content with increasing renewal rates has been previously reported,

even under nitrogen sufficient conditions (Fabregas et al., 1996; Otero et al., 1997).

3.3.3. Lipid productivity

Looking at the results encompassing total lipid content per cell, an overall increase in

lipid synthesis rate at higher renewal rates is apparent (Figure 3.4A).
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Figure 3.4. A Average total lipid content (pg cell™) of T. suecica AROSA, UW605, Tetraselmis sp. 63LG, 75LG,
and 46NLG at the beginning of stationary phase, and after 4 days under 10% renewal rate (dashed bars) and 30%
renewal rate (open bars). B Average lipid productivity, in mg mL™" day™, of five different Tetraselmis strains (T.
suecica AROSA, UW605, Tetraselmis sp. 63LG, 75LG, and 46NLG), under renewal rates of 10 and 30%. For both
A and B, error bars represent the associated standard deviations (n = 3). Strains that do not share a letter, within
each renewal rate, represent statistically significant differences (p < 0.05).

Such an increase in total lipids per cell is attributable to a gain of membrane lipids,
derived from the photosynthetic machinery being activated by the increase in nutrient
availability from the increased renewal rates, as previously reported for T. suecica AROSA in
the same system (Otero and Fabregas, 1997). In fact, lipid cell content in cultures maintained
at a renewal rate of 10% is clearly higher than that observed at stationary phase cells (Figure
3.4A); this holds for all strains but 46NLG. Tetraselmis sp. 75LG was again the strain with the
highest lipid content under all conditions, with 23.7 and 24.1 pg of lipids cell™', under 10 and
30% renewal rates, respectively. Values of total lipid content per cell are similar to those found
by Guzman et al. (2010). The “non-lipogenic” strain Tetraselmis sp. 46NLG showed the lowest
values of lipid content per cell after a 10% renewal rate, which correlates with the low
chlorophyll values found; hence, the flotation method used to select cells with higher lipid
content can be efficiently used for strain selection at large. It seems that strain 46NLG lost
most of the photosynthetic membranes in response to nutrient limitation. Nonetheless, the
same strain revealed the largest increment of lipid content under the 30% renewal rate,
compared to the stationary phase (Figure 3.4). The low total lipid content in the stationary
phase of strain 46NLG supports its classification of non-lipogenic — as assigned by the flotation
method; and confirms suitability of this method for selection of strains and mutants with higher
lipid content.

The Tetraselmis genus, when subjected to nitrogen deficiency, has revealed species-

specific responses regarding lipid production (Bondioli et al., 2012; Dahmen-Ben Moussa et
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al., 2017; Fon-Sing and Borowitzka, 2016; Otero et al., 1997; Pereira et al., 2016; Rodolfi et
al., 2009; Sharma et al., 2014; Tsai et al., 2016; Xu et al., 2013). The lipid synthesis response
to higher nutrient availability, at 30% renewal rate, by all strains reveals both absence of
significant synthesis of reserve lipid under nutrient deficiency, and induction of membrane
structural lipid synthesis under nutrient-sufficient conditions — which agrees with the increment
of chlorophyll content.

As a consequence of higher lipid cell content, lipid productivity was higher under the
30% renewal rate for all strains (Figure 3.4B). The increase of renewal rate from 10 to 30%
caused a 2—-3-fold increase in lipid productivity, except for strain 46NLG that increased almost
8-fold, thus indicating once again a different metabolic control in this strain. Total lipid
productivity was not that different among strains, except for the 46NLG strain, with a much
lower lipid content under a renewal rate of 10%, resulting in much lower productivity (Figure
3.4B). The highest productivity, 61.0 mg L™ day™', was achieved by Tetraselmis sp. 75LG,
under a 30% renewal rate.

Nonetheless, protein content per cell (ranging from 24.0 to 53.2 pg protein cell™") was
always higher than lipid content (ranging from 8.2 to 24.4 pg of lipids cell™"), for all strains
under every renewal rate. This was expected, considering that Tetraselmis is a well-known
genus of protein-producing microalgae, although other strains have been reported to be high
lipid producers as well (Pereira et al., 2016).

The presence of neutral lipids was quantified using Nile red staining and measured with
the Algae Nile Red software of the Muse Cell Analyzer. Cell analysis clearly showed a
downshift in the average cell neutral lipid content when increasing renewal rates. This shift in
neutral lipid content of the population with higher renewal rates could be observed in all strains,

but was much steeper in the case of strain 46NLG (Figure 3.5B).
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Figure 3.5. A: Example of flow cytometric histogram of a replicate of strain 46NLG using Algae Nile Red software
module of Muse Cell Analyzer, showing the percent gated of the defined negative, low, and high lipid content
populations at the beginning of the stationary phase, renewal rate 10% and renewal rate 30%. B: Percentage of
gated cells, according to relative neutral lipid content profile, obtained using Algae Nile Red software module of
Muse Cell Analyzer. Populations were separated by high and low (which includes low and negative) lipid content,
as shown in A. Strains that do not share a letter, within each renewal rate, represent statistically significant
differences (p < 0.05). C: Mean fluorescence of total neutral lipid content of the same five Tetraselmis strains under
the same conditions, obtained with Algae Nile Red software module of Muse Cell Analyzer. Error bars represent
the associated standard deviations. Strains that do not share a letter, within each renewal rate, represent
statistically significant differences (p < 0.05).

In stationary phase, the strains had more than 95% of their population with relatively
high lipid content, with the exception of Tefraselmis sp. 75LG. Under the 10% renewal rate, T.
suecica AROSA and UWG605, as well as Tetraselmis sp. 75LG underwent an abrupt change

within the population — with more than 72% of cells categorized under low relative lipid content.
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After the 30% renewal rate, cells with high relative lipid content represented no more than 21%
of the population; strains Tetraselmis sp. 75LG and 46NLG exhibited the highest percentages
of lipid content. Despite the low total lipid content of strain 46NLG (Figure 3.4A), this strain
entails the highest percentage of cells with high neutral lipid content under a renewal rate of
10% (Figure 3.5B).

The average neutral lipid cell content, measured via Nile red fluorescence, revealed an
opposite response to that pertaining to total lipid content per cell (Figure 3.5C). Neutral lipid
content for all strains was negatively affected when renewal rates were applied. Furthermore,
strain Tetraselmis sp. 46NLG showed the highest neutral lipid content in both early stationary
phase and under the 10% renewal rate. Highest neutral lipid content after the 30% renewal
rate was achieved by Tetraselmis sp. 75LG strain. However, values do not differ much among
species for this renewal rate, with the exception of Tetraselmis sp. 63LG that exhibits a
significantly lower value (Figure 3.5C).

Results of synthesis of neutral lipid content followed a pattern distinct from that of total
lipid content. In fact, the former indicates that total lipid content data alone can lead to an
incomplete interpretation of the cell profile. A great change in neutral lipid content, from the
early stationary phase, is unfolded when compared to the 10% renewal rate. This suggests
that neutral lipids are accumulated by Tetraselmis, but only during the late stationary phase.
This was also observed by (Guzman et al., 2010) who reported higher cell content of neutral
lipids in T. suecica in the stationary growth phase than in the exponential phase.

Absence of lipid accumulation, found in most of our strains under nitrogen limitation, has
also been reported elsewhere (Bondioli et al., 2012; Otero et al., 1997; Rodolfi et al., 2009).
Nevertheless, preceding work using nitrogen deprivation produced improvements in lipid
accumulation using this genus. With regard to Tetraselmis sp. cultures, Tsai et al. (2016)
observed a lipid content maximum of 24.5% of the biomass in 7-day, nitrogen-starved cultures,
as opposed to 15.3% of nitrogen-sufficient cultures grown in 3.3% NaCl. An increase in lipid
content from 10% to ca. 33% of DW was also observed in Tetraselmis sp. lipid bodies, after
the aforementioned nitrogen starvation (Tsai et al., 2016). A 1.6-fold increase of the maximum
volume of intracellular neutral lipid to 9.78 um?® cell”' was observed using Tetraselmis
subcordiformis, when compared to nitrogen sufficient conditions (Xu et al., 2013). In addition,
Tetraselmis sp. that received an additional treatment of UV-C radiation increased TAG content
to about 60 ug mL™" (Sharma et al., 2014). Nile red staining of these cells also indicated an
increase in cell size and additional accumulation of lipid bodies after the said treatment.

Our results unfold important variations in total and neutral lipid accumulation profiles
within the Tetraselmis genus. For the microalga-based biodiesel industry, robust species as
the ones found within this genus are relevant, since they can have an appropriate fatty acid

profile for biodiesel production in addition to other advantages (Pereira et al., 2016).
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Nonetheless, understanding the mechanisms that lead to accumulation of lipids and other
storage metabolites are important in order to increase our knowledge of these biological
systems, and also to achieve the high productivities required by commercial processes. For
this reason, fast screening techniques able to identify higher total lipid or neutral lipid contents

(like the ones used in this study) appear important to rapidly select high-lipid producers.

3.4. Conclusion

The results generated indicate that different strains within the same genus may entail different
cellular biochemical profiles, despite their common behavior upon application of renewal rates.
Although application of 30% renewal rates increased lipid productivity, it had a negative effect
upon neutral lipid production. The non-lipogenic strain 46NLG exhibited the most disparate
behavior among all Tetraselmis strains — with a much lower total lipid content, but a much
higher neutral lipid fraction under 10% renewal rates than all remaining strains. This supports
that the flotation method, originally used by R. A. Lewin, is a useful tool to select lipogenic
strains using total cell lipid content as criterion.

After acquaintance with a given microalga behavior and profile, rapid assessment of neutral
lipids, through flow cytometry, can aid in the determination of the harvesting time (Guzman et
al., 2010). On the other hand, the correlation between fatty acid profiles and renewal rates

could reveal interesting information on strain specific behavior.
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Chapter 4

Effect of tfemperature on growth,
photosynthesis and biochemical
composition of Nannochloropsis

oceanica, grown outdoors in

tubular photobioreactors

This Chapter is based on the published article: Carneiro, M., Cicchi, B., Maia, |.B., Pereira, H., Zittelli, G. C.,
Varela, J., Malcata, F.X. and Torzillo, G., 2020. Effect of temperature on growth, photosynthesis and biochemical
composition of Nannochloropsis oceanica, grown outdoors in tubular photobioreactors.

Algal Research 49, 101923. DOI: 10.1016/j.algal.2020.101923.

Since temperature is an important factor affecting microalgal growth, photosynthetic rate
and biomass composition, this study has accordingly focused on its effects on biomass yield
and nighttime biomass loss, as well as photochemical changes, using Nannochloropsis
oceanica as model species, grown in two outdoor 50-L tubular photobioreactor (PBR). In two
independent trials, cultures were subjected to a diurnal light:dark cycle, under a constant
temperature of 28 °C and, on the second trial, at 18 °C. Changes in culture performance were
assessed by measuring growth, lipid and fatty acid composition of the biomass in both morning
and evening. Our results revealed that N. oceanica shows a wide temperature tolerance with
relevant nighttime biomass loss, that decreased at lower temperatures, at the expense of
lower daily productivity. Fluorescence measurements revealed reversible damage to

photosystem 1l in cells growing in the PBR under optimal thermal conditions, whereas
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microalgae grown at suboptimal ones exhibited an overall lower photosynthetic activity. Lipids
were partially consumed overnight to support cell division and provide maintenance energy.
eicosapentaenoic acid (EPA) catabolism reached a maximum after the dark period, as
opposed to their saturated counterparts; whereas lower temperatures led to higher EPA
content, which reached the maximum in the morning. These findings are relevant for the

production of Nannochloropsis at industrial scale.

4.1. Introduction

Microalgae entail a multitude of applications that make them attractive as commercial
commodities (Spolaore et al., 2006). However, the industrial production of microalgal biomass
is hindered by many biotic and abiotic factors that reduce productivity, thus compromising
attempts to reduce production costs. Suboptimal temperature is one of the environmental
factors known to significantly decrease biomass productivity (Grobbelaar and Soeder, 1985;
G Torzillo et al., 1991). Unfavorable thermal conditions can bring about a decrease in biomass
productivity throughout the day, as well as an increased nighttime biomass loss (Grobbelaar
and Soeder, 1985; G. Torzillo et al., 1991). In fact, cells metabolize a wide array of reserve
biomolecules at night, in order to produce maintenance energy, support cell division, and
provide carbon skeletons for the synthesis of compounds, resulting in biomass loss (Ogbonna
and Tanaka, 1996). Previous reports have described nighttime biomass losses reaching up to
30% of the daily yield, and the highest value reported was 42% of the daily yield by Arthrospira
platensis (Edmundson and Huesemann, 2015; Geider et al., 1989; Torzillo et al., 1993). In
addition, microalgae are exposed to high radiation levels when grown outdoors which,
combined with suboptimal temperatures, can unbalance biochemical composition and
promote nighttime biomass losses (Ogbonna and Tanaka, 1996). Since both temperature and
irradiance have a great influence on photosynthesis, and concomitant biomass growth, it is
important that these parameters are monitored for putative commercial applications — and, if
possible, adjusted to their optimal values, making it possible to direct synthesis towards
specific target molecules.

The Eustigmatophyte Nannochloropsis oceanica is a unicellular, fast growing, resilient
microalga, able to accumulate large quantities of lipids and eicosapentaenoic acid (EPA),
which constitutes a key factor for its commercial development (Sukenik, 1991). The aim of this
study was to study the influence of suboptimal temperature on the growth physiology,
biochemical composition and nighttime biomass loss of N. oceanica, grown outdoors in

thermoregulated tubular photobioreactors (PBRs).
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4.2. Methods

4.21. Outdoor pilot PBR

The study was carried out in Florence, ltaly (N 43.8°, E 11.3°). Each PBR consisted of
ten parallel Pyrex tubes (length 2 m, i.d. 4.85 cm) connected by PVC (polyvinylchloride) U-
bends with watertight flanges, providing a working volume of 50 L. Each reactor was placed
in a stainless-steel basin containing thermostatted demineralized water. The culture was
recycled by a PVC pump with three flat PVC blades at 120° from each other on the propeller
shaft; the distance between blades and casing was 1.3 cm. The PBR included a 2.2-L
transparent PVC cylindrical degasser, where air and CO» were supplied. The cultures were
operated at a constant pH of 8, by CO- injection on demand. A circadian cycle was set by
covering the cultures with a dark plastic sheet in the evening at 6:00 pm and removing it at
8:00 am of the following morning, thus providing a 10:14 light:dark (L:D) period. Two identical

tubular PBRs were used for the experiments.

4.2.2. Experimental set-up

One PBR (i.e., the control) was kept at 28 + 1 °C during the light periods, from 8:00 am
to 6:00 pm; in the evening, the temperature was decreased to 18 + 1 °C and kept constant
overnight (from 6:00 pm to 8:00 am). Two sequential experiments were carried out, in which

two different temperature regimes were applied to the second PBR (Table 4.1).

Table 4.1. Experimental plan reporting the temperatures during daytime (starting at 8:00 am) and nighttime (starting
at 6:00 pm), for each condition within each trial. Because only two photobioreactors (PBR) were available, the trials
were carried out in sequence with a control PBR for each experiment.

Daylight Nighttime . .
Trial  Condition temperature  temperature ~ Experimental Mean daily
period irradiance
(8 am-6 pm) (6 pm-8 am)

1 28:18°C L:D 28 +1°C 18+ 1°C July 26t to 20.3 + 3.21
28:28 °C L:D 28 +1°C 28 +1°C August 31 MJ m2 day”'
28:18°CLD  28%1°C 18+1°C August 27" to 16.4 + 4.03
1818°C LD 18%1°C 18+ 1°C September 47 MJ m?2 day-"
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In the first trial, the PBR was kept at the constant temperature of 28 + 1 °C by day and
by night. While in the second trial, the PBR was maintained at 18 £ 1 °C by day and by night.

4.2.3. Microorganism and culture conditions

The microalga N. oceanica, kindly provided by Dr. Avigad Vonshak (Institute for Desert
Research, Ben-Gurion University, Israel), was selected for its fast growth, high lipid content
and commercial interest. Cultivation was scaled up to two outdoor 50-L tubular PBRs using F
medium enriched with NaHCO3; (6 mM), and 10-fold the values of NaNO; (17.7 mM) and
NaH2PO4 (0.84 mM) of the original recipe (Guillard and Ryther, 1962). Once the culture
reached a biomass concentration of ca. 0.8 g L™ of dry weight (DW), a semi-continuous
regime was initiated. For this purpose, a part of the culture was removed every day and
replaced with fresh medium to achieve ca. 0.45 g L™" of DW at the beginning of the light period,
which avoided any nutrient depletion. Solar irradiance data were supplied by the Laboratory
for Meteorology and Environmental Modelling (LAMMA; CNR, Florence, Italy), located close
to the area where experiments took place. Sampling was performed every morning at 8:00 am
(i.e., before removing the culture covers), and at 6:00 pm at the end of light period (i.e., before

covering the PBRs).

4.2.4. Measurements

4.2.4.1. Growth

Growth was assessed through both biomass DW and cellular concentration. DW
measurements were performed in duplicate by filtering 10 mL of culture through pre-weighed
47-mm diameter glass microfiber filter membranes (Whatman GF/F, Maidstone, England).
The pellets on the filters were washed twice with deionized water and oven-dried afterwards
at 105 °C until constant weight. Cell counts were carried out in duplicate, using a Blrker
counting chamber. Nighttime biomass loss was calculated as the difference between DW
measured in the evening and that measured in the following morning, just before removing

the covers.

4.2.4.2. Fluorescence measurements

Chlorophyll fluorescence measurements were carried out with a pulse-amplitude-
modulation fluorimeter (PAM-2100, H. Walz, Effeltrich, Germany), operated with PamWin
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(version 2.00f) PC software. Triplicate samples were incubated for 15 min in the dark, to
oxidize all plastoquinone (Qa) and ensure membrane relaxation. A weak light (0.5 pmol m™
s™') was applied to measure the minimum fluorescence in the dark-adapted state (Fo). A strong
saturating pulse (6,000 yumol m=2 s™") was then supplied to close all RC (i.e., to fully reduce all
Qa) and reach the maximum fluorescence yield (Fm). The maximum photochemical quantum
yield of PSII (F./Fm) was then calculated as the ratio between variable (Fv = Fm — Fo) and
maximum fluorescence (Fn) (Butler, 1978; Genty et al., 1989). Kautsky's curves (OJIP
fluorescence induction kinetics) were recorded daily, in the morning and evening, using the
Handy Plant Efficiency Analyser (PEA; Hansatech Instruments). Samples were dark adapted
for 15 min, and then illuminated with continuous saturating light. The fluorescence transients
were analyzed with the Biolyzer HP3 software package. Since the light intensities were high
enough to reach the maximum value Fn, the transients were normalized both on Fg and Fn,
basis, so as to permit comparison of the shapes of the curves. Measurements were conducted
in triplicate. OJIP-determined parameters for each condition were normalized to their
corresponding controls, in order to clarify the impacts of temperature upon the photosynthetic
machinery. OJIP curves are shown for the second and seventh day (which is the last complete

day) of each trial.

4.2.4.3. Oxygen evolution and respiration measurements

For photosynthetic oxygen evolution measurements, 2 mL samples were loaded in a
Liquid-Phase Oxygen Electrode Chamber (Hansatech, DW3) thermostated at 28 °C, and
equipped with an oxygen control electrode unit (Hansatech, Oxy-lab) and a magnetic stirrer.
Light was supplied via a red light emitting diode (LED) source (Hansatech LH36/ 2R), with
nominal wavelength of 660 nm, providing 600 umol photons m™ s™'. Before oxygen
measurements, samples were purged with N»> to reduce dissolved O, below saturation.
Afterwards, the light was turned on, and the O» concentration monitored at an acquisition
frequency of 1 reading s™'. Measurements of respiration were carried out in triplicate, at the

end of the photosynthesis measurements. Results are shown in ymol of O, ug™" chl a h™.

4.2.4.4. Pigments

For pigment extraction, duplicate samples of 2 mL were collected, and centrifuged at
2,650 g for 10 min. The supernatant was discarded, and glass beads were added to the pellet
— which was then resuspended in 3 mL of acetone (90% v/v). The samples were vortexed for
5 min, and centrifuged again afterward. The supernatant was transferred to a clean tube, and
the pellet subjected to two additional extractions with 2 mL of acetone, and a final

centrifugation. Absorbance measurements were taken at 663 (Ass3z) and 750 nm (Arso; to
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correct for turbidity). The total chlorophyll a was determined based on the equation by SCOR-
UNESCO (1966):

Chlorophyll a (ug mL™1) = 11.64(Age3 — A7) (4.1)

the equation was duly truncated, since this microalga is known to possess only

chlorophyll a (Brown, 1987).

4.2.4.5. Lipid content

The lipid content was determined by collecting 5 mL of culture, in triplicate, which was
centrifuged at 2,650 g for 10 min. Lipids were extracted according to Bligh and Dyer (1959),
and quantified according to Marsh and Weinstein (1966). The pellets were previously washed
with a solution of sodium chloride (9 g L™"). For extraction, a mixture of chloroform:methanol
(1:2 v/v) was used, along with bead beating for 5 min, and sample heating in a thermoblock at
60 °C for 3 min. Following extraction, the organic phase was collected and dried. Extracts
were resuspended in a known volume of chloroform and distributed in duplicate. The samples
were heated in sulphuric acid at 200 °C for 15 min, along with the prepared standard of
tripalmitine (Sigma-Aldrich, USA). After the samples were cooled and distilled water added,

the absorbance was read at 375 nm. Measurements are expressed in pg of lipids cell™".

4.2.4.6. Fatty acid analysis

Extraction and conversion of samples to fatty acid methyl esters (FAME) were done following
a protocol by Folch et al. (1957) and Lepage and Roy (1984), with modifications as described
by Pereira et al. (2012). Briefly, freeze-dried biomass samples were mixed, in a reaction
vessel, with a solution of methanol:acetyl chloride (20:1 v/v), and then homogenized with an
Ultra-Turrax disperser (1.5 min at 23,000 rpm; T18 digital ULTRA-TURRAX, IKA-Werke GmbH
& Co. KG, Staufen, Germany). After adding n-hexane, the mixture was subjected to
derivatization at 70 °C for 1 h. The lipidic phase was separated via addition of distilled water
and n-hexane, followed by vortexing and centrifuging (this step was repeated 3 times). The
residual water of the organic phase was removed by adding anhydrous sodium sulphate.
Extracts were filtered, dried under nitrogen gas flow, and resuspended in gas chromatography
(GC) grade n-hexane. Analysis was performed in a Bruker gas chromatograph, coupled with
an MS detector (Bruker SCION 456/GC, SCION TQ MS) equipped with a ZB-5MS capillary
column (30 m x 0.25 mm internal diameter, 0.25 uym film thickness, Phenomenex), and using
helium as carrier gas. The GC oven temperature profile was set to 60 °C (1 min), 30 °C min™"
to 120 °C, 5 °C min~" to 250 °C, and 20 °C min~" to 300 °C (2 min). The commercial standard,
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Supelco® 37 Component FAME Mix (Sigma-Aldrich, Sintra, Portugal), was used to prepare
the different calibration curves. Results are expressed as percentage of the total fatty acid

content.
4.2.5. Statistical analysis

In each day, differences in biomass growth and loss between each condition (28:28 °C, L:D
and 18:18 °C, L:D), relative to the corresponding controls, were analyzed using repeated-
measures analysis of variance (ANOVA) — followed by an assessment of linear relationships
using Pearson's test (p < 0.05). A one-way ANOVA, followed by Tukey's post-hoc test, was
performed to detect statistical differences between tested conditions (28:28 °C, L:D and 18:18
°C, L:D) and the corresponding controls. All tests were done using R software. The

significance level was set as a = 0.05.

4.3. Results and discussion

4.31. Growth

N. oceanica grown in a semi-continuous regime in tubular PBR outdoors (July to
September of 2018), showed, in both trials, a clear biomass loss during the night period (see
Figure 4.1). The night biomass loss pattern was mirrored by changes in cell number, which
were maximal at the end of the dark period (data not shown). These findings are supported
by previous reports that documented a timed cell division occurring during the dark periods in

Nannochloropsis cells (Fabregas et al., 2002; Sukenik and Carmeli, 1990).
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Figure 4.1. Changes in Nannochloropsis oceanica biomass dry weight (DW) grown outdoors in a semi-continuous
mode under different temperature regimes (n = 1). After the morning sample, cultures were diluted to 0.45 g L' of
DW, and allowed to grow until the following morning. Both the first (A) and second (B) trials show the corresponding
28:18 °C L:D controls (dashed grey lines), the programmed night periods when the photobioreactors were covered
(light grey bars), and the solar irradiance for each day (yellow). Each trial shows the tested condition (28:28 °C L:D
and 18:18 °C L:D), represented as a solid line in orange for the first trial (A) and in blue for the second trial (B).

The maximum DW in the first trial was 1.13 + 0.07 and 1.07 £ 0.06 g L™", for the control
culture maintained at 28:18 °C (L:D) and for the one kept at 28:28 °C (L:D), respectively; while
in the second trial, the culture maintained at 28:18 °C (L:D) reached 1.00 £+ 0.08, and the
culture grown at 18:18 °C (L:D) reached 0.91 £ 0.01 g L™". In order to better grasp the biomass
variations due to temperature, each day was used as a replicate; and the daily yield and
biomass loss were compared (Figure 4.2). In both trials, performed in July— August and
August—September, the cultures kept at dual temperatures (28:18 °C, L:D) revealed higher
daylight productivities of 0.57 + 0.09 and 0.47 + 0.04 g L™" day™"; but also higher nighttime
biomass losses, reaching up to 53% and 33% of the daily produced biomass in trial 1 and 2,
respectively. Differences between controls are a result of a slightly higher solar irradiation in
the first trial when compared to trial 2, which took place between August and September 2018,
characterized by more unstable weather conditions. Detailed information on daily

productivities and night losses can be found in Annex | Supplementary Table 1.1.
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Figure 4.2. Daily average (+SD) of biomass dry weight (DW) changes in Nannochloropsis oceanica grown outdoors
in a semi-continuous mode, under different temperature regimes, in two sequential trials (trial 1 n = 8; trial 2 n = 7).
Positive and negative values represent the daily biomass yield and loss, respectively. Dots represent individual
data points for each condition. The first two bars (Trial 1) represent the cells kept at 28:18 °C L:D (grey) and the
ones kept at 28:18 °C L:D (orange). The last two bars (Trial 2) represent the cells kept at 28:18 °C L:D (grey) and
the cells kept at 18:18 °C L:D (blue). Significant differences (p < 0.05) to the corresponding control are marked with
an asterisk (*).

The culture maintained at 28:28 °C (L:D) produced a similar response to the control
culture (28:18 °C, L:D), although less pronounced for both productivity and nighttime loss.
However, this difference was more notorious in other studies. Upon using N. salina, higher
biomass losses at higher temperatures in the dark were found (Edmundson and Huesemann,
2015). A comparable outcome was also reported in previous experiments encompassing
Chlorella pyrenoidosa, Phaeodactylum tricornutum and A. platensis, for which lower nighttime
temperatures led to lower biomass loss (Molina Grima et al., 1995; Ogbonna and Tanaka,
1996; G. Torzillo et al., 1991).

The slowest growth was achieved in cultures maintained at 18:18 °C (L:D), which can
be considered as a suboptimal temperature for Nannochloropsis spp. growth. The optimum
growth temperature for microalgae of this genus lies around 24-26 °C, whereas values above
30 °C or below 15-20 °C are known to be supra- and suboptimal temperatures, respectively
(Chini Zittelli et al., 1999; Crowe et al., 2012; de Vree et al., 2015; Hoffmann et al., 2010; M.
H. A. Michels et al., 2014; San Pedro et al., 2014; Sandnes et al., 2005; Van Wagenen et al.,
2012; Wei et al., 2015). In the culture grown at the 18:18 °C (L:D) temperature regime, both a
lower daylight productivity (0.31 g L™ day™") and a lower night biomass loss (as much as 19%)
were found. An opposite behavior was reported in a previous study using C. pyrenoidosa,
where the night biomass loss increased as growth temperature decreased, although the
lowest day temperature used was 25 °C, which was significantly higher than the 18 °C used
in this study (Ogbonna and Tanaka, 1996). A slightly faster growth was previously found in N.
oculata, kept under sinusoidally-varying temperatures, than at a fixed temperature (Tamburic
et al.,, 2014). Although different conclusions were reached using Tetraselmis suecica and

cooling overnight (M. H. A. Michels et al., 2014), our findings suggest that the dual temperature
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regime allows the culture to recover faster after the high irradiances received during daytime,
thus resulting in higher productivities, as seen in the cultures grown at 28:18 °C (L:D).
However, the higher growth was coupled to a higher nighttime biomass loss. In order to find
out whether this correlation held a statistical meaning, the productivities versus the
corresponding nighttime biomass loss are graphically reported, combining every data point of
both trials (Figure 4.3).
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Figure 4.3. Correlation between daily yield and biomass loss, combining all data points from both trials using
Nannochloropsis oceanica grown outdoors in tubular photobioreactors under different temperatures. Data points
from the 28:18 °C L:D (controls) cultures are depicted in dark (Trial 1) and light (Trial 2) grey; cells kept at 28:28
°C L:D (Trial 1) and 18:18 °C L:D (Trial 2) are depicted in orange and blue, respectively. The shaded grey area

represents the confidence interval (95%) of Pearson’s correlation. The correlation coefficient (r = 0.76) and the
significance level (p < 0.05) are shown in the upper left corner of the plot (n = 27).

As can be grasped in Figure 4.3, the daily biomass yield (productivity) exhibited a
positive correlation to the nighttime biomass loss (r (25) = 0.76, p < 0.05). Linear relationships
between biomass loss and growth rates have been reported before in experiments
encompassing nutrient-sufficient cultures kept in L:D cycles (Geider et al., 1989; M. H. A. A.
Michels et al., 2014). The high dispersion of the cells kept at 28:28 °C (L:D) reveals that at a
constant temperature of 28 °C, nighttime biomass loss was more affected by temperature than
by daily yield. On the other hand, the low dispersion of the data points of the cells kept at low
temperature, reveals that cells kept constantly at 18:18 °C (L:D) had their yield and nighttime
biomass loss inhibited. These observations suggest that temperature can influence nighttime
biomass loss as well as productivity, even though these factors (nighttime biomass loss and
daylight productivity) seem to correlate with each other.

A summary of the daily areal productivities and the corresponding nocturnal biomass
loss is shown in Annex | Supplementary Table 1.2 Although the light period in both trials was
equally controlled (from 8 am to 6 pm), due to differences in the amount of light energy and

intensities that occurred between the two trials, gross areal productivities (g m™2 day™"') of both
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cultures were normalized to their corresponding daily energy received (MJ m™2 day™'). Cultures
grown according to the temperature regime of 28:18 °C (L:D; control) showed comparable
biomass growth yields between the first (1.517 g MJ™") and second ftrial (1.475 g MJ™),
indicating that the light utilization efficiency of the cultures was very similar (Annex |
Supplementary Table 1.2). However, the culture grown at 18:18 °C (L:D) presented a much
lower value (0.987 g MJ™") indicating a clear effect of the low temperature on daylight growth
(Annex | Supplementary Table 1.2). Daylight biomass productivity showed a good correlation
to light irradiance. Indeed, higher daylight productivities were recorded with cultures grown
under higher light irradiance that occurred during the first trial (July 26" - August 3, 2018),
with a mean value of 30.8 g m™2 day™" for the culture maintained at the dual temperature (28:18
°C, L:D), and 27.8 g m™2 day' for the one maintained at the constant temperature of 28 °C
(28:28 °C, L:D). However, due to the impact of night biomass loss, the net productivity was
reduced to 14.5 and 16.6 g m™2 day™' respectively (Annex | Supplementary Table 1.2). In
September, although the light irradiance declined significantly, the net productivity of the
culture maintained at 28:18 °C (L:D) was slightly better (16.1 g m™2 day' in September vs 14.5
g m2 day™! in August). This may indicate that the growth of Nannochloropsis gets saturated
over about 16 MJ m™2 day™". The said finding is supported by previous research carried out by
Chini Zittelli et al. (1999) who found, in a two year experiment, better yields in Nannochloropsis
in September, when light irradiance declined to about 13 MJ m™ day™. A close relationship
between light intensity (to which cultures were exposed) and dark respiration was reported
elsewhere (Falkowski and Owens, 1978; Kliphuis et al., 2011). Night biomass loss was mostly
related to daylight temperature rather than to nocturnal temperature. Biomass loss in N.
oceanica was always very impressive ranging between 19% and 53% of the biomass

synthesized during the daylight period (Annex | Supplementary Table 1.2).
4.3.2. Fluorescence parameters

The maximum quantum efficiency of PSII (F./Fm) showed a steady trend, with higher
values in the morning and lower in the evening, for all experiments (see Table 4.2). This
indicates that photosynthetic activity was probably downregulated in the middle of the day due
to the prevailing high light (Torzillo et al., 1996). This trend for the maximum photochemical
efficiency was previously observed in Nannochloropsis sp. grown in two different PBRs
outdoors (Sukenik et al., 2009).
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Table 4.2. Daily average (+ SD) of maximum quantum efficiency of PSII (Fv/Fm) values of Nannochloropsis oceanica
cells grown under different temperature regimes in outdoors tubular photobioreactors in semi-continuous cultivation
mode. Statistical differences between the 28:28 °C L:D and the control of Trial 1, and the 18:18 °C L:D and the
control of Trial 2 are depicted with “*” (n = 8). Values of F\/Fm are significantly different (p < 0.05) from morning to
the corresponding evening for all conditions.

Trial 1 Trial 2
Time of day
28:18°C L:D 28:28°C L:D 28:18°C L:D 18:18 °C L:D
Morning 0.680 £ 0.024 0.672 £0.018 0.679 £ 0.021 0.630£0.016 *
Evening 0.633 £ 0.031 0.621 £ 0.032 0.634 £ 0.045 0.570 £ 0.023 *

Cultures maintained at the constant temperature of 18 °C (overnight and in the daytime)
caused a negative impact upon the PSII performance, compared to the others. Lower daily
temperature can promote sensitivity to light stress — and accordingly slow down the
photosynthetic rate, thus inhibiting PSII repair mechanisms, and hampering the protective
mechanisms underlying photoinhibition prevention (Torzillo et al., 1996). This higher
susceptibility to photoinhibition when the culture was maintained at lower temperatures can
explain the lower productivity of microalgal cells under this condition. Similar results of lower
F./Fm were found for A. platensis, when kept at suboptimal temperatures (Torzillo et al., 1996).

Fast fluorescence curves, of the 2" and 7™ day of each trial, are depicted in Figure 4.4.
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Figure 4.4. Kinetic representation of the OJIP transients from Nannochloropsis oceanica grown in tubular
photobioreactors outdoors under semi-continuous regime and subjected to different temperatures (n = 1). The first
row shows the OJIP curves for the morning (M.; orange) and evening (E.; brown) samples of the 2" and 7" days
of the cells kept at 28:28 °C L:D (solid lines) in Trial 1. The second row shows the results of the second trial when
cells were kept at 18:18 °C L:D (solid lines) in the morning (M.; light blue) and evening (E.; dark blue). Control
curves (28:18 °C L:D) are represented as dashed lines for morning (M.; light grey) and evening (E.; dark grey)
samples in both trials. Curves were double normalized to Fo and Fm, when possible.

The culture maintained at 28:28 °C (L:D) revealed a very high slope of the O-J
fluorescence rise relative to the control, thus making it impossible to normalize fluorescence
intensity of the P point in the OJIP transient for this culture (Figure 4.4, Trial 1). This effect can
also be detected in Figure 4.5 (where the OJIP parameters are represented as ratios to the
corresponding controls), with values of V; and Mo being 1.5-fold higher than those of the
control. Mo represents net rate of the closure of PSII RCs (Stirbet and Govindjee, 2011), which
was fastest in the cells grown at 28:28 °C (L:D), particularly after the dark period. Given that
1-V,=ETo/ TRy (also referred to as weo), one concludes that the transfer efficiency of a PSII
trapped electron from Q, — onward is lowest in the beginning of the run in the first trial.
Nonetheless, microalgae kept at 28:28 °C (L:D) overcame the damage caused by the high

temperature stress during the dark period by day 7. A relation between high temperature
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damage to PSIl and V; was previously reported in Nannochloropsis sp. (Sukenik et al., 2009).
The F./Fo values are proportional to the activity of the water-splitting complex on the donor
side of PSIl and were suppressed at the beginning of the first trial due to the warmer
temperatures overnight (28:28 °C, L:D) — but also approached the control values by the end
of the experiment.

Concerning the energy fluxes per absorbed photon flux, the maximum quantum yield of
primary photochemistry that leads to reduction of pheophytin and Qa (®ro = TRo/ ABS = F, /
Fm) was suppressed in the beginning for the cells kept at 28:28 °C (L:D) but came close to
control values only in the end. The same pattern was found for the quantum yield of electron
transport (®e0 = ETo / ABS), where the probability that an absorbed photon will move an
electron into the electron transport chain was lowest in the beginning but eventually recovered,
reaching values closer to the control. Reaction centre densities (RC/CSr) were a bit lower
than the control, yet they remained constant along the trial.

Phenomenological energy fluxes per excited cross section, at completely closed RC,
were also affected by high temperatures in the beginning when the culture was kept at 28:28
°C (L:D). Even though absorption by the PSIl antenna pigments (ABS/CS,) was unaltered,
the trapped photon flux used for the primary charge separation and stabilization of the RCII
for closing all PSII RCs (TRo/CSm) decreased in the beginning, when cells were kept at 28:28
°C (L:D). However, the overall electron transport flux (ETo/CSm) was strongly affected right
from the start, until the end of the experiment, in the case of cells kept at higher temperatures
during the night for being unable to perform as well as microalgae grown under control
conditions. As significant changes in electron transport flux are mirrored by the variation of the
fraction of reduced Qa (Stirbet and Govindjee, 2011), this would explain the fast rise of the
transients at the beginning of the first trial. Excitation energy dissipation (Dlo/CSm) was higher
at the beginning of the trial. Apart from the morning samples after the culture was kept at 28
°C overnight, the values for the dissipation flux reverted more closely to the control values.

Finally, the performance index on an absorption basis (Plass; Srivastava et al., 1999;
Strasser et al., 1999) reflects the functionality of both PSII and PSI, thus providing information
on the current state of algae performance under stress conditions (Strasser et al., 2004).
Compared to the control, the cells kept at 28:28 °C (L:D) revealed high stress from the
beginning yet recovering towards the end. Nonetheless, the cells kept under constant 28 °C
were apparently unable to deal with the high temperature of the dark periods; hence, Plags

was more sensitive than ®pq (Fu/Fr).
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Figure 4.5. Temperature influence on OJIP determined parameters of Nannochloropsis oceanica, grown in tubular
photobioreactors outdoors under semi-continuous regime and subjected to different temperatures (n = 1). Spider
plots depict the ratio of the conditions (28:28 °C L:D in the first trial, and 18:18 °C L:D in the second trial) to their
corresponding controls (28:18 °C L:D). The first row shows the results of Trial 1 on the 2" and 7" day, respectively,
with morning (M.; orange) and evening (E.; brown) samples, and of Trial 2 on the second row, also with morning
(M.; light blue) and evening (E.; dark blue) samples for each day.

Although slightly lower, ratios to the control in the beginning of the second trial were
quite similar with the exception of F./Fo, RC/CSm, ETo/CSm and Plass (Figure 4.5, Trial 2). At
the end of this trial, all ratios to the control dropped, except for Mo and V; that increased. This
limitation within electron transport could be explained by a diminished RC density, caused by
the cold temperature the cells were exposed to (18:18 °C, L:D). This could reflect a self-
defense mechanism to avoid low-temperature induced photoinhibition, already reported in

PAM measurements of F./Fn (Davison, 1991).
4.3.3. Photosynthetic and respiration measurements

The relation found between respiration and net photosynthesis lies within the expected
values (Geider et al.,, 1989), but the correlation between nighttime biomass loss and
respiration values by the end of the dark period (morning samples) using all data points

revealed a high dispersion (r (29) = 0.64); nevertheless, the underlying correlation was found
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to be significant (p < 0.05; Annex | Supplementary Figure 1.1). Overall, respiration values in

the first trial started to increase with time for both cultures (Figure 4.6).
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Figure 4.6. Net photosynthetic oxygen evolution (y > 0) and respiration (y < 0), normalized to chlorophyll of
Nannochloropsis oceanica grown in semi-continuous mode in outdoor tubular photobioreactors at different
temperatures, showing Trial 1 (A) and Trial 2 (B). Values for cells grown at 28:28 °C L:D or at 18:18 °C L:D are
depicted as orange (lighter for morning [M.] and darker for evening [E.] samples) or blue (lighter for morning [M.]
and darker for evening [E.] samples) bars, respectively. Grey stripped shaded bars correspond to the values of the
corresponding controls, kept at 28:18 °C L:D (n =1).

However, oxygen production doubled after the evening of day 2, and remained stable
until the morning of the 7" day. Gross O, production (net O2 production plus respiration rate)
was mostly higher for the culture kept at 28:18 °C (L:D; control). On the other hand, the
respiration values increased from the beginning to the end of the trial, under both conditions.
In the second ftrial, oxygen production and consumption rates were more stable along the
experiment. Net oxygen production was higher for cells cultivated at 18:18 °C (L:D) when
compared to the control (28:18 °C, L:D). Respiration values in the morning were quite similar
under both conditions; however, the cells kept at 18 °C after the light period showed a slightly
higher respiration rate. This apparent contradiction is explained by the fact that cells grown at
18 °C, were characterized by a 20% higher spectral averaged optical cross-section of
chlorophyll a compared to the 28:18 °C (L:D; results not shown), and by a lower cellular
chlorophyll content (see Section 4.3.4). Moreover, the oxygen measurements were carried out
at 28 °C which may have allowed the cell to recover its photosynthetic capacity. A previous
study using N. oculata reported a different behavior at the beginning of the light period, with
the increase of Oz production levels being slower when the cells were kept at 25:15 °C (L:D)
than at 20:20 °C (L:D), due to a reduced net photosynthesis (Tamburic et al., 2014). In our
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study, the low temperature of 18 °C maintained in the culture at 18:18 °C (L:D) did not seem
to limit electron transport or ability of light use by the microalga when transferred to 28 °C, thus

indicating that photosynthetic activity can recover quickly.
4.3.4. Chlorophyll content

The cell chlorophyll content was tendentially higher after the light period for both trials,
as expected, owing to the high irradiation to which they were subjected to. This is consistent
with previous reports on Nannochloropsis sp., subjected to a photoperiod containing L:D
cycles (Figure 4.7; Fabregas et al., 2002; Sukenik and Carmeli, 1990). However, if chlorophyll
content was expressed per biomass DW it would be highest by the end of the dark period,

since biomass DW dropped during the night.
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Figure 4.7. Chlorophyll a content per cell of Nannochloropsis oceanica, grown in outdoor tubular photobioreactors,
under semi-continuous regime and subjected to different temperatures, showing Trial 1 (A) and Trial 2 (B). Grey
lines represent the controls when cells were kept at 28:18 °C L:D, and orange and blue lines represent the cells
kept at 28:28 °C L:D and 18:18 °C L:D for each trial, respectively. Grey bars represent the dark period, when the
cultures were covered (n = 1).

In the culture maintained at constant temperature of 28 °C along the diel cycle, a slightly
lower chlorophyll production per cell was observed compared to the control (28:18 °C, L:D).
Nonetheless, chlorophyll a production was noticeably more suppressed when cells were
grown at 18:18 °C (L:D) in the second trial. This finding was expected, as low temperature-
acclimated algae tend to have lower contents of photosynthetic pigments; and higher
temperature-grown cultures usually exhibit higher chlorophyll production (Carvalho et al.,
2009; Chen et al.,, 2011; Davison, 1991). Lower temperatures can, in general, inhibit
chlorophyll build-up by decreasing the light harvesting complex, thus affecting the values of
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maximum photochemical efficiency of PSII in the cells kept at 18:18 °C (L:D), see discussion
above (Gill et al., 2018).

4.35.  Lipids

The lipid content per cell of N. oceanica exhibited a trend similar to that of chlorophyll a,

being highest by the end of the light period, in both runs and for both conditions (Figure 4.8).
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Figure 4.8. Temperature influence on the lipid content of Nannochloropsis oceanica cells, grown in tubular
photobioreactors outdoors under semi-continuous regime and different temperature profiles (n = 1). In Trial 1 (A)
the culture was kept at 28:28 °C L:D (orange line), and in Trial 2 (B) the cells were kept at 18:18 °C L:D (blue line).
Grey lines represent the controls (28:18 °C L:D) for each trial, and light grey bars represent the dark period.

This finding supports the idea that cells consume a part of their lipid reserves to support
the energy demand associated to cell division during the night. This observation has been
previously reported in Nannochloropsis sp. synchronized cultures, where lipids are the main
energy reserve (Fabregas et al., 2002; Sukenik and Carmeli, 1990). A similar pattern was also
found in outdoor cultures of Phaeodactylum tricornutum (Silva Benavides et al., 2013). The
lipid content was higher in the cultures kept at dual temperatures (28:18 °C, i.e., control), in
both trials; while a slower lipid synthesis was observed for the cells kept at 18 °C. Previous
experiments showed a higher lipid production by N. oculata cultures, when temperature was
increased from 20 to 25 °C (Converti et al., 2009). In addition, a strong correlation was found
between higher temperatures and lipid contents in N. salina (Fakhry and EI Maghraby, 2015).
The lipid content in Nannochloropsis sp. usually increases under stress conditions, mostly

nutrient limitation, yet this does not hold for low temperature-stress (18 °C).
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4.3.6. Fatty acids

The FAME profile of N. oceanica was mainly composed of myristic (C14:0), palmitic
(C16:0), palmitoleic (C16:1) and EPA (C20:5n-3) acids, while linoleic (C18:2n-6), oleic
(C18:1), stearic (C18:0) and arachidonic (C20:4n-6; AA) acids were detected to a lower extent
(Table 4.3). Because of the high myristic and palmitic acids contents, saturated fatty acids
(SFA) represented around half of the total FAME detected under all growth conditions tested.
The FAME profile of cultures, from the beginning until the end of each trial, was relatively
stable under all conditions, due to the stable culture conditions (light, temperature, dilution
rate). Overall, the FAME profile was similar to those previously reported for Nannochloropsis

species (Hulatt et al., 2017; Sukenik, 1991).

Table 4.3. Daily average (+ SD) of fatty acid composition, as percentage of total fatty acids of Nannochloropsis
oceanica, grown in a semi-continuous cultivation mode in tubular photobioreactors outdoors under different
temperature regimes. For each trial, statistical differences between the 28:18 °C L:D or 18:18 °C L:D regimes and
their corresponding controls (28:18 °C L:D) are marked with an “*” (p < 0.05; trial 1 n = 8; trial 2 n = 7).

Trial 1 Trial 2
Fatty Acid 28:18°C L:D 28:28 °C L:D 28:18°C L:D 18:18 °C L:D
(%) Morning Evening Morning Evening | Morning Evening Morning Evening
C14-0 7.49 7.36 7.48 6.59 7.47 7.88 5.97 6.33
’ +0.52 +1.05 + 0.65 + 0.60 +0.81 +098 +063* +089*
C16:1 18.87 16.53 18.37 16.28 17.88 17.02 19.51 20.49
) +0.97 + 0.56 + 0.65 +0.82 +1.48 +1.52 +0.86 +145*
C16:0 43.67 53.41 45.12 52.75 46.22 52.57 37.75 43.89
) +4.28 +4.19 +6.23 +5.02 +6.63 +2.31 +6.35 +461°*
C18:2n-6 2.75 1.44 2.43 1.78 2.06 1.76 2.26 1.56
) +0.39 + 0.41 +0.35 +0.36 +1.04 +0.55 +0.78 +0.47
C18:1 3.06 2.35 3.07 2.37 2.61 2.40 2.03 1.97
) +0.44 +0.16 +0.16 +0.13 +0.58 +024 +028* +019°*
C18:0 1.00 3.37 1.21 3.00 1.1 2.88 0.85 1.44
) +0.16 +0.59 +0.27 + 0.51 +0.40 +0.71 +049 +058*
C20-4n-6 3.74 1.87 3.62 2.76 2.52 1.76 3.80 3.05
) +1.17 +1.06 + 1.67 +1.69 +1.35 +0.68 +1.17  +£1.23*
C20:5n-3 19.42 14.34 18.7 14.46 18.33 13.90 26.99 20.05
) +3.44 +2.26 +5.27 + 3.45 +1.73 +2.07 +341* 277"

Lower growth temperatures led to a significant decrease of myristic, palmitic, oleic and
stearic acids, and a consequent increase of AA, EPA and palmitoleic acid content. The
increase of PUFA, at the expense of SFA, under lower temperature conditions is in agrees
with previous reports (Chini Zittelli et al., 1999; Gill et al., 2018; Sukenik, 1991; Sukenik et al.,
1993). Interesting enough, the higher content of EPA was observed in the culture maintained
at the suboptimal temperature of 18 °C by day and by night, which reached 20% of the total
fatty acids by the end of the light period and rose up to 27% in the following morning. This
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difference can contribute greatly to increase the value of the biomass, particularly when
harvested in the morning. Nonetheless, attention must be paid to the balance between
biomass productivity and EPA content of the biomass, in order to obtain the highest EPA
productivity possible.

Analysis of the daily-averaged fatty acid changes showed a sizeable decrease in EPA
and total PUFA percentage in the evening, under all conditions; while palmitic acid and SFA
were, in general, more represented in the evening (Figure 4.9). On the other hand,
monounsaturated fatty acids (MUFA) did not show major changes between morning and
evening samples. The decrease of EPA content with increasing radiation, and consequent
accumulation in the dark phase have been also reported elsewhere for Nannochloropsis sp.
(Fabregas et al., 2002; Sukenik, 1991).
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Figure 4.9. Daily average (+ SD) of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and
polyunsaturated fatty acids (PUFA) for morning and afternoon samples of Nannochloropsis oceanica, grown in a
semi-continuous cultivation mode in tubular photobioreactors outdoors under different temperature regimes. The
first row shows Trial 1, with the orange solid lines representing the cells kept at 28:28 °C L:D. The second row
shows Trial 2, with the blue solid lines representing the cells kept at 18:18 °C L:D. For both trials, dashed grey lines
represent the corresponding controls (28:18 °C L:D). Statistical differences between the tested condition and the
respective control are marked with an “*” (p < 0.05; trial 1 n = 8; trial 2 n = 7).

The observed diel changes in FA levels can be explained by Nannochloropsis cells
accumulating storage lipids (SFA) during daytime, which are later metabolized during
nighttime to generate the necessary adenosine triphosphate (ATP) levels for cell survival

during the dark period, as well as synthesize DNA and enter mitosis (Miyagishima et al., 2019).
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Conversely, EPA increases during the dark period, when cell division occurs, since PUFA are
important constituents of the thylakoid membranes (Fabregas et al., 2002; Sukenik, 1991).
Regarding the effect of temperature over the diel cycle, no differences were found in the cells
maintained at 28 °C throughout the day and night periods, and those subjected to 28:18 °C
(L:D). However, cultures permanently kept at 18 °C showed lower SFA, and increased
contents of PUFA and MUFA in the evening, perhaps a metabolic response that counteracts
the decrease in membrane fluidity in cells under this environmental condition. The ratio of
unsaturated fatty acids to SFA was also highest when the culture was kept at 18 °C constantly,
but with low values of 1.24 and 0.94 in the morning and afternoon, respectively. A previous
report also claimed a minor influence of temperature upon this ratio in N. salina (Hoffmann et
al., 2010).

4.4, Conclusions

Unlike one might expect, higher night biomass losses were observed, especially for the
cultures operated at dual temperatures of 28 °C during daytime and 18 °C during nighttime.
Suboptimal temperature (18 °C during all the diel cycle) led to lower biomass productivity, but
also lower biomass loss overnight. The results gathered in this work support a strong
correlation between daily yield and nighttime biomass loss, in cultures operated in a semi-
continuous regime. However, this relation can be influenced by temperature. Relative EPA
content was always higher in the morning cultures suggesting that, in agreement with
productivity, harvesting should be performed preferably in the early morning hours. Although
the cells kept constantly at 28 °C experienced some stress, fluorescence measurements
revealed that they fully recovered overnight. On the other hand, those kept at 18 °C throughout
the day and night periods underwent a decrease in F./Fn, coupled to a lower photosynthetic
activity and biomass productivity. Nonetheless, N. oceanica tolerated a wide range of
temperatures — which is a desirable trait for biomass production. Chlorophyll production was
highest by the end of daily radiation exposure, and overall lowest in the culture grown at 18
°C. Lipids synthesized during the day were partially consumed overnight to support cell
division. PUFA production reached a maximum after the dark period, as opposed to SFA. This
effect is most likely a consequence of plastidial biogenesis, which is tightly linked to cell
division. Lower temperatures led to higher EPA accumulation, which represented most of the

PUFA profile — a trait that increases the economic value to the biomass.
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Chapter 5

In-situ monitoring of chlorophyll a
fluorescence In  Nannochloropsis
oceanica cultures to  assess
photochemical changes and the
onset of lipid accumulation during

nitrogen deprivation

This Chapter is based on the published article: Carneiro, M., Chini Zittelli, G., Cicchi, B., Touloupakis,

E., Faraloni, C., Maia, |.B., Pereira, H., Santos, T., Malcata, F.X., Otero, A., Varela, J., Torzillo, G., 2021. In-situ
monitoring of chlorophyll a fluorescence in Nannochloropsis oceanica cultures to assess photochemical changes
and the onset of lipid accumulation during nitrogen deprivation.

Biotechnology and Bioengineering 118, 4375-4388. DOI: 10.1002/bit.27906.

In-situ chlorophyll a fluorescence measurements were applied to monitor changes in the
photochemical variables of Nannochloropsis oceanica cultures, under nitrate-deplete and
nitrate-replete (control) conditions. In addition, growth rate, and lipid, fatty acid, and pigment
contents were also monitored. In the control culture, growth was promoted along with pigment
content, electron transport rate, and polyunsaturated fatty acids, while total lipid content and

fatty acid saturation level diminished. Under nitrate-deplete conditions, the culture showed a

61



higher de-epoxidation state of the xanthophyll cycle pigments. Fast transients revealed a poor
processing efficiency for electron transfer beyond Qj, which was in line with the low electron
transport rate due to nitrate depletion. Lipid content and the de-epoxidation state were the first
biochemical variables triggered by the change in nutrient status, which coincided with a 20%
drop in the in-situ effective quantum yield of PSII (AF’/Fr'"), and a raise in the V; measurements.
A good correlation was found between the changes in AF’/F,' and lipid content (r = -0.96, p
< 0.01). The results confirm the reliability and applicability of in-situ fluorescence

measurements to monitor lipid induction in N. oceanica.

5.1. Introduction

With the ongoing expansion of microalgae applications in a large variety of commercial
sectors (e.g., food, feed, nutraceuticals, pharmaceuticals, biofuels, biomaterials, and
bioremediation), biomass supply must be ensured to fulfill its continuously growing demand.
Hence, microalgal mass cultivation should be carried out under optimum conditions to achieve
a stable productivity. Microalgae have evolved diverse adaptation and protection strategies to
manage critical conditions that can arise from several abiotic factors, affecting their
productivity, such as nutrients, light, and temperature. The activation of these strategies can
trigger induction and/or inhibition of particular metabolic pathways that alter cellular content
(Carneiro et al., 2020; Hulatt et al., 2017; Ordég et al., 2012; Otero and Fabregas, 1997;
Rodolfi et al., 2009). However, these shifts are preceded by changes in chlorophyll a
fluorescence quenching (Murata et al., 2007). Previous studies have linked specific
fluorescence changes to certain stressors in distinct photosynthetic organisms, such as plants
and microalgae (Beardall et al., 2001; Kalaji et al., 2014, 2016; Lichtenthaler & Miehé, 1997;
Torzillo et al., 1996; White et al., 2011).

A more specific application includes monitoring fluorescence signals to gain insight into
the cell's nutritional status. Nutrient deficiency such as that associated to N, P, or Fe, can
severely impact the light-harvesting system, energy transduction, and cellular metabolism,
which in turn affects the photochemical efficiency of photosystem Il (PSIl) (Beardall et al.,
2001). Several studies have focused on this topic in different algal strains, including Dunaliella
tertiolecta (Berges et al., 1996; Geider et al., 1998; Greene et al., 1992; Kolber et al., 1988;
Pereira & Otero, 2019; Sosik & Mitchell, 1991), Phaeodactylum tricornutum (Geider et al.,
1993; Greene et al., 1992), Scenedesmus acuminatus (Zhang et al., 2019), Chlorella spp.
(Malapascua et al., 2014; Plyusnina et al., 2019, 2020; Qiao et al., 2015; White et al., 2011),

Porphyridium cruentum (Zhao et al., 2017), Tetraselmis subcordiformis (Yao et al., 2012),
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Thalassiosira weissflogii (Berges et al., 1996; Kolber et al., 1988), and Nannochloropsis spp.
(Li et al., 2020; Liang et al., 2019; Liu et al., 2018), among others (Beardall et al., 2001a).
Moreover, several studies have attempted to correlate fluorescence signals with lipid
accumulation induced by nutrient starvation, which could act as a proxy and thus fast-track
determination of the harvesting time (Li et al., 2020; Qiao et al., 2015). Although fluorescence
measurements are relatively fast, only in-situ measurements can provide timely information
on changes of the photosynthetic apparatus in cultures exposed to stress. Just a few studies
have employed in-situ fluorescence measurements in controlled microalgae cultivations (non-
natural environments) (Antal et al., 2019; Cao et al., 2019; Ceweny et al., 2009; Faraloni et
al., 2011; Jerez et al., 2016; Ma et al., 2018; Masojidek et al., 1999, 2009, 2011; Nedbal et al.,
2008; Solovchenko et al., 2014; Torzillo et al., 1996, 1998; Touloupakis et al., 2015). Even
fewer have dwelled on the monitoring of chlorophyll a fluorescence signals to ascertain the
culture nutritional status resorting to fast fluorescence in Chlorella vulgaris (Plyusnina et al.,
2020, 2019) and Chlamydomonas reinhardtii (Antal et al., 2019), and slow fluorescence in C.
reinhardtii (Faraloni et al., 2011) and Nannochloropsis oceanica (Liu et al., 2018).

Under nitrogen deprivation, biosynthesis pathways of the light-harvesting complex and
D1 subunit of PSII proteins are blocked, leading to a down-regulation of photosynthesis and
carbon fixation. While metabolic fluxes lead to either lipid or carbohydrate accumulation
(Beardall et al., 2001b; Tran et al., 2016). In the genus Nannochloropsis, nitrogen deprivation
results in increased lipid content (Benvenuti et al., 2015; Ma et al., 2016; Simionato et al.,
2013; Solovchenko et al., 2014; Tran et al., 2016). These metabolic changes should be synced
with chlorophyll a fluorescence.

Our goal was to look for triggering fluorescence signals indicating shift of the cells from
a basal physiological state to the stressed one, characterized by the start of lipid accumulation.
Therefore, N. oceanica growth was monitored at the beginning of nitrate depletion and
replenishment. Biochemical and fluorescence changes in-situ and ex-situ (for validation) were

simultaneously measured.

5.2. Methods

5.2.1. Microorganism and culture conditions

N. oceanica was kindly provided by Prof. Avigad Vonshak (Institute for Desert Research,

Ben-Gurion University, Israel). Cells were pre-cultured in a glass cultivation column (0.4 L
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working volume; i.d. = 5 cm), placed in a thermostatted bath at 25 °C, and bubbled with a
mixture of air and CO2 (97/3 v/v). Light intensity was increased gradually from 80 to 600 pmol
photons m™2 s™'. Cells were acclimated for 3 d before the experiments began. Saltwater was
prepared with 33 g L™ Tropic Marin Zoo Mix (Tropic Marin® SEA SALT), and supplemented
with a modified F medium, with pH correction to 7.5 prior to sterilization (Guillard and Ryther,
1962). The medium was enriched with NaHCO3 (6 mM) and 10-fold the values of NaNO3 (17.7
mM) and NaH2PO4 (0.84 mM) of the original recipe. The culture was allowed to grow until the
beginning of the stationary phase, thus reaching nutrient limitation before the experiment was

initiated.
5.2.2. Experimental set-up

The inoculum of N. oceanica, previously grown in bubble columns up to a dry weight
(DW) of 3-4 g L', was centrifuged at low speed, washed with saline water, and resuspended
in fresh medium. For the control (NOs-replete), cells were resuspended in complete medium,
while nitrate was omitted in the other condition (NOs-deplete). The photobioreactor (PBR)
used consisted of a 1-L Roux type bottle, with a flat cross-section (12 x 5 cm width) and flat

bottom, with five ports at the top (Touloupakis et al., 2015) (Figure 5.1A).

Figure 5.1. General view of the experimental set up used in this study, composed by a fully controlled 1-L
photobioreactor illuminated from one side. In-situ chlorophyll fluorescence was monitored with a PAM-2100, with
the optical fiber directly attached on to the lateral face of the flat photobioreactors. Nutrient replete culture (control)
(A), and nutrient deplete culture (B), after 48 h of culture are represented. The arrows indicate the positioning of
the optical fiber connected to the PAM-2100.

Mixing was achieved with a specially designed rotating impeller, driven magnetically by
a stirrer at the bottom of the bottle (Giannelli et al., 2009). A cooling finger connected to an
external thermostat (MPM Instruments, Italy) maintained the culture temperature at 25.0 °C.
A pH sensor connected to a controller (Chemitec, Scandicci, Italy) kept pH at the pre-set value
of 7.5, by automatic addition of CO.. The fourth port was used for the filtered air and CO: inlet,

pumped through 0.2 pm filters (Whatman, UK). The culture was illuminated from one side,
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with 600 umol photons m™ s™' provided by cool white neon tubes (Dulux L, 55W/840, Osram,
Italy).

Experiments started with a biomass concentration of ca. 0.37 g DW L. The cultures
grew for 4 d, under continuous illumination in batch cultivation mode. To follow the initial cell
acclimation, sampling was carried out at 0, 1, 3, and 5 h after the experiments began.

Afterward, sampling was done at 09:00, and again at 16:00.

5.2.3. Measurements

5.2.3.1. Growth

Culture samples (5 mL) were aseptically withdrawn from the photobioreactors, and
filtered through pre-weighed 47-mm diameter glass microfiber filter membranes (Whatman
GF/F, Maidstone, England). The pellets on the filters were rapidly washed twice with distilled
water, and oven-dried afterward at 105 °C until constant weight (Zittelli et al., 2000).

Measurements were performed in triplicate, and results expressed in g DW L

5.2.3.2. Fluorescence

For the in-situ chlorophyll a fluorescence measurements, the optical fiber of the pulse-
amplitude modulation fluorometer (PAM-2100 with DA-2000 as the data acquisition software,
Heinz Walz GmbH, Germany) was set perpendicularly to incoming light on the lateral wall of
the PBR to avoid signal interference with aeration bubbles (Figure 5.1B). Monitored
fluorescence parameters included the effective quantum yield of PSII (AF’/F'), calculated as
AF/Fy' = [Fn'= F'1/ Fu', where Fn’ and F' are the maximum and basal fluorescence yield in
the light, respectively, and the coefficient of non-photochemical fluorescence quenching (gqN)
calculated by gN = [Fm-Fn'l/[Fm-Fo'], where Fy, is the maximum fluorescence yield in the dark,
and F,’ the minimum fluorescence yield in the light. A moving average was plotted on top of
the individual data points collected by the fluorometer every 15 min to highlight culture trend.

Ex-situ chlorophyll a fluorescence measurements were carried out with a PAM
fluorimeter (PAM-2100, H. Walz, Effeltrich, Germany), operated with PamWin (version 2.00f)
PC software. Triplicate samples were incubated for 15 min in the dark prior to the F./Fn,
measurement. For this purpose, a weak light (0.5 pmol photons m? s') was applied to
measure the minimum fluorescence in the dark-adapted state (F.). Afterward, a strong
saturating pulse (6,000 umol photons m2 s™') was supplied to close all reaction centers (RC)

and reach the maximum fluorescence yield (Fm). The maximum photochemical quantum yield
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of PSII (F\/Fm) was then calculated as the ratio of variable fluorescence (F, = [Fm — Fo)/ Fm) to
Fm (Butler, 1978).

The average chlorophyll specific optical absorption cross-section (a’) of the cells (m? mg
chl™") was determined from the in vivo absorption spectra (range 400—750 nm; Varian Cary50
UV-visible spectrophotometer; Kromkamp & Limbeek, 1993). The irradiance was measured
outside the PBR, on the surface and behind the culture, with a flat quantum radio-photometer
(LI-250A, LI-COR). The incident irradiance (E) measured was incorporated in the electron
transport rate (ETR) equation. The ETR expressed in ymol e* mg chl™' s™" was determined
according to Kromkamp & Forster (2003), as the product of AF’/F,' from in-situ measurements,
a, E and 0.5 (assuming that the proportion of energy directed to PSIl is 50% of the total);
hence, one obtained ETR = E x AF’/F, x 0.5 x &".

OJIP fluorescence induction kinetics were recorded using the Handy Plant Efficiency
Analyser (PEA; Hansatech Instruments, UK). Samples were also dark-adapted for 15 min,
and then illuminated with continuous saturating light. The fluorescence transients were

determined according to Strasser et al. (2000). All measurements were conducted in triplicate.

5.2.3.3. Pigment analysis

For pigment extraction, triplicate samples of 2 mL were centrifuged at 2650 g for 10 min.
The supernatant was discarded, and the pellet was homogenized in 3 mL of acetone (90%
v/v) using glass beads. The samples were vortexed for 5 min and centrifuged. The supernatant
was then transferred into a clean tube, and the pellet was subjected to two additional
extractions with 2 mL of acetone and a final centrifugation. Absorbance measurements were
taken at 663 (Assz) and 750 nm (Azso; to correct for turbidity). Total chlorophyll was determined
based on the equation by SCOR-UNESCO (1966):

Chlorophyll (ug mL™1) = 11.64(Age3 — Aysg) (5.1)
and total carotenoids were determined by the equation of Jaspars (1965):
Carotenoids (ug mL™1) = 4.1 X A,gq — 0.0435 x Chlorophyll a (5.2)
both equations were truncated, since this genus is known to possess only chlorophyll a
(Brown, 1987).
Individual carotenoids were assessed using a reversed-phase Beckman System Gold
high performance liquid chromatography (HPLC; module 125 solvent) equipped with a diode

array detector, model 168 Nouveau (Beckman Instruments, CA, USA), with a column Luna,
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C8 (Phenomenex), according to Van Heukelem & Thomas (2001). All reagents were HPLC
grade, except for tetrabutylammonium acetate salt solution (pH 6.5), which was prepared with
distilled water and then filtered. Eluent solutions were: solvent A, 80:20 (v/v) methanol, 28 mM
tetrabutylammonium acetate; solvent B, 100% methanol. For the elution, with a flow rate of
0.8 mL/min, a linear gradient was used as follows: starting with 100% solvent A, 100% of
solvent B was reached in 25 min, which was maintained for 2 min, then 100% of solvent A

was reached in 3 min.

5.2.3.4. Lipid analysis
Lipids were extracted in triplicate, according to Bligh & Dyer (1959) and quantified,

according to Marsh & Weinstein (1966). The pellets obtained from 5 mL culture samples were
centrifuged at 2650 g for 10 min and washed with sodium chloride solution (9 g L™). For
extraction, a mixture of chloroform:methanol (1:2 v/v) was used, along with bead-beating for
5 min and sample heating in a thermoblock at 60 °C for 3 min. Following extraction, the organic
phase was collected and dried. Extracts were resuspended in a known volume of chloroform,
and distributed in duplicate. The samples were heated in sulfuric acid at 200 °C for 15 min,
along with the prepared standard of tripalmitine (Sigma-Aldrich, USA). After the samples were
cooled and distilled water duly added, the absorbance was read at 375 nm. Measurements

are expressed in lipid percentage of DW.

5.2.3.5. Fatty acid analysis

Extraction and conversion of samples to fatty acid methyl esters (FAME) were carried
out following a protocol by Folch et al. (1957) and Lepage & Roy (1984), with modifications as
described by Pereira et al. (2012). Briefly, freeze-dried biomass samples were mixed in a
reaction vessel with a methanol:acetyl chloride solution (20:1 v/v), and then homogenized with
an IKA Ultra-Turrax T18 disperser (IKA-Werke GmbH & Co. KG, Staufen, Germany) set at
23000 rpm for 1.5 min. After adding n-hexane, the mixture was subjected to derivatization at
70°C for 1 h. The lipidic phase was separated by vortexing the samples with distilled water
and hexane, followed by centrifugation (this step was repeated three times). The residual
water of the organic phase was removed via addition of anhydrous sodium sulfate. Extracts
were filtered, dried under a nitrogen gas flow, and resuspended in gas chromatography (GC)
grade hexane. Analysis was performed in a Bruker gas chromatograph, coupled to a mass
spectrometry (MS) detector (Bruker SCION 456/GC, SCION TQ MS) equipped with a ZB-5MS
capillary column (30 m x 0.25 mm internal diameter, 0.25 um film thickness, Phenomenex)
and using helium as carrier gas. The GC oven temperature profile was set to 60 °C (1 min),
30°C min~'to 120 °C, 5 °C min~" to 250 °C, and 20 °C min~" to 300 °C (2 min). The commercial
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standard, Supelco® 37 Component FAME Mix (Sigma-Aldrich, Sintra, Portugal), was used to
prepare the required calibration curves. Results are expressed as percentage of total fatty

acid content.
5.2.4. Data analysis

For the in-situ measurements made every 15 min, a non-parametric regression — locally
estimated scatterplot smoothing (LOESS) — was applied to clarify the trend of the
measurements. Pearson’s correlation coefficient was used to check for linear correlations
between fluorescence signals and biomass biochemical characteristics. Only coefficients
above 0.8 or below —0.8, bearing a significance of p < 0.01, were considered. Outliers were

removed based on the interquartile range (IQR) criterion.

5.3. Results and discussion

5.31. Growth

In this study, N. oceanica cultures were subjected to nitrate or replenishment (control)
in 1-L flat plate PBR (Figure 5.1). Cultivation started with 0.37 g DW L', and reached 3.12 +
0.08 g DW L™ after 92 h in the control culture. Whereas the one grown without nitrate reached
a maximum of 1.01 £ 0.07 g DW L™ after 40 h of cultivation, and remained stable during the

following 20 h of cultivation (Figure 5.2).
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Figure 5.2. Variations of dry weight (DW; in g L") over time (h) of the Nannochloropsis oceanica culture grown in
nitrate replete (control; blue circles with solid line) and nitrate deplete (NOs-deplete; yellow triangles with dashed
line) conditions in 1-L flat plate photobioreactors (n = 1). Error bars represent standard deviation.

The control culture exhibited a mean specific growth rate (u) of 0.578 d' and a mean
productivity of 0.724 g L' d*', while the culture under NOs-deplete conditions reached 0.302
d'and 0.197 g L' d, respectively. The poor growth achieved by the latter, particularly during
the first 40 h, was most likely supported by remaining intracellular N reserves, and by the
presence of NaHCO3; in the medium, together with CO, supplied via the pH control system
(Nunez & Quigg, 2016; White et al., 2013). Analogous behavior was observed in N. oceanica,

under similar conditions (NOs-deplete) but with lower light (Liu et al., 2018).

5.3.2.  Lipids

The changes in lipid content were followed throughout the experiment and are depicted

in Figure 5.3.
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Figure 5.3. Variations of lipid content (% of DW) over time (h) of Nannochloropsis oceanica grown in nitrate replete

(control; blue circles with solid line) and nitrate deplete (NOs-deplete; yellow triangles with dashed line) conditions
in 1-L flat plate photobioreactor (n = 1). Error bars represent standard deviation.

Lipid content decreased up to 20.1 £ 0.5 % of DW in the control, while it increased in the
NOs-deplete culture, reaching a maximum of 45.9 + 2.1 % of DW, with a clear rise within 6 h
of nitrogen starvation. The lipid accumulation under nitrate depletion was expected, since it
serves as a sink for the excess reducing power when cells are under stress (Solovchenko,
2012). Lipid content variation is in agreement with previous results found in Nannochloropsis
spp. (Guerra et al., 2021; San Pedro et al., 2016, 2013). However, the initial acclimation of the
control culture for ca. 20 h was characterized by a reduction in storage lipids due to nitrate
replenishment, followed by a lipid accumulation between 20 and 44 h from the beginning, most
likely due to the strong light (Alboresi et al., 2016). After 2 d of cultivation, light availability
decreased in the control culture due to the higher biomass concentration (Figure 5.2), which
reduced lipid content. Previous reports have mentioned the reduction of lipid content during
dark respiration in Nannochloropsis, which can also be applied to high-density cultures

characterized by high self-shading (Carneiro et al., 2020; Fabregas et al., 2002).
5.3.3. Fatty acids

The fatty acid profile shown in Figure 5.4 reveals the effect of nitrate depletion upon the
cultures of N. oceanica. Saturated fatty acids (SFA) ranged within 42-61%, and were
composed of myristic (C14:0), palmitic (C16:0), and stearic (C18:0) acids; whereas
monounsaturated fatty acids (MUFA) varied between 28-35%, and included palmitoleic
(C16:1) and oleic (C18:1) acids; finally, polyunsaturated fatty acids (PUFA), composed of
linoleic (C18:2n-6), arachidonic (C20:4n-6) and eicosapentaenoic (EPA; C20:5n-3) acids,
varied between 6-28% of total fatty acids (TFA). The most abundant fatty acids in all cases

were palmitic, followed by palmitoleic acid. These results are consistent with those found
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elsewhere for this genus (Carneiro et al., 2020; Ma et al., 2014; San Pedro et al., 2013;
Sukenik & Carmeli, 1989; Van Wagenen et al., 2012).
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Figure 5.4. Variation of fatty acid profile, as percentage of total fatty acid (% of TFA) over time (h), of
Nannochloropsis oceanica grown in nitrate replete (control; left plots in blue tones) and nitrate deplete (NOs-
deplete; right plots in yellow tones) conditions in 1-L flat plate photobioreactor (n = 1). The fatty acid order in the
legends is the same as the plot regarding each polyunsaturated fatty acid (PUFA), monounsaturated fatty acid
(MUFA), and saturated fatty acid (SFA). Error bars represent standard deviation.

In the control culture, an increase of PUFA was observed by 2 d of cultivation, mainly
due to EPA but also arachidonic acid, largely at the expense of SFA, while MUFA remained
stable. This high added-value PUFA, commonly found in Nannochloropsis, peaked
(20.1£0.4% of TFA) by 4 d of cultivation. Since EPA serves as a structural component within
the cells, its production is necessary to sustain growth — as was the case in the culture grown
with nitrate (Sukenik, 1991). The increase of cell self-shading also contributed to the rise of
fatty acid's unsaturation beyond 44 h, thus decreasing SFA (Fabregas et al., 2004). Palmitic
and oleic TFA contents were reduced in the control culture, since synthesis of non-polar
storage lipids was no longer necessary in the presence of nitrate (Guschina & Harwood, 2006;
Solovchenko et al., 2014; Thompson, 1996).

On the other hand, when under nitrate depletion, MUFA increased slightly, now at the
expense of PUFA. Under NOs-deplete conditions, SFA and MUFA were the primary
components of TFA, since they can generate more energy than carbohydrates upon oxidation,
as previously reported under similar stress (Hoffmann et al., 2010; Rodolfi et al., 2009;
Roessler, 1990). Catabolism of EPA decreased its content to a plateau of 3.910.4% of TFA,
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while palmitoleic increased to 27.9+0.6% of TFA. Similar patterns where EPA decreased in
microalgal cells at lower nitrate concentrations, were reported previously (Ferreira et al., 2009;
Hoffmann et al., 2010).

5.3.4. Pigments

Chlorophyll content by the end of the experiment reached 2.33 £ 0.31 and 0.33 + 0.04
% of DW for the cultures grown with and without nitrate, respectively (Annex Il Supplementary
Figure 11.1A). At the same time, total carotenoid content (Annex Il Supplementary Figure I1.1B)
reached 0.63% of DW for the control, and 0.21% of DW for NOs-deplete cultures. The ratio
between chlorophyll and carotenoids was approximately constant for the control culture (ratio
of 3.7), but decreased in the culture under nitrate depletion (ratio of 1.6) mainly due to the
decrease in chlorophyll. The initial decrease in chlorophyll in both cultures resulted from the
photosynthetic apparatus acclimation process to high light, when cells were transferred to the
PBR since the control culture was also negatively affected. Although cultures were pre-
acclimated to 600 ymol photons m? s, an approximate 10-fold dilution of the inoculum was
applied, which strongly increased the available photons per cell. Both chlorophyll and
carotenoid started to increase when the number of available photons per cell decreased after
the control culture surpassed 1 g DW L' within less than 2 d. Previous studies have reported
the negative impact of nitrate depletion and high light on chlorophyll and carotenoid contents
(Alboresi et al., 2016; Dong et al., 2013; Pal et al., 2011; Steinbrenner and Linden, 2003).

The most abundant carotenoid found in both cultures was the light-harvesting
xanthophyll violaxanthin. This carotenoid reached 0.38% of DW in the control and 0.09% of
DW in NOs-deplete, followed by the combination of vaucheriaxanthin in both ester and free
form, reaching 0.16 and 0.07% of DW in the control and under NOs-deplete conditions,
respectively, by the end of the experiments. The xanthophyll cycle pigments also showed

substantial differences between the two cultivation conditions (Figure 5.5).
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Figure 5.5. Variation of the xanthophyll cycle de-epoxidation state, expressed as the sum of antheraxanthin and
zeaxanthin (AZ) on the total xanthophyll cycle pool pigments (VAZ) over time (h), of Nannochloropsis oceanica
grown in nitrate replete (control; blue circles with solid line) and deplete (NOs-deplete; yellow triangles with dashed
line) conditions in 1-L flat plate photobioreactor (n = 1).

The ratio between the sum of antheraxanthin (A) and zeaxanthin (Z), and the total
xanthophyll cycle pool, namely violaxanthin (V), antheraxanthin, and zeaxanthin, expresses
the de-epoxidation state of the xanthophyll cycle pigments (A+Z/\V+A+Z). This state increased
continuously in the NOs-deplete culture. Whereas it increased during the first 20 h of
cultivation, and decreased thereafter in the control culture. The increase of the de-epoxidation
state in the NOs-deplete culture unfolded an increasing need to dissipate excess light energy
by the cells (Masojidek et al., 2004), which originated from an increase of both zeaxanthin and
antheraxanthin (Annex |l Supplementary Figure 11.2). This behavior was also observed in
previous studies using Nannochloropsis gaditana (Lubian and Montero, 1998). Another report
on C. reinhardtii under sulfur starvation also indicated an increase in zeaxanthin and the
xanthophyll pool, to promote photoprotection of the PSII from photoinhibition (Faraloni et al.,
2011). On the other hand, in the control culture, the decrease of de-epoxidation state should
be an outcome of the reduced light irradiance to which the single cells were exposed to due
to self-shading (Niyogi, 1999).

5.3.5. Fluorescence

Cultures were monitored using both in- and ex-situ chlorophyll a fluorescence. The time
course of the in-situ measurements of the effective quantum yield of PSIl (AF’/F.’) is shown
in Figure 5.6A.
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Figure 5.6. Effective quantum yield of PSIl (AF’/Fm'; A) and non-photochemical fluorescence quenching coefficient
(gN; B) over time (h) showing the individual data points (semi-transparent points) and the corresponding locally
weighted smoothing (LOESS; thick lines) measured with an in-situ pulse-amplitude-modulation (PAM) fluorometer
of Nannochloropsis oceanica, grown in nitrate replete (control; blue dots) and nitrate deplete (NOs-deplete; yellow
triangles) conditions in 1-L flat plate photobioreactor (n = 1). Inset in 6A shows amplification of the plot over the
first 15 h.

In-situ measurements reveal a clear drop in the PSII photochemistry efficiency in the
NOs-deplete culture after 5 h of exposure to nitrate deprivation (inset in Figure 5.6A). The
decrease continued steadily throughout the following 27 h, after which stress became evident
due to lack of growth, increase in lipid and decrease of chlorophyll contents, and fatty acid
unsaturation (mainly PUFA). On the other hand, the control culture presented a logarithmic
growth mirrored by an increased value of AF’/Fr' which stabilized close to 0.6, after ca. 40 h.
This increase in effective quantum yield is readily explained by the increasing photo limitation
caused by higher cell density in the control culture. Conversely, low growth and PSII
photoinhibition were observed in the NOs-deplete culture. A decrease of AF’/Fr' under nitrate
deficiency has been previously reported in N. oceanica and began after intracellular nitrogen
dropped below 5% of wet weight (Liu et al., 2018). A drop in the effective quantum yield of C.
reinhardtii was also observed under sulfur starvation, due to an increased reduction state of
the plastoquinone (PQ) pool (Faraloni and Torzillo, 2010). It has been reported that the degree
of PQ pool reduction is one of the main triggering factors involved in the induction of a
physiological response to stress conditions, which affect the PSIlI photosynthetic activity
(Govindjee and Seufferheld, 2002).

In-situ measurements further included the gN coefficient (Figure 5.6B), which responded
within the first 6 h. The control culture dropped swiftly near zero before 24 h had passed, while
the gN of the NOs-deplete culture rose to 1 (maximum value recorded by the instrument for

gN) within 10 h. This result falls within the expected behavior since a rise in de-epoxidation of
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the NOzs-deplete culture (Figure 5.5) was observed as well. The gN response seems to be
slightly preceded by the decrease of xanthophylls de-epoxidation state, which is a mechanism
to dissipate excess light as heat (Lubidan and Montero, 1998). The relationship between
carotenoid content, fluorescence quenching, and photoprotection has been previously
established (Goodwin, 1980).

The results for the ex-situ measurements of the maximum quantum yield of PSII (Fv/Fr),
shown in Figure 5.7A, reveal a similar trend to the in-situ measurements, reported for the
AF’/Fy'" in Figure 5.6A. The initial values of the F./F, ratio were close to 0.6 and decreased
during the following 10 h as a consequence of the strong dilution of the cultures. Thereafter,
the F./Fn ratio recovered in the control culture, but continued to decline in the nutrient-deplete
one, due to the inability of cells to repair photodamage under nitrogen stress (Marshall et al.,
2000).
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Figure 5.7. Variation of maximum quantum yield of PSII (Fv/Fm; A) measured ex-situ, and electron transport rate
(ETR; B) from in-situ AF/Fm' measurements over time (h) with a pulse-amplitude-modulation (PAM) fluorometer, of
Nannochloropsis oceanica, grown in nitrate replete (control; blue circles and solid line) and nitrate deplete (NOs-
deplete; yellow triangles and dashed line) conditions in 1-L flat plate photobioreactor (n = 1). Error bars represent
standard deviation.

The maximum ETR achieved was 1.62 and 0.58 uymol e mg chl' s™ for the control and
NOs-deplete cultures, respectively (Figure 5.7B). The initial acclimation process of the control
culture revealed a high light absorption efficiency due to the growing ETR activity. However,
the high cell density of the control culture also downregulated the activity of the ETR after 2 d,
very likely due to acclimation of the cells to low light (Kromkamp et al., 2009). The culture
grown without nitrate exhibited a much lower ETR, which was mimicked by oxygen evolution
measurements (data not shown). With the ETR compromised, the increase of zeaxanthin and
antheraxanthin pigments (Annex Il Supplementary Figure 11.2) points to the prevention of lipid

peroxidation to avoid production of oxygen radicals (Sarry et al., 1994). However, the decrease
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of the main target of lipid peroxidation, i.e., PUFAs (Figure 5.4), in NOs-deplete cultures,
suggests inability to cope with lipid peroxidation — thus leading to damage of the D1 protein
(Chan et al., 2012). Low values of maximum relative ETR were also observed for Chlorella sp.
in nitrate deficient media (White et al., 2011).

5.3.6. Transient curves

Specific variables from the transient curves were determined, normalized, and plotted
for a better understanding of the PSII acclimation mechanism to nitrate stress in N. oceanica
(Figure 5.8).
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Figure 5.8. Normalized variables from transient curves (OJIP) after 1, 5 and 20 h of Nannochloropsis oceanica,
grown in nitrate replete (control; blue area with dots and solid line) and nitrate deplete (NOs-deplete; yellow area
with triangles and dashed line) conditions in 1-L flat plate photobioreactor (n = 1).

The first inflection point of the transient curves (J) has been previously referred to as a
"warning" for nitrate deprivation (Malapascua et al., 2014). This was also the case in this study
and is perceptible when looking at the rise of V; in NOs-deplete cultures in Figure 5.8. The V;
variable represents the fraction of closed RC relative to the total RC that can be closed
(Goltsev et al., 2016). The polyphasic transients O-J-I-P at 0, 3, 5, 20, and 44 h are provided
in Annex Il Supplementary Figure 1.3, where a delayed rise and more pronounced J inflection
are visible over time, suggesting metabolic incapacity of the culture under nitrate deprivation.
This increase is due to the higher J inflection and a lower P as time elapses, translating into a
lower efficiency in electron transport under nitrate depletion. The active RC per cross-section
was also affected by nitrate depletion at O (RC/CS,) and P (RC/CSn), showing a decreased
active RC density that was more pronounced for RC/CS.. The energy absorbed (ABS/CSn),
as well as trapping (TR./CSm) and dissipation (DI,/CSm) per excited cross-section, increased
under nitrate depletion. Unlike these phenomenological fluxes, electron transport per excited

cross-section (ET./CSn) decreased. This could be explained by a hindered electron transport
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beyond Qj, shown by the J-I-P steps' slow rise. The performance index of PSII functional
activity, normalized by the absorbed energy (Plass), was similar to that of F./Frm. In a previous
study using C. vulgaris, changes in the variables from the polyphasic transients O-J-I-P began
after intracellular nitrate dropped below 3 ng NOs per cell, particularly a drop in maximum
quantum yield (Plyusnina et al., 2020). The results reveal high electron absorption but with
very low processing efficiency for electron transfer beyond Q4. In addition, the V; variable,
together with ET,/CS,, seem to be the most sensitive to nitrate depletion in the first hours.
OJIP variables are quite similar in the first 3 h, but start to diverge at 5 h, and markedly so
after 20 h.

5.3.7. Relationship between photochemical and

biochemical variables

According to the results reported in this study, the first triggering signal coupled to lipid
accumulation was the drop in the AF’/F«', recorded after 5 h of cultivation accompanied by an
increase in xanthophylls de-epoxidation state, with differently affected values in the control
and NOs-deplete conditions. The increase of ETR after nitrate replenishment in the control
was also noticeable, as well as the restoration of PUFA — although the latter presented a
slower response. Pearson’s correlation was sought among the quickest biochemical and

fluorescence signals (Figure 5.9).
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Figure 5.9. Correlations between in-situ effective quantum yield of PSIl (AF/Fn') and lipid content (% of dry weight
[DW]; A), and between V; and de-epoxidation state (AZ/VAZ; B) of Nannochloropsis oceanica, grown in nitrate
replete (control; blue circles) and nitrate deplete (NOs-deplete; yellow triangles) conditions in 1-L flat plate
photobioreactor. Significant (p <0.01) Pearson’s correlations (r) are displayed in each respective plot (grey line).
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A negative linear relationship was established between in-situ AF’/F,' measurements
and lipid content (Figure 5.9A; r (14) = -0.96, p < 0.01). In N. oceanica, nitrate depletion leads
to lipid accumulation (Figure 5.3) while concomitantly affecting the photosynthetic apparatus
(Figure 5.6), which is reflected in the fluorescence signal. Interestingly, changes in the lipid
content of 5% of DW translated into changes of the in-situ signal AF’/Fy' in the order of 0.94
de- or increments. A correlation of ex-situ measurements of AF’/F' with intracellular nitrogen
in N. oceanica, under 140 umol photons m2 s, with light-dark periods has been previously
reported (Liu et al., 2018).

A positive linear relationship was also found for the V; variable from the OJIP
measurements and the de-epoxidation state of the xanthophyll cycle (Figure 5.9B; r (12) =
0.94, p < 0.05). The increase in de-epoxidation state with V; indicates a slowdown of electron
transport (Ranglova et al., 2019), along with the activation of photoprotection mechanisms
from the xanthophyll cycle. However, the small slope of the correlation produces a small
change in Vj over large changes in de-epoxidation state. As a result, the most suitable relation
would be between in-situ AF’/F,' measurements and lipid content. Therefore, in-situ
fluorescence monitoring could provide an immediate response regarding nitrate status, valid

for nutrient replenishment or lipid induction needs.

5.4. Conclusions

Nitrate depletion triggered lipid accumulation with a high fatty acid saturation, thus
promoting increased de-epoxidation state of xanthophyll cycle pigments, and concomitantly
lowering chlorophyll content. This chain of events was preceded by a clear drop in effective
quantum yield of fluorescence, within 5 h from the start of the experiments, and marked the
metabolic shift to a nitrate-deplete state. This condition was further characterized by a very
low processing efficiency of electron transfer observed in both ETR and the fast transient
results. In conclusion, the use of in-situ chlorophyll a fluorescence in Nannochloropsis cultures
under nitrogen stress supported detection of rapid changes in photosynthetic apparatus, and

provided timely information on the start of lipid accumulation.
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Chapter 6

Diel biochemical and
photosynthetic  monitorization of
Skeletonema costatum and
Phaeodactylum fricornutum grown
In outdoor pilot-scale flat panel

photobioreactors

This Chapter is based on the published article: Maia, 1.B.*, Carneiro, M.*, Magina, T., Malcata, F.X,

Otero, A., Navalho, J., Varela, J., Pereira, H., 2021. Skeletonema costatum and Phaeodactylum tricornutum
grown in outdoor pilot-scale flat panel photobioreactors.

Journal of Biotechnology 343, 110-119. DOI: 10.1016/j.jbiotec.2021.11.008.

Diatoms are currently considered valuable feedstocks for different biotechnological
applications. To deepen the knowledge on the production of these microalgae, the diel pattern
of batch growth, photosystem Il performance, and accumulation of target metabolites of two
commercially relevant diatoms, Phaeodactylum tricornutum and Skeletonema costatum, were
followed outdoors in 100-L flat panel photobioreactors. S. costatum presented a higher light-
to-biomass conversion resulting in higher growth than P. tricornutum. Both fluorescence data
and principal component analysis pointed to temperature as a limiting factor for the growth of

P. tricornutum. Higher protein and carbohydrate contents were found in P. tricornutum,
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whereas S. costatum fatty acids were characterized by a higher unsaturation degree. Higher
productivities were found at 1 p.m. for protein, lipid, and ash in the case of S. costatum.
Overall, S. costatum showed great potential for outdoor cultivation, revealing a broader

temperature tolerance and increased biomass productivity than P. tricornutum.

6.1. Infroduction

Microalgae are photosynthetic organisms with increasing importance in several
commercial sectors (Spolaore et al., 2006). Within this group, a growing interest in diatoms
(Bacillariophyceae), characterized specifically by the presence of a silicified cell wall and
chlorophyll a and ¢ pigments, has been witnessed in recent years. Diatoms are mainly
produced for the aquaculture sector, where they are used as live feed (Endar et al., 2013;
Pudney et al.,, 2019). For instance, Chaetoceros calcitrans, Thalassiosira pseudonana,
Skeletonema costatum, and Phaeodactylum tricornutum are in high demand for this sector
(Lavens and Sorgeloos, 1996; Sgrensen et al., 2016) due to their elevated content in
polyunsaturated fatty acids (PUFA) and carotenoids, namely, fucoxanthin (Zulu et al., 2018).
However, they are also emerging in other sectors: i) nutraceuticals, as a source of n-3 PUFA
(Lebeau and Robert, 2003); ii) wastewater phytoremediation (Marella et al., 2020); iii)
biomedical applications (Tramontano et al., 2020); and iv) and nanotechnology, due to their
high silica content (Kréger and Poulsen, 2008).

Their expanding biotechnological potential urges provision of diatom biomass, which in
turn calls for significant improvements in production thereof. Therefore, optimization of
productivities of diatom species under industrial settings is of the utmost importance. Under
outdoor conditions, where most commercial production of microalgae takes place, biomass
productivities are affected by several biotic and abiotic factors. Light is one of these
parameters, which is very difficult to control outdoors; whereas temperature is a costly factor
to regulate. Because of the strong impact that light and temperature have on photosynthetic
microorganisms (Carneiro et al., 2020; Cartaxana et al., 2013; Falkowski and Owens, 1978;
Hitchcock, 1980; Khan et al., 1998; Montagnes and Franklin, 2001; Ras et al., 2013; Ting and
Owens, 1994), it is crucial to find the best outdoor conditions in terms of these two abiotic
factors that are suitable for the optimal growth of the selected species. However, it is hard to
discriminate their effects outside of laboratory conditions where many factors come into play,
as opposed to indoor laboratory cultures, which are subjected to a controlled environment.
Therefore, fast screening methods are crucial to assess growth performance, when attempting

to understand the impact of such factors upon microalgal physiology.
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Originally developed for the evaluation of primary photosynthetic reactions and
quenching mechanisms in higher plants (Schreiber et al., 1986), the analysis of chlorophyll a
fluorescence is now a widespread method in the field of microalgal biotechnology (Masojidek
et al., 2021; Torzillo et al., 1996; Vonshak et al., 1994). This non-invasive, highly sensitive,
and fast analysis allows monitorization of the photosystem Il (PSII) state in microalgae, and is
crucial to pinpoint warning signals against stressful factors that might otherwise cause a lower
performance, and even culture collapse (Masojidek et al., 2010). In microalgae production
companies, monitorization of PSII represents a powerful tool to elucidate the best course of
action throughout the whole biomass production pipeline, from culture inoculation to the
optimal moment for biomass harvesting (Malapascua et al., 2014; Masojidek et al., 2021).

To the best of our knowledge, very few studies were conducted so far using S. costatum
under outdoor conditions. Therefore, the objective of the present study was to cultivate P.
tricornutum and S. costatum in outdoor pilot-scale flat panel photobioreactors (FP PBR), while
monitoring growth, PSIlI performance and biochemical composition. The purpose of this
monitorization was to allow the characterization and deeper understanding of the
photosynthetic needs and the biochemical changes accompanying diatom growth, under real
light and temperature conditions, besides elucidating the optimum harvesting timepoint based

on target metabolites.

6.2. Methods

6.2.1. Strain selection and culture conditions

The two diatom strains, Phaeodactylum tricornutum and Skeletonema costatum, used
in this study were provided by Necton S.A. (Olhdo, Portugal), and the experiments were
carried out at the company’s facilities. The cultures were initially grown in 6-L balloons in the
laboratory, at 20 + 2 °C under a circadian light:dark regime (16h:8h light:dark) and mixed by
bubbling a mixture of air and 1% CO: (v/v), filtered using 0.22 ym PTFE filters. The culture
medium used was Nutribloom® Plus (NB+; Phytobloom by Necton, Belamandil, Portugal) at a
final NOs  concentration of 4 mM, with addition of silicates (0.11 mM) in the case of S.

costatum.
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6.2.2. QOutdoor trials in flat panel photobioreactors

The outdoor FP PBR used in this study consisted of a 0.3-mm thick plastic bag with 1.3
m length, 1 m height, and 0.08 m width, supported by a metal structure, providing a working
volume of 100 L. Each FP PBR was equipped with a CO2injection pulse system that kept the
pH around 8.5, and an individual aeration system filtered through a 0.22-uym PTFE filter. The
systems were also equipped with water sprinklers to control the temperature of the culture,
being activated when temperature surpassed 26 °C. Environmental temperature and solar
irradiance were provided by a WatchDog WD-2700 meteorological station, coupled to a
LICOR LI-190R-BL-15 quantum sensor setup in the premises. Culture temperature and pH
were measured using a pHep® HI98128 (HANNA instruments, Romania). The culture media
used was identical to that described for laboratory growth.

Three FP PBRs were inoculated with the corresponding diatoms (P. tricornutum and S.
costatum), at an initial dry weight (DW) of ca. 0.2 g L*' and the cultures were allowed to grow
in batch mode for 13 days. Nutrient consumption was monitored to prevent limitation, by
measuring nitrates in the culture media according to the standard ultraviolet
spectrophotometric method (Armstrong, 1963), and adding full medium to a final nitrate
concentration of 4 mM when required. Sampling was performed five times during the
experiment, and samples were collected throughout the day at 9 a.m., 1 and 5 p.m., and again
at 9 a.m. on the following day. The experiments were conducted from February to April 2019

for P. tricornutum and from January to February 2020 for S. costatum.
6.2.3. Growth assessment

Microalgal growth was assessed by optical density (OD) and DW measurements. OD
was measured at 750 nm using a UVmini-1240 spectrophotometer (Kyoto, Japan). DW was
assessed, in triplicate, by filtering 10 mL of culture through pre-weighed 0.7-um fiberglass
filters (VWR), which were then washed with 10 mL of ammonium formate (35 g L") and
afterward oven-dried (60 °C) until reaching constant weight (Zhu and Lee, 1997). Finally, a
calibration curve between OD and DW was obtained.

Specific volumetric productivities (g L' d') between measurements were determined

according to equation (6.1):

X1 —Xp

1 72 6.1
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Specific Volumetric Productivity (gL™1d™1) =
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where X;and Xz denote biomass (g) at time t; and t> (days), respectively, and V (L)

denotes the culture volume.

6.2.3.1. Photosynthetic efficiency

The higher heating value (HHV) was calculated (Callejon-Ferre et al., 2011) using
equation (6.2):

HHV (Jg1) = (=3.393 + 0.507[C] — 0.341[H] + 0.067[N]) x 1000 (6.2)

where C, H and N denote the carbon, hydrogen, and nitrogen contents as % of DW as
per elemental analysis (see 6.2.5.1. Protein). Afterwards, the photosynthetic efficiency (PE)

was determined using the following equation (6.3):

(X¢ — X;) x HHV
PE(%) = (6.3)
° H, X A

where “X¢” and “X” pertain to biomass (g) at final sampling and inoculation timepoints,
respectively; “He” represents the radiant exposure (J m?) from inoculation until the final
sampling timepoint; and “A” represents the ground area (m?) occupied by the 100-L FP PBR
(1.69 m2) within the complete FP PBR plant system used (which includes the space between

reactors).

6.2.4. Fast fluorescence transients

Measurements of chlorophyll a fluorescence were carried out using a pulse amplitude
modulation (PAM) fluorometer, AquaPen AP 110-C (Photon Systems Instruments, Czech
Republic), together with the FluorPen 1.0 software. Established protocols provided by the
manufacturer for fast chlorophyll fluorescence induction curves (OJIP) were used to measure
samples off-situ. Samples were prepared in triplicate, diluted to ca. 0.25 g L, and dark-
adapted for 15 min, so that all reaction centers (RC) were fully open (oxidized plastoquinone;
Qa) (Malapascua et al., 2014).

OJIP curves were recorded by exposing samples to a weak measuring light (0.02 ymol
photons m™2 s™'; ML) followed by a saturating pulse (2850 pmol photons m™2 s') to measure
the polyphasic rise O-J-I-P. From the obtained data, two quantum efficiencies were used: the
maximum quantum yield of primary photochemistry, F./Fm = @ro, commonly used as stress
indicator (Masojidek et al., 2013; Parkhill et al., 2001; White et al., 2011), which also relates
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to the efficiency of pheophytin (the primary electron acceptor of PSIl) and Qa (the primary
plastoquinone electron acceptor of PSII) reduction with excitation energy from the primary
electron donor of PSII, P680* (Stirbet et al., 2018); and a trapped exciton efficiency to move
an electron further than Q} into the electron transport chain, 1 — V; = wo. The reader is referred

to Strasser et al. (2000) for a more detailed description of such parameters.
6.2.5. Macronutrient analysis

The samples collected at 9 a.m. from the lag (day 1), logarithmic (log; day 7) and late
logarithmic (late log; day 13) phases of growth were used for biochemical analysis. The
samples were centrifuged at 10,000 g for 5 min (IEC CL40), lyophilized (LyoQuest Telstar,

Terrassa, Spain) and stored at -20 °C until further analysis.

6.2.5.1. Protein

Protein content was determined by elemental analysis of total nitrogen, using a Vario EL
Il (Elementar Analysensysteme GmbH, Germany), according to the manufacturer’s
procedure. Total nitrogen content was later multiplied by the conversion factors 4.87 and 4.63
for P. tricornutum and S. costatum, respectively, to obtain total protein content (Lourenco et
al., 2004).

6.2.5.2. Lipid
Lipids were determined according to Bligh & Dyer’s protocol (Bligh and Dyer, 1959),

modified as described by Pereira et al. (2011). Briefly, freeze-dried biomass was homogenized
using an IKA Ultra-Turrax disperser (25,000 rpm for 2 min; T18 digital ULTRA-TURRAX, IKA-
Werke GmbH, Staufen, Germany), with a mixture of methanol, chloroform, and water (2:2:1).
Phase separation was thereafter achieved by centrifugation (5,000 g for 10 min), and the
organic phase (chloroform) was transferred into new glass tubes. Subsequently, a known
volume of extract (0.7 mL) was transferred to previously weighed tubes and evaporated

overnight in a dry bath (60 °C). The total lipid content was then determined gravimetrically.

6.2.5.3. Ash

Ash content was obtained by burning 50 mg of freeze-dried biomass in a furnace (J.P.
Selecta, Sel horn R9-L), for 8 h at 525 °C (Barreira et al., 2017).
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6.2.5.4. Carbohydrate

Carbohydrates were calculated by difference, by subtracting ash, protein, and lipid

contents from 100%.
6.2.6. Fatty acid profile

The fatty acid profile was determined using the protocol by Folch et al. (1957) and
Lepage and Roy (1984), and modified as described by Pereira et al. (2012). Briefly,
approximately 20 mg of freeze-dried biomass were resuspended in 1.5 mL of derivatization
solution (methanol:acetyl chloride 20:1 v/v), and an IKA Ultra-Turrax disperser (2 min at
25,000 rpm) was used to disrupt and homogenize the samples. Afterward, 1 mL of n-hexane
was added, and derivatization was achieved in a water bath (70 °C for 1 h). The samples were
then transferred into centrifuge tubes, to which 1 mL of distilled water and 4 mL of n-hexane
were added. The lipidic phase was obtained after vortexing the samples, and separation of
phases occurred via centrifugation (2,000 g for 5 min). The hexane phase was transferred to
new tubes, and the process was repeated twice. Anhydrous sodium sulphate was then used
to remove residual water. The samples were filtered, the solvent evaporated under a nitrogen
flow, and the pellet resuspended in a known volume (0.5 mL) of gas chromatography (GC)
grade hexane.

Fatty acid methyl esters (FAME) were analyzed on a Bruker gas chromatographer,
coupled to a mass spectrometry system (Bruker SCION 456-GC, SCION TQ MS) equipped
with a ZB-5MS capillary column (30x0.25 mm of internal diameter with 0.25 pm film thickness;
Phenomenex), with helium as carrier gas (1 mL min"). The temperature program was set to:
1 min at 60 °C, 30 °C min~'to 120 °C, 4 °C min " to 250 °C and 20 °C min"to 300 °C, hold for
4 min, with an injection temperature of 300 °C in splitless mode. For FAME identification, a
Supelco®37 component FAME Mix (Sigma-Aldrich, Sintra, Portugal) was used as a standard
to prepare the different calibration curves. Results are expressed as percentage of total fatty
acid (% TFA) content.

6.2.7. Statistical analysis

Data were calculated as mean of three independent repeats + standard deviation (SD).
A mixed effects model, using species for fixed factor and repetitions for random factor, was
used to support the analysis of variance (ANOVA), with the significance level set at 0.05. A

principal components analysis (PCA) was used to analyze the meteorological factors affecting
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each species’ volumetric productivity and biomass composition. Statistical treatment was

performed with R software. Plots were designed with R software or SigmaPlot 11.0.

6.3. Results and discussion

6.3.1. Growth performance

The growth performance of P. tricornutum and S. costatum in 100-L FP PBR was
assessed for 13 days in batch mode. The average daily maximum solar irradiance was higher
during the P. tricornutum trials, with an average of 1578 + 323 (maximum of 1938 umol m? s
") compared to 1289 + 124 ymol m™2 s™" (maximum of 1416 ymol m2 s™') during the S. costatum
trials (Figure 6.1A). Minimum and maximum temperatures varied between 10.0 — 19.6 °C
(average of 14.8 £ 2.6 °C), and between 8.6 — 20.3 °C (average of 14.8 + 2.7 °C) during the
P. tricornutum and S. costatum trials (Figure 6.1B), respectively. The average irradiance and
temperatures, as well as their variability throughout the day, are two crucial factors that can
dictate microalgal growth and severely impact biomass productivity (Carneiro et al., 2020;
Fabregas et al., 2004; Grima et al., 1996; G Torzillo et al., 1991).

Regarding growth performance of the two species, cultures started with a biomass
concentration of ca. 0.20 + 0.01 g DW L' (lag phase) and reached their maximum
concentrations on day 12 for both species, with 2.86 + 0.02 and 1.90 + 0.38 g DW L™ for S.
costatum and P. tricornutum, respectively (Figure 6.1C). A significantly (p < 0.05) higher
growth rate was accordingly found for S. costatum when compared to that of P. tricornutum.
Additionally, PE values for P. tricornutum at the end of the trial were 0.56 £ 0.11%, while they

were significantly higher (p < 0.05) for S. costatum cultures, with 1.05 £ 0.09%.

86



1800
1600

1400
1200
1000 ¢

Irradiance (pumol m2 5'1)
g
8

Temperature (°C)

DW (g L'1)

Time (days)

-+ 4 -- Phaeodactylum tricornutum —v— Skeletonema costatum

Figure 6.1. Average irradiance (umol photons m=2s™'; A) and average temperature (°C; B) measured during outdoor
growth of Phaeodactylum tricornutum (dotted lines) and Skeletonema costatum (solid lines) (n = 3). Growth in
biomass dry weight (DW; g L™"; C) of P. tricornutum (® and dotted line) and S. costatum (V and solid line) in 100-
L flat panel photobioreactors, in batch mode (n = 3). Error bars and background grey bars represent standard
deviation and nighttime, respectively.

Among the two species under this study, S. costatum presented significantly (p < 0.05)
higher average daylight (from 9 a.m. to 5 p.m.) volumetric productivities (0.55 + 0.28 g L' d")
when compared with those of P. tricornutum (0.23 + 0.38 g L' d™). Similar specific
productivities were previously reported for a similar cultivation system, where P. tricornutum
was grown in outdoors in a 40-L Green Wall Panel®-Ill PBRs in batch for 6 days, reaching
biomass productivities of 0.55 and 0.39 g L' d' in the summer and spring, respectively
(Rodolfi et al., 2017). On the other hand, S. costatum productivities hereby reported were
relatively higher than those obtained for this species grown in 80-L PBR outdoors (Pérez et
al., 2017), with productivities of ca. 0.03 g L' d"' in 2 days of growth. However, there is a clear
lack of studies under outdoor conditions encompassing S. costatum productivities, thus
justifying further research on this topic.

The average temperature values — and particularly the low nighttime temperature —
recorded during our experiment laid below the optimum temperatures reported for P.
tricornutum, between ca. 20-21 °C (Fawley, 1984; Ova Ozcan and Ovez, 2020; William and
Morris, 1982), and 19-25 °C for S. costatum (Hitchcock, 1980; Lefebvre et al., 2007; Tian et

al.,, 2002). In fact, S. costatum seems to tolerate a wider range of temperatures than P.
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tricornutum, with the former thriving at slightly lower temperatures (De Pauw et al., 1980),
which could help explain the lower productivity observed for P. tricornutum in the current study.
In fact, (Kudo et al., 2000), showed a maximum growth rate for P. tricornutum at a temperature
of 20 °C, defining it as optimal, with a decrease in growth rate for higher and lower
temperatures. In addition, the initial irradiance was much higher for P. tricornutum, which could
have led to photodamage during the first days, when the culture concentration was low,

affecting its subsequent growth.

6.3.2. Fast transients

The maximum quantum vyield of primary PSIlI photochemistry (F.,/Fn; also termed ¢po)
And the subsequent efficiency with which a PSII trapped electron moves beyond Qj, (y.) were

determined and are shown in Figure 6.2A and 6.2B, accordingly.
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Figure 6.2. Average maximum quantum yield (Fv/Fm, also termed o) of primary photochemistry (A) and efficiency
(wo) with which a PSII trapped electron is transferred further than Q@ (B) in Phaeodactylum tricornutum (®, dotted
lines) and Skeletonema costatum (V, solid lines), cultivated in outdoor 100-L flat panel photobioreactors, in batch
mode (n = 3). Error bars and background grey bars represent standard deviation and nighttime, respectively.

Both species exhibited similar maximum quantum yield of PSII (F./Fn) pattern that varied
between 0.62 and 0.75. During the first two days, both species exhibited lower F./Fn values,
probably caused by the transition to outdoor conditions where they were subjected to higher
irradiances and lower temperature control together with lower cellular concentrations.
Nonetheless, from day 3 onward, values stabilized at 0.72 + 0.02 for both species. These
values are in agreement with those previously reported for both species, with 0.6-0.74 for P.
tricornutum (Acién Fernandez et al., 2003; Lavaud et al., 2007; Lavaud and Lepetit, 2013;
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Lepetit et al., 2017; Silva Benavides et al., 2013; Wagner et al., 2016) and 0.59-0.72 for S.
costatum (Lavaud et al., 2007; Lavaud and Lepetit, 2013).

The efficiency of electron transport beyond Q, was also lower in the beginning for both
species, yet the values exhibited by S. costatum were, on average, significantly higher (p <
0.05). At the end of the trials, these values stabilized at 0.56 + 0.04 for P. tricornutum and 0.72
+ 0.02 for S. costatum. There are few reports on g, values for these species; however, values
of 0.5 were reported for both Skeletonema marinoi-dohrnii (Khanam et al., 2019) and P.
costatum (Cabrita et al., 2018). The values for y, of P. tricornutum are consistent with those
found in the literature, but these were higher for S. costatum. Higher values of y, — calculated
as 1-V; (where V; is the relative variable fluorescence at 2 ms), have been previously reported
to correlate with the temperature associated with higher growth rates (Ranglova et al., 2019).
Indeed, S. costatum grew significantly faster than P. tricornutum (Figure 6.1). This indicates
that the lower values of g, of P. tricornutum might have favorably contributed to the observed
slower growth. This shows the crucial photoprotection role of the electron cycle of PSII

reaction centers in diatoms (Lavaud and Lepetit, 2013).
6.3.3. Biomass composition

Biomass composition in terms of protein, lipid, carbohydrate and ash contents presented
some difference during the growth period of both species. During lag phase, S. costatum was
the only species that showed a significantly different proximal composition, with an increase
in ash content and lower lipid content (p < 0.05). The fact that S. costatum presented a higher
ash content during the lag phase could be related to the presence of specialized silicate
deposition vesicles, where silicates are absorbed and transported for later use, when available
in the culture medium (Hildebrand, 2003). On the other hand, silicates are essential for S.
costatum growth, a species characterized by heavily silicified cell walls (Brown and Jeffrey,
1995; Paasche, 1973), otherwise, poorly silicified cells develop, thus affecting the formation
of complete cell chains (Taylor, 1985). The lower lipid content detected in S. costatum during
lag phase is possibly related to the fact that photosynthetic energy was diverted to cell division
and protein synthesis (Huerlimann et al., 2010).

In the log phase, S. costatum showed an increase in proteins and lipids (p < 0.05), while
P. tricornutum showed an increase in proteins and a decrease in ashes (p < 0.05). Protein
content has been reported as usually higher during the exponential growth phase, due to
active growth of the cells and nitrogen availability in the culture medium (Piorreck and Pohl,
1984; Sui et al., 2020). With the advance of culture growth, lipid content can increase as a

result of energy storage or even as a temporary energy storage to be used in the photosystem
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(Klok et al., 2013). The decrease in ash content present in P. tricornutum during the log phase
was possibly related to a corresponding increase in photosynthetic efficiency (Megia-Hervas
et al., 2020). This ash content decrease in P. tricornutum has also already been mentioned by
Fernandez-Reiriz et al. (1989). However, both species did not present any significant changes
in proximal composition during late logarithmic phases.

Comparison of biomass composition also revealed differences between the two diatoms
(Table 6.1). Protein content varied between 26.5 and 31.6% of DW for P. tricornutum and was
significantly higher than that found for S. costatum, ranging between 17.9 and 24.6% of DW.
Protein contents of P. tricornutum were similar to those described in previous reports for this
species, performed at lab- (Brown, 1991; Parsons et al., 1961) and pilot-scale (Rebolloso-
Fuentes et al., 2001). Nevertheless, protein contents higher than 50% have been reported by
Thomas et al. (1984) and Quelhas et al. (2019), the latter performed at industrial outdoor scale.
As for S. costatum, the values obtained in the present study are similar to those reported by
van Houcke et al. (2017), Lestari et al., (2014) and Brown (1991), of 23.3, 24.7 and 25% of
DW, respectively. Higher protein content was also found by Monkonsit et al., (2011) and
Parsons et al. (1961). However, it is important to note that these studies were performed under

laboratory conditions.

Table 6.1. Proximal composition of proteins, lipids, carbohydrates, and ashes (% of DW) of Phaeodactylum
tricornutum and Skeletonema costatum at 9 a.m. during the Lag, logarithmic (Log) and late logarithmic (Late log)
growth phases (n = 3). Different letters indicate statistical differences (p < 0.05) between species.

Phaeodactylum tricornutum Skeletonema costatum
Lag Log Late log Lag Log Late log
Proteins 265+36° 316+352 279+142 179141 246+15°> 222+3.7°
Lipids 122+3.62 146+3.8 146+4.72 7.8+34> 137+222 141+1.9°

Carbohydrates 314 +5.12 312+372 322+4.3% 239+49°> 263+3.0> 29.61+2.82

Ashes 289+7.1> 226+6.1° 252+6.8° 50.7+3.22 354+1.82 32.1%242

Both species presented similar patterns of lipid accumulation, ranging from 12.2 to
14.6% of DW, except for S. costatum during the lag phase, which showed a significantly lower
lipid content (7.8% of DW) than P. tricornutum at the same growth phase. These results are
consistent with previously reported data (Brown, 1991; Rebolloso-Fuentes et al., 2001) for P.
tricornutum and for S. costatum (Brown, 1991; van Houcke et al., 2017).

Carbohydrate content varied between 31.2 and 32.2% of DW in P. tricornutum, and 23.9
and 29.6% of DW for S. costatum. Carbohydrate content obtained in P. tricornutum cultures

was higher than those previously reported (Brown, 1991; KaiXian and Borowitzka, 1993;
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Parsons et al., 1961; Quelhas et al., 2019). Similar carbohydrate content (35% of DW) was
found by Rebolloso-Fuentes et al. (2001) when growing P. tricornutum under higher light
intensities in outdoor conditions. Similarly, S. costatum also showed higher carbohydrate
content, as opposed to previous reports (20.8 to 21.5% of DW; Monkonsit et al., 2011; Parsons
etal., 1961). In the present study, accumulation of carbohydrates was favored at the expense
of lipids, possibly because the cultures were in nitrogen repletion conditions, since lipids are
normally accumulated under nitrogen depletion (Palmucci et al., 2011).

Finally, ash content was significantly higher in S. costatum, varying between 32.1 and
50.7% of DW, with the maximum ash content observed during the lag phase. P. tricornutum
presented lower ash content, between 22.6 and 28.97.1% of DW compared to S. costatum.
Similar ash content for S. costatum (55.6% of DW) was previously described by Lestari et al.
(2014). The lower ash content of P. tricornutum, when compared to S. costatum, could be
explained by the absence of a silicified frustule in the fusiform morphotype — the major
morphotype observed in this study (Borowitzka and Volcani, 1978; Lewin, 1958; Lewin et al.,
1958). It is important to highlight that, despite the growth under outdoor conditions and the
difference in culture volume, the biochemical composition obtained in the present study was
similar to what has been previously reported, particularly for S. costatum, even though the
latter were largely performed at lab-scale.

Biomass composition is very important, since it can alter the biomass market value.
Nonetheless, biomass productivity provides an overview of the performance of the whole
process, thus allowing the determination of its feasibility. In this sense, productivities for
specific classes of biomolecules and ashes were analyzed in detail at three different times of
the day, in an attempt at determining the timepoint associated with the highest productivity
(Figure 6.3).
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Figure 6.3. Productivity of the main classes of biomolecules and ashes in Phaeodactylum tricornutum (®) and
Skeletonema costatum (V), at different times of the day. Different letters indicate statistical differences (p < 0.05)
between species for each timepoint. Error bars represent standard deviation.

When comparing both species, P. fricornutum exhibited higher protein and lipid
productivities from 5 p.m. to 9 a.m., whereas S. costatum showed higher biomolecule
productivities during the day (1 to 5 p.m.), even though P. tricornutum displayed higher protein
contents (Table 6.1). Both carbohydrate and ash productivities were higher in the morning for
both species compared to the other sampling timepoints, but only ash productivities unfolded

significant differences between species (Figure 6.3).
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The cultivation of P. tricornutum favored carbohydrate productivities during the day, over
that of lipids and proteins. In addition, a decrease in overall productivities can be grasped from
5 p.m. to 9 a.m., caused by lower biomass growth, coupled with the need of carbohydrate
consumption to support cell division. Energy reserves in the form of carbohydrates are usually
catabolized in the dark (Handa, 1969; Varum et al., 1986), where adenosine triphosphate
(ATP) is used for cell division. Consequently, energy accumulated during the light period is
used in the dark for continuous protein synthesis (Geider et al., 1989), thus allowing cell
division. Chauton et al., (2013) showed a rapid increase in carbohydrate content in P.
tricornutum cultures during the light period, which declined during the dark as a result of the
consumption of ATP to support mitosis. Cell division also seems to occur during the dark
period in S. costatum cultures (Anning et al., 2000; Owens et al., 1980). However, research
on the productivity of biochemical compounds of S. costatum remains scarce.

Taken together, these results suggest that harvesting S. costatum biomass during the
morning (9 a.m. to 1 p.m.) in an industrial setting might be advisable, as the productivity of all
biomolecules were higher at this timepoint compared to the other times of the day. Conversely,
for P. tricornutum, this was only true for carbohydrates and ashes, whereas the highest

productivities for protein and lipids were attained in the afternoon (from 1 to 5 p.m.).
6.3.4. Fatty acids

The FAME profile of P. tricornutum was mainly composed of myristic (C14:0), palmitic
(C16:0), palmitoleic (C16:1) and eicosapentaenoic (C20:5n-3; EPA) acids, while
palmitolinolenic (C16:3) and docosahexaenoic (C22:6n-3; DHA) acids were detected at lower
levels (Table 6.2). S. costatum had a similar profile, with myristic, palmitoleic, palmitolinolenic
and EPA as major fatty acids, while DHA, palmitidonic (C16:4) and palmitic acids were
represented less than 10% of total FAME (Table 6.2).
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Table 6.2. Fatty acid profile of Phaeodactylum tricornutum and Skeletonema costatum (% of total FAME) during
Lag, logarithmic (Log) and late logarithmic (Late log) phases of growth (n = 3). Fatty acids with concentrations
below 5% were not included. Different letters indicate statistical differences (p < 0.05) between species for each
growth phase. N.d. — not detected; SFA — saturated fatty acids; MUFA — monounsaturated fatty acids; PUFA —
polyunsaturated fatty acids.

Phaeodactylum tricornutum

Skeletonema costatum

FAME Lag Log Late log Lag Log Late log
C14:0 11.3+2.38 10422 101+23 17.0+1.9 176+ 1.1 18.2+0.6
C16:0 28.8+8.3 19.0+34 221+6.2 7.7+15 51104 40+0.5
> SFA 40.1%+10.82 29.5+522 322%512 247+23> 227%1.0° 222+0.6°
C16:1 321+3.2 295+34 310+13 249+20 209+1.6 19.6+29
> MUFA 345+£38 31.6+33% 33.7+1.8° 249+20° 209%16° 19.6+29°
C16:3 3.6+1.0 7.7+22 6.0+£29 123125 144 +28 12.9+0.3
C16:4 n.d. n.d. n.d. 59+14 58+1.0 3.6+0.2
C20:5n-3 19.6+123 289169 264148 224+24 26.2+3.5 29.0+ 2.1
C22:6n-3 22+138 24+09 1.7+0.2 48+1.3 59+1.6 8.2+04
> PUFA 254+14.4> 389+84° 341%6.7° 504+30*° 564+17%° 58.2+28?

Saturated fatty acids (SFA) varied between 29.5 and 40.1% of total fatty acids (TFA)
in P. tricornutum, and between 22.2 and 24.7% of TFA in S. costatum. Monounsaturated fatty
acids (MUFA) varied between 31.6 and 34.5% of TFA in P. tricornutum and between 19.6%
and 24.9% of TFA in S. costatum. The high amount of palmitic and palmitoleic acids resulted
in a higher contribution (more than half of the total FAME profile) of SFA and MUFA of P.
tricornutum. SFA and MUFA contents were significantly higher for P. tricornutum when
compared with S. costatum for all growth phases.

PUFA ranged from 25.4% and 38.9% of TFA in P. tricornutum. On the other hand, S.
costatum presented a significantly higher concentration of PUFA that ranged between 50.4%
and 58.2% of TFA, thus accounting for more than half of total FAME content of this species.
Palmitolinolenic, EPA and DHA accounted for the PUFA content in both species, while
palmitidonic acid was only present in S. costatum. The presence of EPA and DHA on both
species increases their value due to the high demand for these PUFA in the aquaculture sector
(Patil et al., 2005). Similar fatty acid profiles of both species have been previously reported,
where higher SFA and MUFA for P. tricornutum (Qiao et al., 2016; Quelhas et al., 2019;
Yodsuwan et al., 2017) and higher PUFA content in S. costatum (Berge et al., 1995; Cardoso
et al., 2020) were observed.

94



Storage lipids are mainly composed of SFA and MUFA and tend to accumulate when
cultures are under unfavorable conditions with a consequent impact on growth and decline in
PUFA, serving as a source of carbon and energy. PUFA are, in turn, considered to be
structural lipids and thus extremely important in maintaining cell membrane fluidity when
changes in abiotic factors occur, such as low temperatures (Carneiro et al., 2020; Chini Zittelli
et al.,, 1999; Paliwal et al., 2017; Schiler et al., 2017; Sukenik, 1991). Since S. costatum
presented a significantly higher growth performance (Figure 6.1), a higher PUFA content was
expected since this group of fatty acids are linked to optimal growing conditions. As for P.
tricornutum, the increased content in SFA and MUFA supports the conclusion obtained from
the fluorescence analysis (Figure 6.3) that abiotic conditions, specifically temperature, were

not optimal for this species.
6.3.5. Multivariate analysis (PCA)

A PCA was performed on the data of each species, and for both species combined, in
order to assess the influence of the meteorological parameters measured, in terms of
irradiance (total incident photons, average and maximum irradiance), ambient temperature
(average, maximum and minimum temperatures), and pH on biomass volumetric productivity
(g L' d"), as well as biomass composition in terms of proteins, lipids, carbohydrates and ashes
(% of DW; Figure 6.4).
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Figure 6.4. Principal component analysis (PCA) bi-plot, grouped for Phaeodactylum tricornutum (1%t plot; n = 25),
Skeletonema costatum (2" plot; n = 23), and both diatoms (3™ plot; n = 48), grown in batch outdoors in 100-L flat
panels in triplicate. The score plot is colored according to each species, for P. tricornutum (dark grey circles) and
for S. costatum (light grey triangles). Variables shown: Vol. prod.: volumetric productivity; Cum. irr.: total incident
photons; Av. irr: average irradiance; Max. irr.: maximum irradiance; Av. temp.: average temperature; Max. temp.
and Min. temp.: maximum and minimum temperatures, respectively; pH; protein: biomass protein content; lipid:
biomass lipid content; carb.: biomass carbohydrate content; ash: biomass ash content.
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The models explain 39 and 16% of the data variability on the x- and y-axis, respectively,
for P. tricornutum, 45 and 17% on the x- and y-axis, respectively, for S. costatum, and 32 and
20% on the x- and y-axis, respectively, for both species combined. Average and maximum
irradiance, as well as minimum and average temperatures were the major contributors to the
x-axis of P. costatum, S. costatum and both diatoms PCA. Protein and ash composition were
the maijor contributors to the y-axis in PCA for P. tricornutum and both diatoms; total incident
photons were associated to the y-axis in P. tricornutum and S. costatum analysis, while
minimum temperature and pH were the main contributors to the y-axis in the case of S.
costatum only.

It is interesting to explore the differences between PCAs of each species. Biomass
volumetric productivity of P. tricornutum cultures was more related to average irradiance (r(24)
= 0.58, p < 0.05) and minimum temperatures (r(24) = 0.44, p < 0.05), and productivity of S.
costatum cultures was also correlated with average irradiance (r(22) = 0.32, p < 0.05), but was
better correlated with average temperatures (r(22) = 0.41, p = 0.054) than minimum
temperatures (H(22) = 0.41, p > 0.10). These results support those reported above, thus
emphasizing that the low temperatures recorded during P. tricornutum cultivation affected the
productivity of this diatom.

In the single PCA of S. costatum, lipid and carbohydrate content were positively related
to average irradiance (r(22) = 0.48 for lipids and r(22) = 0.43 for carbohydrates, p < 0.05). In
this study, carbohydrate content (% of DW) increased during the day until 5 p.m., while lipid
content was maximum at 1 p.m. and both were lower in the following morning (9 a.m.; data
not shown). Previous reports have observed carbohydrate accumulation (mainly 8-1,3-glucan)
during the light period in S. costatum (Handa, 1969; Varum et al., 1986), and loss of
carbohydrates and lipids during the dark period due to respiration (Handa, 1969).

In the combined PCA of both diatoms, average irradiance remained the principal
parameter related to volumetric productivity (r(48) = 0.55, p < 0.05), overriding the effect of
the minimum temperature observed in the single PCA of P. tricornutum. However, the high
ash content of S. costatum was prominent in both single and combined PCAs, which together
with protein and lipid contents (higher in P. tricornutum; Table 6.2), accounted for the three

major parameters differentiating the two diatoms in the combined PCA.

6.4. Conclusion

The current study investigated the effect of outdoor conditions upon growth, electron

cycle of PSII and biochemical composition of two diatom species. S. costatum exhibited a
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higher growth performance, daylight volumetric productivity and photosynthetic efficiency
when compared to P. tricornutum. Biochemical analysis of both diatoms revealed higher
protein and carbohydrate contents in P. fricornutum, and higher ash content in S. costatum.
However, S. costatum revealed higher protein, lipid, and ash productivities during the day
(from 1 p.m. to 5 p.m.), most probably related to its faster growth, while P. tricornutum revealed
higher protein and lipid productivities during the evening (5 p.m.). Regarding the fatty acid
profile, higher concentrations of SFA and MUFA were found in P. tricornutum, while S.
costatum revealed a higher PUFA content (above 50% of total FAME), thus improving the
commercial value of its biomass. The electron transport rate of P. tricornutum was impaired —
as indicated by fluorescence analysis — probably due to non-optimal temperatures during its
cultivation, which resulted in lower growth, as compared to that of S. costatum. The PCA
analysis supported those results, and indicated that minimum temperatures recorded during
P. tricornutum cultivation were sub-optimal. In this study, the optimal harvesting timepoint for
improved protein, lipid, and carbohydrate contents were set at the middle of the day (1 p.m.)
for S. costatum, with optimal carbohydrate and ash content for P. tricornutum at the same
timepoint. However, if protein or lipids are the targeted metabolites in P. tricornutum,
harvesting should be performed in the afternoon. Overall, both diatoms presented relevant
commercial profiles, although productivities of P. tricornutum still hold a margin for
improvement. This study also revealed the benefits of monitoring fluorescence parameters in
outdoor conditions and in industrial production scenarios, thus providing a valuable insight into

the PSII status and adaptation of the culture.
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Chapter 7

Effects of LED lighting on
Nannochloropsis oceanica grown in

outdoor raceway ponds

Growth in most microalgal mass cultivation systems is light-limited, particularly in
raceway ponds (RWP) where the light path is higher. Artificial lighting can be a promising
solution to diminish dark zones and enhance microalgal productivity. Therefore, our goal was
to prevent cell shift from photosynthesis to a respiration-only stage by resorting to light emitting
diode (LED) illumination. Nannochloropsis oceanica cultures were accordingly grown outdoors
in a preliminary small-scale experiment, followed by pilot-scale trials. In the former, three 3.0-
m? RWP were set up under three distinct conditions: 1) without LEDs (control); 2) LEDs turned
on during the night; and 3) LEDs turned on for 24 hours. In the pilot-scale trial, one of two
28.9-m? pilot-scale RWPs was coupled to the best LED setup — determined in the small-scale
preliminary experiment — using the same light intensity (normal mode) and half of the intensity
(economy mode), with the second RWP serving as a control. In the preliminary experiment,
the use of LEDs for 24 hours was deemed as not helpful during daytime, before the culture
reached = 0.5 g dry weight L' — when dark zones appeared during the day due to sunlight
attenuation in the 0.1 m-deep cultures. Overall, use of LEDs increased biomass growth chiefly
by increasing nighttime productivities — materialized in higher chlorophyll, protein, and

carbohydrate productivities in LED-Ilit cultures. A higher impact of LED lighting was observed
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under lower sunlight irradiances. A preliminary economic analysis indicates that use of LEDs

in RWPs outdoors should be considered for high-value metabolites only.

/.1. Infroduction

Currently, the expanding range of microalgae applications in various commercial sectors
drives the growing demand for microalgal biomass and its derivatives. In turn, this pushes
microalgae production facilities to improve their supply by increasing production as well as
enhancing process efficiency. However, any putative strategy toward this end must be
carefully assessed, otherwise production costs may go beyond the biomass market selling
price. Industrial production systems for microalgal cultivation comprise closed or open
systems, which differ significantly in productivity and costs. The former require substantial
investment (Richardson et al., 2012), but productivities can reach 10 to 45 g m? day™ (Acién
et al., 2012; Guerra et al., 2021; Llamas et al., 2021). On the other hand, open production
systems, such as raceway ponds (RWP), are considered to be one of the cheapest microalgae
production systems (Davis et al., 2011) — even though at the expense of lower productivities,
typically from 12 to 28 g m* day™ (Davis et al., 2011; Llamas et al., 2021; Tredici, 2004).
Further disadvantages include higher susceptibility to contamination by other microalgae,
predators (e.g., rotifers and amoebae), and parasites (e.g., cryptofungi and chytrids), low CO2
absorption, high O build-up, and poor light distribution within the culture. Additionally, outdoor
microalgae production systems are exposed to the elements (e.g., high variances in
irradiance, temperature, humidity) with daily and seasonal fluctuations resulting in increased
difficulties to control temperature, avoid photo-limitation and photoinhibition, among others.
From all these factors, light has always been one of the major growths controlling factors in
microalgae cultivation, particularly in RWP. This is due to the fact that RWP present one of
the largest light paths — commonly found between 10 and 30 cm (Chisti, 2016; Grobbelaar
and Soeder, 1985; Huesemann et al.,, 2017; Khawam et al., 2019; Sanchez Zurano et al.,
2020; Vonshak et al., 2014) — compared to other commercial systems such as tubular
photobioreactors with 2.5-14 cm (Pereira et al., 2018; Torzillo and Chini Zittelli, 2015), and flat
panel photobioreactors (FP-PBR) with 4.5-9 cm (San Pedro et al., 2016; Tredici et al., 2016).
Moreover, RWPs are limited to a one directional light exposure as opposed to the other
mentioned cultivation systems. This makes light one of the most limiting factors in RWP-
cultivation. Light penetration in algal cultures is also severely limited beyond 5 cm depth in
algal concentrations above 0.3 g L', meaning beyond this depth is virtual darkness where no

photosynthetic processes occur (Khawam et al., 2019). One solution that was put forward was
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the use of thin-layer systems with a column depth of ca. 0.5-5.0 cm, shading in these systems
is quite low, but in the summer can also lead to lower photosynthetic efficiencies (Morillas-
Espana et al., 2020). Therefore, the search for improvements in cultivation systems is still an
ongoing process.

The utilization of artificial light has been extensively studied and can boost productivity,
provide more stable and controllable growth conditions, and induce synthesis of specific
metabolites (Demory et al., 2018; Nwoba et al., 2019; Pereira and Otero, 2019; Schulze et al.,
2016, 2014). Although most industrial facilities producing autotrophic microalgae rely on
natural lighting, artificial light has been routinely employed indoors in some facilities. Although
LEDs have proven to be more efficient than other artificial light sources (Masojidek et al.,
2021) they can still have a severe impact on production costs. Therefore, for mass cultures,
the use of LEDs for artificial lighting must be coupled to the production of high-value products
(e.g., omega-3 polyunsaturated fatty acids [PUFA] and astaxanthin) to balance the economic
feasibility of the whole bioprocess.

Several studies have focused on microalgae cultivation in RWP indoors using artificial
lighting (Grobbelaar and Soeder, 1985; Radmann et al., 2007), such as the previous study by
Hueseman et al. (2017) that tested the ability of 800-L LED-lit indoor RWPs to simulate
microalgae growth outdoors (Huesemann et al., 2017). However, to our knowledge, no studies
have focused on the use of LEDs to increase productivity in RWPs outdoors — probably due
to the clash between a low-cost cultivation system (RWP) and a high-cost upgrade (LEDs).
Nonetheless, the integration of artificial lighting to improve biomass productivity merits to be
explored, in attempts to ascertain the accompanying efficiency under outdoor conditions.

The current work consequently assessed the use of LEDs under outdoor conditions,
using Nannochloropsis oceanica as model culture. This work focused on both the use of LED
lighting during the night, when biomass losses usually occur, and for 24 hours, since sunlight
penetration can be impaired by high biomass concentration, large depth of the water column
or low irradiance. Therefore, a preliminary experiment in small-scale 3.0-m? RWPs was carried
out to evaluate the use of LED lighting during the night and for 24 hours. Afterward, the best
setup was tested at pilot-scale, using 28.9-m? RWPs under two different light configurations.
To ascertain the increase in biomass cost due to LED lighting, a preliminary economic analysis
was performed — which helped assess the economic feasibility of implementing LED systems

in low cost RWPs.

/.2. Methods
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Two trials were performed: the small-scale preliminary experiment took place at Necton
S.A. facilities (OlhZo, Portugal), between January 215t and May 8™, 2019; the subsequent pilot-
scale trial was carried out at Allmicroalgae S.A. facilities (Pataias, Portugal), between March
17" and July 13", 2020.

7.21. Microorganisms, media, and inocula

Commercial strains of the Nannochloropsis genus were used in each facility and trial —
Nannochloropsis oceanica NAS0197 in Necton S.A. for the small-scale preliminary
experiment, and Nannochloropsis oceanica CCAP 849/10 in Allmicroalgae S.A. for the pilot-
scale trial. Both strains were pre-cultured in the laboratories in aerated (1% CO2) round bottom
5-L flasks, and subsequently used to sequentially inoculate three FP-PBR of 100, 400, and
800 L outdoors — consisting of a plastic bag with 0.08 m width supported by a metal structure
with flitered aeration and a CO; injection pulse system. The FP-PBR was, in turn, used to
inoculate a pilot-scale tubular photobioreactor (PBR) with CO. injection on demand, with
volumes of 3.2 and 2.5 m? for the small-scale preliminary experiment and pilot-scale trials,
respectively. The resulting cultures served as inoculum in the experiments implemented
afterward.

Cultures were grown in natural and artificial seawater (in the small-scale preliminary
experiment and pilot-scale trials, respectively), adjusted to a salinity of 33 g L™'. Seawater was
supplemented with a concentrated culture medium based on Guillard's f/2 (Guillard and
Ryther, 1962): NutriBloom® Plus medium medium (Phytobloom by Necton, Portugal; Olofsson
et al., 2012) for the small-scale preliminary experiment, and Allmicroalgae’s base medium (f/2
medium; Guillard and Ryther, 1962) for the pilot-scale trial. Nitrate concentration was
monitored as per the NO3 ultraviolet spectrophotometric standard method (Baird et al., 2017).
Whenever nitrate levels reached 5 mM, complete medium was added up to a concentration of

8-9 mM NOs — to ensure sufficient nutrient availability.

7.2.2. Experimental setup

7.2.2.1. Small-scale preliminary experiment
Three identical 300-L RWPs, with a surface area of 3.0 m?, were used to cultivate the
microalgae outdoors at Necton's facilities (Olhdo, Portugal). The RWPs consisted of two
channels (0.39 m wide each) and a deflector baffle at each bend. The length of the channel

straight zones measured 3.21 m; in one of the channels, the paddle wheel was placed 1.76 m
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from the bend. The RWPs were equipped with dissolved O, and temperature probe (SUP-
DM2800, Supmea, China), and pH probe (SUP-PH5013A, Supmea, China), all connected to
a Supervisory Control and Data Acquisition (SCADA) control system. This system was also
connected to a WatchDog WD-2700 meteorological station, coupled to a LICOR LI-190R-BL-
15 quantum sensor installed at the facility and able to provide real-time weather data. The pH
was pre-set at 8.1, with automatic addition of CO, when needed.

Since lighting RWP cultures from above would diminish sunlight penetration, and most
RWPs are either opaque or buried in the ground, submersible LEDs were employed. Four
LED strips (Figure 7.1A) of 3.2 m, and four of 1.75 m in length were evenly separated, strapped
to two rigid inox structures of compatible length (which helped to remove the LEDs for more
intensive cleaning of the RWP), and placed at the bottom of the RWP (Figure 7.1B). The 0.07
m-interspace between LEDs was defined to minimize "overlapping" irradiance between LED
strips and maximize homogenous light distribution from the bottom of the RWP (Figure 7.1C).
The LED strips covered 65% of the RWP's total area, and provided an estimated maximum

power density of 72 W m™,

Figure 7.1. LED installation in the 3.0-m? RWPs for the small-scale preliminary experiment. Close-up of the LEDs
used in this study (A); water-submerged LEDs at the bottom of the RWP during the night (B); RWP illuminated with
LEDs in the evening and submerged in a Nannochloropsis oceanica culture (C); and birch plywood covers used to
control the diel cycle (D).

Each 3.0-m? RWP was operated as one of three independent conditions: a RWP without
LEDs (control), a RWP where the LEDs were turned on only during the dark periods (night
LED), and a third RWP with LEDs turned on permanently for 24 hours (24h LED). The three
different conditions were run simultaneously, starting from a culture concentration of ca. 0.12
g of biomass dry weight (DW) L and a culture depth of 0.10 m. Cultures were grown
batchwise for 9 days, and the experiment was repeated three times. The first, second, and
third runs were performed from January 215 to 30", from April 5" to 14", and from April 30™"

to May 8" of 2019, respectively.
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Biomass sampling was done twice a day, in the morning (08:30) and evening (17:00).
Birch plywood covers were built, and used to cover the cultures (Figure 7.1D) to control the
light:dark cycles (8.5L:15.5D). Cultures were covered after the evening sample was taken
(sampling occurred in the light) but were left uncovered after the morning sample (sampling

occurred in the dark).

7.2.2.2. Pilot-scale trial

A larger pilot-scale trial was performed at Allmicroalgae's facilities (Pataias, Portugal),
using two outdoor 3754-L RWPs with a surface area of 28.9 m?. The straight channels
measured 13.2 meters in length, and the paddlewheel was located just after the bend (Cunha
et al., 2020).

In these pilot-scale trials, one RWP corresponded to the control, while the second RWP
received supplementary irradiance with LEDs. Culture growth in the LED-lit RWP comprised
two stages. In the first one, LEDs were turned on only during the night (night LED), until the
culture reached a predetermined concentration (ca. 0.5 g DW L' defined by the small-scale
preliminary experiment). The second stage was initiated afterward, and the LEDs were left on
for 24 h (24h LED) until the end of the experiment. Cultures from both control and LED-lit 28.9-
m? RWPs were carried out simultaneously, starting from a culture concentration of ca. 0.30 g
DW L' and a culture depth of 0.13 m (minimum water depth for adequate mixing in these
RWPs). Sampling was done twice a day, in the morning (08:00) and evening (18:00).

This pilot-scale trial was composed of two independent sub-trials, comprising two
different LED setups (LED quantity and light intensity): the normal and economy modes, that

are described below.

7.2.2.2.1. Normal mode

In the normal mode, LED power density was adjusted to 72 W m to mimic the one used
in the small-scale preliminary experiment. Ten rows of LED strips of 12.0 m and ten of 11.0 m
in length were strapped, 0.08 m apart, to two plasticized electro-welded meshes, and then
placed at the bottom of the 28.9-m? RWP (Figure 7.2A and Figure 7.2B), thus covering 76%
of the RWP area. Cultures were grown in batch mode for 10 days, until culture concentrations
reached 1 g DW L. The experiment was repeated another two times. The first, second, and
third runs were performed from June 4" to 15", from June 22" to July 2", and from July 3™

to 13™ of 2020, respectively.
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Figure 7.2. LED installation in the 28.9-m? RWP used in the pilot-scale trials. Panels A and B show the submerged
LEDs used for the normal mode without (A) and with (B) N. oceanica culture in the afternoon and at night,
respectively. Panels C and D show the LEDs setup for the economy mode, without (C) and with (D) culture in the
morning and at night, respectively.

7.2.2.2.2. Economy mode

In the economy mode experiment, the number of LEDs was decreased to provide a
power density of 29 W m. Four LED strips of 12.0 m and four of 11.0 m were mounted 0.19
m apart to homogenize light distribution throughout the 28.9-m? RWP channels and covering
76% of the RWP total area (Figure 7.2C and Figure 7.2D). Cultures were grown in batch mode
for 15 days, and the experiment was performed three times. The first, second, and third runs
were performed from March 17" to April 1%, from April 2" to 17", and from April 17" to May
2" of 2020, respectively.

7.2.3. LED

Warm white (2,700 K) IP68 LED (2835, 24 V, 1280 Lm m™, 14.4 W m™", JustLIGHT,
China) strips, with a luminous efficacy of 88.9 Im W-', were used in all trials (the corresponding
emission spectrum is provided in Annex Il Supplementary Figure 1ll.1). The LEDs were
operated in parallel, using a constant voltage power supply (24 V DC, 12.5 A, 300 W, IP66).
The energy, expressed in mole of photons (E), was determined based on Planck's equation

as per equation (7.1):

hXcX N,
E (J umol of photons™1) Tx 106

where h denotes Planck's constant (6.626 x 103* J s™), ¢ denotes the speed of light
(299 792 458 m s'), Na denotes Avogadro's number (6.022x10% mol™*) and A denotes the
dominant wavelength of the LED used (6.07 x 10" m). The maximum intensity of radiant
energy was then calculated by considering the total power provided and assuming an energy-
to-power conversion efficiency of 50% (Morkog, 2009) — see equation (7.2) for W m2 and

equation (7.3) for ymol m=2 s™:
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LX®g; x0.5

Popt max (W m—Z) = A (7.2)
o LX®gy x0.5
Iax (umolm=2s71) = Ale—xE (7.3)

where L pertains to the total LED length used, ®. to the LED's spectral flux (14.4 W m-
"), and A;to the LED illuminated area of the RWPs.

7.2.4. Measurements

7.2.4.1. Growth

Growth was assessed using a calibration curve between biomass DW and optical
density (OD). Measurements of DW were performed in duplicate, by filtering 10 mL of culture
through pre-weighed 0.7 um-glass microfiber filter membranes (698, VWR). The biomass on
the filters was washed with 10 mL of ammonium formate (35 g L"), and oven-dried at 60 °C
until constant weight (Guerra et al., 2021; Zhu and Lee, 1997). The OD of the same samples
was measured using a spectrophotometer (UVmini-1240, Kyoto, Japan in the small-scale
preliminary experiment, and Genesys 10S UV-VIS, Thermo Fisher Scientific, in the pilot-scale
trials), both at 540 nm.

Specific areal productivities (Ps), between measurements during the day and night

periods, were determined according to equation (7.4) and (7.5), respectively:

Xevening(n) - Xmorning (n)

Daytime P, (gm~2d™1) =

(7.4)
(tevening(n) - tmorning (n)) X A

Xmorning (n+1) — Xevening (n)

Nighttime P, (g m™2d™1) = (7.5)

(tmorning (n+1) — tevening (n)) X A

where Xavening (ny@nd Xmoming (n) cOrrespond to the biomass (g) of the culture on the same
day "n" in the evening and morning, respectively, and Xmoming (n+1) t0 the biomass on the
morning of the following day, whereas A (m?) corresponds to the RWP's surface area occupied

by the culture.

7.2.4.2. Fluorescence measurements

Off situ chlorophyll a fluorescence measurements were carried out in the small-scale

preliminary experiment, using the pulse-amplitude-modulated fluorimeter AquaPen (AP 110-
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C, Photon Systems Instruments, Czech Republic), coupled with FluorPen (version 1.0)
software. Samples were pre-diluted to an ODsso of ca. 0.6 and incubated for 15 min in the dark
to oxidize all plastoquinone (Qa). Individual samples were used for the manufacturer protocol
of rapid-light curves (RLC; protocol LC3). The light intensity to induce minimal chlorophyll
fluorescence (measuring light; ML) was set to 0.014 pmol photon m2 s, whereas the
saturating light to induce maximal chlorophyll fluorescence was set at 2400 umol photon m
s™'. Using the results from the default LC3 protocol, the relative electron transport rate (rETR)
was determined based on Genty's relationship (Genty et al., 1989), as conveyed by equation
(7.6):

AF
rETR = — x [ (7.6)
Fm

where /; is the incident photosynthetic photon flux density (umol photon m=2 s™), thus
leaving rETR to be expressed in umol photon m2s™'. RLC were fitted by the Eilers and Peeters'
model (1988). The corresponding light-saturation parameter (Ex) was determined according

to equation (7.7):

_ rETRpax
B (04

. (7.7)

where a represents the initial slope of the rETR curve, and rETRmax the maximum value
of rETR.

7.2.4.3. Pigments

Pigment extraction was performed on fresh biomass as described in Carneiro et al.
(2020), using chlorophyll and carotenoid equations based on SCOR-UNESCO (1966) and
Jaspars (1965), respectively (Carneiro et al., 2020; Jaspars, 1965; SCOR-UNESCO, 1966).

7.2.4.4. Gross biochemical composition

Culture samples were centrifuged and pooled to remove most of the water, and the
remaining pellet was lyophilized (LyoQuest Telstar, Terrassa, Spain). The resulting dried

biomass was stored at -20 °C until use for subsequent analysis.
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7.2.4.4.1. Lipid content
Lipid content was determined by gravimetry according to Bligh and Dyer (1959), with

slight modifications in the disruption method, since an IKA Ultra-Turrax disperser (IKA-Werke

GmbH, Staufen, Germany) was used (Pereira et al., 2011).

7.2.4.4.2. Protein content

Protein content was determined by elemental analysis of total nitrogen as per
manufacturer's procedure, using a Vario EL Illl (Elementar Analysensysteme GmbH,
Germany). Total nitrogen content was later multiplied by the conversion factor 4.95 to obtain

total protein content (Lourenco et al., 2004).

7.2.4.4.3. Ash content

Approximately 50 mg of biomass were incinerated in a furnace (J.P. Selecta, Sel horn
R9-L coupled with a program controller TC88, Bentrup) for 8 h at 525 °C. Differences in weight

between pre- and pos-incinerated biomass were calculated.

7.2.4.4.4. Carbohydrate content

Total carbohydrate content was determined by difference, by subtraction of lipid, protein,

and ash results from 100%.

7.2.4.5. Fatty acid analysis

Extraction and conversion of samples to fatty acid methyl esters (FAME) were done
following a protocol by Folch et al. (1957) and Lepage and Roy (1984), with modifications
described by Pereira et al. (2012). Briefly, lyophilized biomass samples were resuspended in
a methanol:acetyl chloride solution (20:1 v/v) and homogenized with an Ultra-Turrax disperser
(1.5 min at 23000 rpm; T18 digital ULTRA-TURRAX, IKA-Werke GmbH & Co. KG, Staufen,
Germany). Derivatization took place, after adding n-hexane, at 70 °C for 1 h. The lipidic phase
was separated by vortexing the samples with distilled water and hexane, followed by
centrifugation (this step was repeated thrice). Residual water was removed with anhydrous
sodium sulfate. Extracts were filtered, dried under a nitrogen gas flow, and resuspended in
gas chromatography (GC) grade hexane. The analysis was performed in a Bruker gas
chromatograph, coupled with a mass spectrometry (MS) detector (Bruker SCION 456/GC,
SCION TQ MS) equipped with a ZB-5MS capillary column (30 m x 0.25 mm internal diameter,
0.25 pm film thickness, Phenomenex), using helium as the carrier gas. The GC oven
temperature profile was set to 60 °C (1 min), 30 °C min~"' to 120 °C, 5 °C min™" to 250 °C, and
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20 °C min~" to 300 °C (2 min). Calibration curves were prepared with the commercial standard
Supelco® 37 Component FAME Mix (Sigma-Aldrich, Sintra, Portugal). Results are expressed
as percent of total fatty acid content (% of TFA).

7.2.5. Economic analysis

The economic analysis for the LEDs used in the pilot-scale trials includes only the higher
capital investments (LED strips and power supplies; CAPEX.ep) and operational costs
(electricity; OPEX.ep) — determined according to the local cost of electricity and an operation
of 330 days per year. A conservative average usable life of 30,000 h for the LEDs and the
power supply were considered for capital depreciation. Means of the resulting biomass in each
mode were used as a proxy for the biomass produced — without including seasonal variations.
The values presented of additional biomass produced are relative to the corresponding control
(without LEDs). Hence, a detailed evaluation of CAPEX and OPEX expenses pertaining to the
control was not included, since they do not significantly affect comparison between LED

treatments — besides falling outside the scope of this work.
7.2.6. Statistical analysis

The three runs of each trial were aimed at determining the average with the respective
standard deviations. Using these averages, an analysis of variance (ANOVA) followed by a
post hoc (Tukey’s test) were used to determine significant differences between conditions
(control, LED night, and 24h LED), at a significance level of a = 0.05. When data were of a
non-parametric nature, a Kruskal-Wallis test was used. A paired t-test was used to compare
evening and morning samples of the same condition. All statistical analyses and resulting plots

were performed using R software.

/.3. Results and discussion

7.3.1. Small-scale preliminary experiment
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7.3.1.1. Growth

The implementation of LEDs in RWPs outdoors was first evaluated in small scale 3.0-
m? RWPs. Starting at a concentration of 0.12 + 0.01 g DW L™, the cultures grew for 9 days in
batch, and the growth of individual runs, and the average of three repetitions are shown in
Figure 7.3 Meteorological data, including irradiance and temperature for each run of this
experiment, are provided in Annex Il Supplementary Figure 11.2 and Supplementary Figure
I11.3, respectively.

By the end of the trial, the cultures reached, on average, 1.00 £ 0.18, 1.52 £ 0.49, and
1.8 + 0.68 g DW L™ for the control, night LED, and 24h LED cultures, respectively. The
beneficial effect of using LEDs is perceptible just after 24 hours and increased over time.
Beyond the 4" day, the night LED and 24h LED cultures reached a ratio to the control of 1.38
+0.12and 1.64 + 0.13, respectively. Important differences in growth can be observed between
the first run, performed in late January, and the third run, performed in early May, which caused
higher standard deviations in the averaged values (Figure 7.3). This difference can be
explained by the meteorological conditions, especially sunlight irradiance, which differed
substantially between runs (see Annex lll Supplementary Figure 111.2). Nevertheless, a
significant beneficial effect of LED illumination (p < 0.05) was found, using the average values

of the three runs.
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Figure 7.3. Growth, in terms of g of dry weight (DW) L', over time (days) of Nannochloropsis oceanica grown in
batch under three different conditions: without LEDs (control; dark grey circles), with LEDs turned on during the
night (Night LED; yellow inverted triangles) and with LEDs turned on for 24 h (24h LED; red triangles) in three 3.0-
m? raceway ponds (RWP) outdoors. The RWPs were manually covered between evening and morning samples,
to control the dark periods and simulate nighttime (light grey vertical bars). Data from each run performed in January
(A), April (B), and Late May (C), and the averaged values of the three (D) are shown. Conditions that do not share
a letter (in brackets in the inset legend in the average plot) represent significant differences (p < 0.05). Error bars
represent standard deviations.

A crucial point in these growth curves is when the night LED culture and the 24h LED
culture started to diverge, with the 24h LED culture growing faster during daytime. This effect
becomes visible in the averaged values in Figure 7.3D after day 3, when the night LED culture
reached 0.57 g DW L. From this point forward, sunlight could no longer penetrate down to
the bottom of the 3.0-m? RWPs, as determined with a lux meter placed below an analogous
replica of the RWP channel, with a transparent bottom filled with biomass at the same
concentration as the RWP (data not shown). This can also be seen in Supplementary Table 1111,
which shows the areal productivities for each growth phase: lag, logarithmic and late
logarithmic, where LED-lit culture do not show any differences, and which only appear in the

logarithmic phase. This light attenuation with column depth and biomass concentration proves
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a major constraint when using RWPs for microalgae cultivation (Grobbelaar, 2013), and

explains the observed improvement when LEDs were applied.

7.3.1.2. Areal productivity
To clarify the LED's impact on the culture growth during the day and nighttime that were
masked by the differences between runs (see Figure 7.3), specific areal productivities of each

run (boxplots) and their average (violin plot) are detailed in Figure 7.4.

70 70 a
a ‘ £
] | a
V'S
50 50 A
[ i — i | A
o 2 1L
€ 30 £ 30 x
ke a a o | A
I .
: 2 | ¥ SRR o g
E 104 i h % & E 101 A
£ - ; r <,
=2 - . : | \ a b
P A ‘A
10 -10
30 A 30 Bl
Control Night LED 24h LED Control Night LED 24h LED

Figure 7.4. Comparison of specific areal productivities (g m2 d-') during the night (Nighttime Ps; A) and day (Daytime
Ps; B) periods of Nannochloropsis oceanica cultures grown in outdoor 3.0-m? raceways ponds without LEDs
(Control; dark grey), with LEDs turned on during the night (Night LED; yellow) and with LEDs turned on for 24h
(24h LED; red). The three boxplots represent the values for the first, second, and third runs, in this order. The violin
plot combines the values of all three runs. The values that compose the violin plot are depicted as dots inside the
violin region (Daytime Ps: n = 24; Nighttime Ps: n = 21). Horizontal white lines for both boxplots and violin plots
represent the median, while the horizontal black line in the violin plot represents the average. Conditions that do
not share a letter (on top of each violin plot) represent significant differences (p < 0.05).

The higher data dispersion in the average daytime productivities (violin plots of Fig. 4)
was chiefly due to the higher weather variability conditions during the day particularly light and
temperature, as during the night irradiance was steadily provided only by the LEDs. Hence,
differences in night productivities among conditions became more apparent, with a
significantly (p < 0.05) lower mean areal productivity for the control (2.3 + 5.0 g m?2 d")
compared to those of the night LED (9.1 + 7.2 g m2 d') and 24h LED (11.6 + 8.5 g m2d")
cultures (Figure 7.4A). However, average daytime productivities (Figure 7.4B) did not vary
significantly between conditions and exhibited a wider dispersion of values than their nighttime
counterparts — reaching up to 29.4 + 21.9 g m2 d' in the 24h LED culture. Negative daytime
productivities were significantly associated to a lower number of total photons received from
the sun and LEDs combined (p < 0.05), as well as lower average temperatures (p < 0.10)
(Annex Il Supplementary Figure I11.4). The values of areal productivities obtained lie within
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the interval found for RWPs, i.e., 15-45 g m?2 d' (Acién et al., 2012; Brennan and Owende,
2010), with values of 20-25 g m2 d' being more common in short operations (Tredici, 2004).

Global productivities were 9.5 + 3.0, 12.8 £ 3.2 and 16.5 + 4.9 g m?2 d"' for the control,
Night LED and 24h LED, respectively. The productivity of 24h LED-lit cultures were almost
double the value of the control, and was also higher than previous studies using N. gaditana
with 14 g m2 d"' and N. salina with 13.5 g m d*' using similar culture depths of 0.11 and 0.12
m and approximate volumes 800 and 300 L, respectively (Boussiba et al., 1987; Ledda et al.,
2015). Previous studies using RWP with higher column depths of 0.25 m with similar areas of
1.2 and 3 m? reported areal productivities of 8.3 g m2 d' for Nannochloropsis oculata and 3.3
for N. salina (Millan-Oropeza and Fernandez-Linares, 2017). Compared to our study, LEDs
brought about a significant improvement, particularly considering the lower column depth used
in this trial (0.10 m).

7.3.1.3. Metabolite productivities and contents

Pigment analysis, in terms of chlorophyll and carotenoids, and gross biochemical
composition, in terms of lipids, protein, and carbohydrates, were performed on the resulting
biomass samples of the small-scale preliminary experiment. Variations in the productivities
were compared between the three different conditions (control, night LED, and 24h LED)
according to evening and morning samples of the late exponential growth phase using the

averaged samples from the last two days of cultivation of each run (Figure 7.5).

113



-
¥

o
w

<
IS

Car.(mgL"d™)

= o o

Chl. (mgL"d™)
N

@
[=l=)
1

o
o
I

Lipid (mg L™ d™)

Protein (mg L™ d”)

Carb. (mg L' d™)

Night  24h Night  24h
Control LED LED Control LED  LED
N 0 N~

Evening Morning

Figure 7.5. Volumetric productivities (mg L' d-') of pigments in terms of carotenoids (Car.; A) and chlorophyll (Chl;
B) and macronutrients, namely lipids (C), protein (D) and carbohydrates (Carb.; E) of Nannochloropsis oceanica
grown under three different conditions: without LEDs (Control; dark grey), with LEDs turned on during the night
(Night LED; yellow) and with LEDs turned on for 24h (24h LED; red) in outdoor raceway ponds. Results are
expressed as the average of the last two days (late exponential phase) of the three runs, grouped according to
evening (solid bars) and morning (striped bars) samples. Different letters represent significant differences (p <
0.05) between conditions of the same time sampling group (evening or morning). Absence of letters means no
statistical differences were detected between conditions. Error bars represent standard deviations.

Compared to the control culture (evening: 1.79 + 1.19 mg L™ d"'; morning: 1.37 + 0.86
mg L' d), a significant increase (p < 0.05) in chlorophyll productivities of the cultures grown
under the 24h LED condition (evening: 3.16 + 0.66 mg L' d; morning: 3.28 + 1.50 mg L' d-
) was detected. This is in agreement with previous reports of higher pigment content per cell
of Nannochloropsis gaditana by the end of the light period (Fabregas et al., 2002) when
biomass concentrations are also higher, thus contributing to the higher chlorophyll
productivities. Even though chlorophyll content was lower in this study (1.84 + 0.11% f DW)
than previous studies using N. oceanica with 2.33% of DW (Carneiro et al., 2021) and 3.9%
of DW (Wang and Jia, 2020), carotenoids (0.42 + 0.02% of DW) were higher than those
reported previously (Carneiro et al., 2021) (Supplementary Table S2). This could be due to
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the differences between indoor and outdoor experiments where cells are exposed to much
higher irradiances, leading to the activation of photoprotective pathways (Wang and Jia, 2020).

At the late exponential phase, the biomass of N. oceanica was mainly composed of
protein and carbohydrates, with lower lipid contents (see Supplementary Table IIl.2). Control
cultures exhibited lipid productivities of 21.8 + 10.8 and 17.3 = 10.7 mg L d, protein
productivities of 39.0 £ 11.1 and 36.1 + 13.8 mg L' d"!, and carbohydrate productivities of 40.0
+ 13.9 and 33.3 + 11.7 mg L' d, in evening and morning samples, respectively. Overall,
cultures grown under 24h LEDs presented significantly (p < 0.05) higher productivities in terms
of protein (evening: 70.3 + 18.1 mg L' d*; morning: 68.8 + 22.0 mg L' d"') and carbohydrates
(evening: 69.6 = 17.2 mg L™ d”'; morning: 64.5 + 16.0 mg L' d") than those of the control.
This can be partially justified by the differences found in DW, as both pigment and
macronutrient productivities were lower in the control cultures. The biomass analysis revealed
higher chlorophyll, protein, and carbohydrate productivities in the 24h hour LED-Iit cultures,
thus contributing to an increased valorization of LED-grown cultures. Biomass composition
was similar to a previous study using N. oceanica grown outdoors in tubular PBR (Guerra et
al., 2021) and the low lipid contents observed suggests that the cells were growing in the
absence of nutrient stress (Carneiro et al., 2021; Molino et al., 2018). Higher differences were
expected between productivities of morning and evening samples due to diel regulated
metabolisms (Carneiro et al., 2020; Sukenik and Carmeli, 1990). Nonetheless, lipid
productivities were higher using LED-lit cultures — mainly due to the higher biomass
productivity of LED-lit cultures — than a previous study cultivating N. oculata in 200-L RWP
resulting in 25 mg L' d' (Millan-Oropeza and Fernandez-Linares, 2017). After pigments, lipids
possess the highest market value compared to carbohydrates and lipids (Ruiz et al., 2016).
Biomass composition, particularly in terms of high-value metabolites, can valorize the
microalgal biomass and render the application of LEDs economically feasible.

Fatty acid profiles were also determined in N. oceanica cultures. Saturated fatty acids
(SFA) corresponded to myristic (C14:0 < 5.8% of total fatty acids; TFA) and palmitic (C16:0)
acids with contents ranging within 20.8-23.0 % of TFA; while monounsaturated fatty acids
(MUFA), composed of palmitoleic (C16:1) and oleic (C18:1 < 2.5% of TFA) acids, varied within
31.1-34.3% of TFA. PUFA, consisting of linoleic (C18:2n-6 < 4.4% of TFA), arachidonic
(C20:4n-3) and eicosapentaenoic (EPA; C20:5n-3) acids, varied between 43.6-47.5% of TFA.
The most abundant fatty acids in all cases were palmitoleic acid and EPA. The variation of the
main fatty acids (higher than 10% of TFA) in N. oceanica, grown under each condition, is

shown in Table 7.1.
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Table 7.1. Percentage of total fatty acid (% of TFA) of Nannochloropsis oceanica grown under three different
conditions: without LEDs (control), with LEDs turned on during the night (Night LED), and with LEDs turned on for
24h (24h LED) in three outdoor raceway ponds. Results are expressed as mean + standard deviation of the last
two days (late logarithmic phase) of the three runs, grouped according to evening and morning samples. Different
letters represent significant differences between conditions of the same time sampling group (evening or morning).

Letters were omitted when no significant differences were detected.

Evening Morning

Control  NightLED ~ 24hLED | Control  NightLED  24hLED

C160 18629  169%29 169:24 | 17.5:28 159+24  152%10
C16:1  296+100 325:020) 318+126@ 290230 31.7:08@ 330£106

C20:4n-6 13.8+20 104132  112%39 | 11.9t44  116:34  87:30

C205n-3 260+0.7® 287+07@ 267:020) | 300:25 287+18 31.4%10

SFA  230%33 22437 228+30 | 214:33 213:28 208:16
MUFA  321£120 340201@ S32E1T 1g14400m 332206 545,450

PUFA  449:33 43638 440%25 | 47.5:50 455126 44.9:24

The reported fatty acids are consistent with those commonly found in the literature for
this genus (Carneiro et al., 2020; Cunha et al., 2020; Fabregas et al., 2004; Guerra et al.,
2021; Sukenik and Carmeli, 1989). Furthermore, natural fluctuations of SFA and PUFA,
between evening and morning samples, are consistent with the results previously described
for N. oceanica (Carneiro et al., 2020; Sukenik and Carmeli, 1989), with EPA being
significantly (p < 0.05) higher in the morning.

Nonetheless, TFA composition was affected by LEDs, resulting in a significant (p < 0.05)
increase in MUFA, particularly from palmitoleic acid, in both night LED and 24h LED cultures,
in both evening and morning samples. Regardless, PUFA remained the major constituent of
TFA, and were primarily composed by the structural EPA. Although lipid productivities were
low compared to protein and carbohydrate (Figure 7.5), the high EPA content in TFA points to

a high valorization of this fraction that can potentially increase the value of the final biomass.

7.3.1.4. Fluorescence

ETR can function as a proxy for the rate of electrons transported through the
photosynthetic chain, providing additional insight into light-limited, saturated, or inhibited
intervals for the cultures (Beer et al., 1998). Hence, RLCs and photosynthetic efficiency values
(a; slopes in dashed lines) were classified according to the growth phase, for both evening
and morning samples (Annex Il Supplementary Figure 111.5). All RLCs declined over time,

except those of the control culture in the morning during the exponential phase. However,
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photosynthetic efficiency values decreased with growth, with a more noticeable decrease of
the control culture.

The intercept of a with rETRmax supports the determination of the minimum saturating
irradiance coefficient, Ex. Values above Ex are characterized by a low photosynthetic rate,
which competes with energy dissipation (Malapascua et al., 2014). Specific values for Ex are

displayed in Table 7.2.

Table 7.2. Average of light-saturation (Ek) coefficients determined from relative electron transport rate (rETR)
versus PAR curves, shown in Annex Il Supplementary Figure 111.5 for Nannochloropsis oceanica cultures grown
under three different conditions: without LEDs (Control), with LEDs turned on during the night (Night LED), and
with LEDs turned on for 24h (24h LED) in three 3.0-m? raceway ponds outdoors. Results are expressed as mean
+ standard deviation of grouped values according to growth phase: lag, logarithmic (log), and late logarithmic (late
log) for evening and morning samples. Different letters depicted between brackets represent significant differences
(p < 0.05) among conditions.

Evening Ex (umol m2 s1) Morning Ex (umol m-2 s-1)
?)L(;V\S/teh Control Night LED 24h LED Control Night LED 24h LED
Lag 321+ 30 323+26 307 £ 27 258 + 76 261 + 49 279 + 62
Log 348 + 53 298 + 46 297 £ 33 333+52@ 260+48® 264 +47 ®

Latelog 360+30@  261+38®) 271+14®)  317+61@ 244 +47 @b) 239+ 41 ®)

Results pertaining to Ex were similar for the cultures grown with LEDs where values also
decreased with the cultures' growth in both evening and morning samples. However, the
results from the control increased with growth, showing significantly (p < 0.05) higher Ex than
LED-lit cultures. Conversely, in morning samples, they peaked during the exponential phase.
This suggests that, during dark periods (morning samples), the minimum light requirements
were met by using LEDs supplying ca. 318 ymol m?2 s™', which was in fact above the Ej of
LED-Ilit cultures. Ex values are in accordance with a previous study using Nannochloropsis
cultivated in a FP-PBR (5 cm) and in a high rate algal pond (HRAP; 35 cm) where lower values
were found for the more light limited system — HRAP — with light intensities between 264 and
162 umol m? s (Kromkamp et al., 2009) The slightly higher values found in our study could
be explained by the lower column depth used (10 cm), which favored the light acclimation of
the cells. However, it is interesting to note that the LEDs did not produce the same effect.
While in the control Ex increased over time (in a culture undergoing higher self-shading due to
higher cell concentrations), the LED-lit cultures presented the opposite effect, suggesting that

LED-Ilit cultures were receiving excess light.
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7.3.2. Pilot-scale trials

Considering the small-scale preliminary experiment results, the use of LEDs during
daytime was deemed as not helpful until the culture reached = 0.5 g DW L' (column depth of
0.10 m) when dark zones appeared during the day, due to sunlight attenuation in the culture
column. Moreover, the LED light intensity tested (ca. 318 umol m? s™') was saturating (Ex: 239-
360 umol m? s™). Based on these findings, the experimental setting was scaled up using 24h
LEDs only after the culture surpassed = 0.5 g DW L' and tested if a photon-limiting light
intensity (below Ex) would still benefit growth while minimizing LED usage and operational

costs.
7.3.2.1. Growth

In this trial, N. oceanica cultures started from concentrations of 0.29 + 0.01 g DW L' and
reached up to 1 g DW L™, with growth rates strongly affected by available irradiance. Averaged
growth curves for both normal and economy modes are shown in Figure 7.6A and Figure 7.6B,
respectively, together with the corresponding averaged specific areal productivities as
depicted in Figure 7.6C and Figure 7.6D.
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Figure 7.6. Averaged growth curves of three independent runs, using Nannochloropsis oceanica cultures, in g of
dry weight (DW) L, for each normal (A) and economy (B) modes of the pilot-scale trial where cultures were grown
under two different conditions: without LEDs (control; dark blue circles), and with LEDs (Night LED; yellow inverted
triangles and 24h LED; red triangles) in 28.9-m? outdoor raceway ponds. Light grey vertical bars represent the
night periods. Conditions that do not share a letter (in brackets in the legend) represent significant differences (p <
0.05). In the two lower panels, the average daily specific areal productivities (Areal prod. in g m=2 d-'; left Y-axis) is
shown, for the control (dark blue circles) and LED-lit (red triangles) cultures during the day and nighttime under
normal (C) and economy (D) modes. The bar plot represents the daily averaged photons received by the cultures
from day 0 to the end of the experiments (Daily cum. irradiance in mol m2 d-'; right Y-axis) that originated from the
sun (yellow solid bars) and the LEDs (yellow striped bars). Sun irradiance present during nighttime corresponds to
the remaining irradiance between evening and morning samples (see Methods section 2.2.2. Pilot-scale ftrial).
Conditions (control versus LED) that do not share a letter within each day and nighttime represent significant
differences (p < 0.05). Error bars represent standard deviations.

In normal mode, the control reached an average biomass concentration of 0.95 + 0.12
g DW L', while the LED-lit cultures (72 W m) attained 1.1 + 0.14 g DW L-". The trial under
this mode was cut short to 10 days since the cultures grew faster due to higher temperature
and solar irradiance, which were indeed closer to the optimal values for this species (Annex
Il Supplementary Figure 1.6 and Supplementary Figure II.7 for normal and economy modes,
respectively). After 15 days in the economy mode, the control cultures reached 0.77 + 0.04 g
DW L' while the LED-Iit culture (29 W m2) reached 0.96 + 0.06 g DW L. In both trials, cultures
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lit with LEDs grew significantly faster (p < 0.05) than their respective controls, with a higher
difference to the control in the economy mode trial.

The lower sun irradiance and temperature observed during economy mode runs made
the additional LED lighting more effective. This effect can be seen in Figure 7.6C and Figure
7.6D, which show the average daily specific areal productivities of the cultures grown with
LEDs during day- and nighttime, for each cultivation mode, together with the total daily photons
received per day by the cultures from the sun and the LEDs.

Areal daily productivities for control cultures, under normal mode, reached 22.4 + 15.4
and -0.91 + 6.70 of g m? d"! during day- and nighttime, respectively, while receiving 26.5 + 6.4
mol of photons m2 d-'. For this trial, areal daily productivities of the LED-Ilit cultures were not
significantly different (16.9 + 14.9 g m d™") than that of the control during daytime. However,
they were able to prevent biomass loss during nighttime, with productivities of 4.97 £ 7.06 g
m2 d”', while receiving an additional 8.4 (after LEDs were left on for 24h) and 16.1 mol of
photons m* d-' from the LEDs during the day and nighttime, respectively. This is not surprising,
in view of the positive relationship between growth and respiration arising from the cost of
biomass synthesis (Geider et al., 1989), and further explains the lower daytime productivities
in LED-Iit cultures.

In the economy-mode experiment (Figure 7.6D), average areal daily productivities in the
control cultures reached 9.88 + 6.33 and 1.08 + 3.22 of g m? d' in the day and nighttime,
respectively, while receiving 18.1 + 6.9 mol of photons m= d-! from the sun. Control and LED-
lit cultures displayed similar productivities during the daytime (9.64 +5.72 g m2d™"). However,
the latter showed higher values during nighttime (3.37 £ 2.66 g m d') compared to those of
the control, while receiving 3.7 and 6.2 mol of additional photons m? d-! from the LEDs during
the day and nighttime, respectively, upon leaving these lights on for 24h. For both modes,
significant differences (p < 0.05) were found between LED lighting conditions and controls
during nighttime only. Areal productivities found in the pilot-scale trial are consistent with those
previously reported in these RWP with a maximum of 18.1 g m?2 d"' (considering a similar
operation to the current trial) using N. oceanica (Cunha et al., 2020). Nonetheless, cultures in
large commercial RWP rarely exceed 12-13 g m2 d*' (Tredici, 2004). Global productivities in
the pilot trials were lower compared to the preliminary experiment with 4.24 + 0.44 and 5.82 +
0.38 g m2 d" for the control and LED lit culture in economy mode, and 8.79 + 1.87 and 10.44
+2.09 g m?2d"in normal mode. Economy mode values are lower than those reported in RWP
under similar conditions with 9.7 and 7.7 g m d-' using Nannochloropsis sp. and N. oceanica
in 4.73 and 2.89 m? with 0.2 and 0.1 m of column depth (Cunha et al., 2020; de Vree et al.,
2015). However, the LED-Iit culture in normal mode was able to surpass both values.

It is interesting to note that the control culture from the normal mode experiment received

almost the same daily photons (29.1 mol of photons m2 d) as the LED-lit culture in the
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economy mode experiment (28.4 mol of photons m?2 d'). However, areal productivities
between the two conditions varied considerably, owing to the increase in average
temperatures and the faster growth during normal mode, which increased the extension of
dark zones in RWPs. LED irradiance (72 W m) was thus rendered less efficient due to higher
light attenuation in the culture column. In this sense, the application of LEDs in microalgae
cultivation seems to be more useful under lower sunlight irradiances, such as those prevailing
in winter or in low irradiance locations. This agrees with the different specific areal
productivities found in the small-scale preliminary experiment, for which higher differences
from control values were found for microalgae being grown under lower sun irradiances during

the first run.

7.3.2.2. LED operation costs

In industrial applications, increased biomass productivity can be meaningless if
additional costs are not accounted for Table 7.3 presents the pilot-scale trial data considering
the extra investment and biomass return, compared to the corresponding controls; and shows
the depreciated initial additional investment in LED strips, and the necessary power supplies
as well as the operational costs in terms of the additional electricity spent during an operational

period of 330 days per year.

Table 7.3. Parameters of the LEDs used for the LED conditions in the pilot-scale trial, under normal and economy
modes. An average usable life of 30.000 h for the LEDs and the power supply was used to determine the
depreciation value for an yearly 330-day operation. Means of the resulting biomass in each mode were used as a
proxy for the biomass produced without taking into account seasonal variations.

Pilot-scale trial

Parameters Units
Normal Economy
LED strips 794.37 317.75 € year’
Power supply 410.65 186.66 € year
CAPEX.en 1205.02 504.41 € year'
Electricity 3152.33 1302.54 € year-
CAPEXLep + OPEXLep 4357.34 1806.94 € year'
Extra biomass produced! 21.0 19.8 kg year'
Cost of extra biomass produced’ 207.58 91.12 € kg

1 — Extra biomass produced compared to the respective control.

According to the pilot-scale trial results, yearly operation would result in 21 and 19.8 kg

of additional biomass compared to that of the control, if the normal or economic modes were
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chosen, respectively. Even though LED modes (normal and economy) do not differ
substantially in terms of additional biomass produced, their production costs do. The resulting
21 kg of extra biomass using the normal mode led to an additional expense of 208 € kg™. In
contrast, this value drops to less than half, 91 € kg™, for almost the same extra biomass (20
kg) from cultures grown under economy mode. Considering an average productivity of 2.7 kg
m2 year for the south of Spain (Ruiz et al., 2016), the extra biomass produced owing to the
LED lighting (0.70 + 0.02 kg m year') accounts for an increase by 25% of the yearly produced
biomass.

For a 100-ha facility with productivities between 21 and 27 ton ha™' year", production
costs have been previously reported to lie around 4.95 and 5.20 € kg™' (Norsker et al., 2011;
Ruiz et al., 2016), respectively. However, increasing the production scale can also lead to
lower production costs (Acién et al.,, 2012; Llamas et al., 2021). In addition, a more
concentrated culture reduces the culture volume to be processed, decreasing the biomass
separation costs in the downstream process, since harvesting from RWPs can contribute with
ca. 23% of the overall cultivation costs (Ruiz et al., 2016).

To compare overall photosynthetic efficiency (PE) conversion of luminous energy from
the sun and LEDs to biomass were determined according to the biomass energy content of
22.2 MJ Kg™ (Tredici et al., 2015). This resulted in values of 1.49 + 0.34 and 1.08 + 0.16% for
the control of LED-Ilit cultures under normal cultivation and 1.09 + 0.13 and 1.11 £ 0.17% for
the control and LED-Ilit cultures under economy cultivation. PE increased greatly in the normal
mode, when sun irradiance was stronger, thus characterizing this light-limited cultivation
system. On the other hand, PE of LED-lit cultures remained constant for the cultivation of both
modes enhancing the possible need of LED application only in light limited situations together
with high-value applications of the biomass. As the LED efficiency in RWPs is dependent on
weather conditions, particularly sunlight (since LEDs are more efficient at lower sun
irradiances), as well as biomass density, continuous fine-tuning of the LED operation time can
lead to more promising results in terms of value of the additional biomass produced. Even so,
the feasibility of application should only be considered for high-value products, when sunlight

is limiting at high latitude locations and/or under wintery weather conditions.

/.4. Conclusions

The application of LEDs in outdoor RWPs increased biomass growth mainly by
increasing nighttime productivities. Consequently, a positive outcome was attained in terms of

nutrient productivity, particularly protein and carbohydrates. The use of LEDs proved more
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efficient under low irradiances in both small-scale and pilot-scale cultures. The Ex coefficient
was helpful to determine a more economical LED setup within the light-limited region for the
pilot-scale trials. The economy mode also proved more efficient, yielding almost the same
extra biomass under normal mode, at less than half the cost. The incorporation of solar panels
to generate electricity could, in the long run, appear as beneficial in terms of sustaining LED
operation and diminishing OPEX (Morales et al., 2019). In any case, the incorporation of LEDs

should be mainly considered for high-value products.
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Chapter 8

Growth and bioactivity of two
chlorophyte (Chlorella and
Scenedesmus) strains co-cultured
outdoors in two different thin-layer
units using municipal wastewater as

A nutrient source

This Chapter is based on the published article: Carneiro, M., Ranglova, K., Lakatos, G.E., Camara

Manoel, J.A., Grivalsky, T., Kozhan, D.M., Toribio, A., Moreno, J., Otero, A., Varela, J., Malcata, F. X., Suarez
Estrella, F., Acién-Fernandéz, F.G., Molnar, Z., Ordég, V., Masojidek, J., 2021. Growth and bioactivity of two
chlorophyte (Chlorella and Scenedesmus) strains co-cultured outdoors in two different thin-layer units using
municipal wastewater as a nutrient source.

Algal Research 56, 102299. DOI: 10.1016/j.algal.2021.102299.

The application of microalgae in wastewater treatment has recently been at the forefront
of interest due to the increasing concern about environmental protection and economic
sustainability. This work aimed at studying two chlorophyte species, Chlorella vulgaris and
Scenedesmus acutus, co-cultured outdoors in centrate of municipal wastewater as nutrient
source. Two different thin-layer units were used in these trials — thin-layer cascade (TLC) and

thin-layer raceway pond (TL-RWP), suitable for this purpose due to their high biomass
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productivity and better culture transparency when using muddy wastewater. The units were
operated in batch, and subsequently in semi-continuous growth regime — and monitored in
terms of photosynthetic performance, growth, nutrient removal rate, and bioactivity. The
results showed that the co-cultures grew well in the centrate, where they achieved the
maximum biomass densities of 1.3 and 2.1 g dry weight L' in TLC and TL-RWP, respectively,
by the end of the batch regime and 1.9 and 2.0 g dry weight L' by the end of the semi-
continuous regime. Although TL-RWP grown cultures showed faster growth, the TLC-one
revealed better nutrient removal efficiencies batch wise than the culture grown in TL-RWP —
removing up to 48% of total nitrogen and 43% of total phosphorus. Conversely, the latter was
more efficient under the semi-continuous regime (54% and 42% consumption of total nitrogen
and phosphorus, respectively). In the harvested biomass, an important antimicrobial activity
(specifically antifungal) was detected. In this sense, the in-vitro growth of the oomycete
Pythium ultimum was inhibited by up to 45% with regard to the control. However, no
biostimulating activity was observed. The present findings confirm the possibility of using these
two species for biomass production in municipal wastewater centrate using highly productive
thin-layer systems. This technology can be a valuable contribution to circular economy since

the produced biomass can be re-applied for agricultural purposes.

8.1. Infroduction

The introduction of microalgae in wastewater treatment is currently under the spotlight
due to its potential integration in circular economy applications under the EU Water Framework
Directive goals through re-application of the phytoremediated microalgal biomass obtained in
other activities.

The application of microalgae in wastewater treatment is intended at removing excess
nutrients, heavy metals, and other organic contaminants while simultaneously benefiting from
a reduction in biomass production costs (Luo et al., 2015; Oswald et al., 1957; Pittman et al.,
2011; Wang et al.,, 2016). Selected microalgal species suitable for this purpose have a
biological profile characterized by a high growth rate and tolerance to high nutrient
concentrations (such as ammonium and carbon dioxide). Chlorella and Scenedesmus are
well-established genera, utilized in wastewater treatments that are robust and possess the
added benefit of producing metabolites with applications for low (biofertilizers) and high-value
(biostimulants and biopesticides) products (Krichen et al., 2019; Krustok et al., 2015; Ronga
et al., 2019). The added ability to synthesize compounds with market value is also necessary

to render the whole process economically feasible. However, several other challenges also
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need to be considered for successful production. Another relevant, yet complex variable in
wastewater treatment pertains to the evolution of natural, or selected, populations as mono-
or co-cultures. The use of microalgae in co-cultures, as opposed to monocultures in
wastewater treatment has been reported to yield more stable cultures (i.e., less susceptible to
crashes, as well as improve nutrient uptake (Gouveia et al., 2016; Qin et al., 2016). Previous
studies have explored microalgal co-cultures of Chlorella and Scenedesmus, naturally
assembled in high-rate algal ponds of wastewater treatment plants (Galés et al.,, 2019;
Koreiviené et al., 2014; Krichen et al., 2019; Tao et al., 2017). An additional, growth-limiting
factor that needs to be addressed in microalga-based wastewater treatments relates to light
availability, which is greatly affected by the type of photobioreactor used and the cultivation
regime applied (i.e., batch, semi-continuous). Open cultivation systems are characterized by
low construction and maintenance costs compared to closed photobioreactors. Due to the
presence of suspended solids and other particles in the wastewater that can interfere with light
penetration, units with a short light path can provide a solution, especially in climates with less
sunlight. To our knowledge, few studies have addressed the use of co-cultures grown in
wastewater and in TL systems (Tejido-Nufiez et al., 2020) including bioactivity assessment.
In this work, the behavior of co-cultures of two green microalgae, Chlorella vulgaris and
Scenedesmus acutus, were studied when grown outdoors in two different TL outdoor units —
a thin-layer cascade (TLC) and a thin-layer raceway pond (TL-RWP). Centrate from municipal
wastewater, after secondary aerobic treatment, was employed as the sole nutrient source.
Photosynthetic activity, growth, and nutrient removal efficiency were compared in both units,

as well as biostimulant and antimicrobial activity of biomass extracts.

8.2. Methods

8.2.1. Strains and laboratory culture condition

Two green microalgal strains, Chlorella vulgaris MACC-1 (hereafter abbreviated to C.
vulgaris) and Scenedesmus acutus MACC-677 (hereafter abbreviated to S. acutus) obtained
from the Algal Culture Collection of the Széchényi Istvan University, Mosonmagyarévar,
Hungary, were used in these trials. The strains were selected for their fast growth (Ordog et
al., 2013), as well as biostimulating and biopesticide activities (V. Ordég, unpublished data).

The cultures were initially grown as monocultures in BG-11 medium (Allen and Stanier, 1968;
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Hughes et al., 1958) in 10-L Pyrex bottles in the laboratory at 28-30 °C, under an irradiance

of 200 uymol photons m2 s, and mixed by bubbling a mixture of air with 1% CO, (v/v).
8.2.2. Centrate preparation

The centrate used in the cultivation was collected directly from the municipal wastewater
treatment plant (WWTP) in Tfebon (Czech Republic). To avoid cell aggregation, due to the
automatic addition of flocculant in the process, the activated sludge was taken from WWTP
just after secondary aerobic digestion (secondary-treated wastewater) and centrifuged at
3,000 g for 5 min (centrifuge Sigma 8KS) to separate liquid centrate from solid sludge (similar
procedure as in the WWTP). The supernatant (centrate) of brownish color was collected and
used (non-diluted) as nutrient medium (see the composition in Table 8.1). The total nitrogen
(TN) to total phosphorus (TP) ratio in the centrate was ca. 1.5. However, comparing the
centrate to the inorganic medium BG-11, commonly used for cultivation, the total content of
nitrogen was similar (250 mg L' in BG-11); while phosphorus was more than 20 times higher
(7 mg L"in BG-11).

Table 8.1. Minimum and maximum measured values (n = 3) of the wastewater centrate used in the cultivation trials
concerning biochemical and chemical O2 demand (BOD and COD respectively), total organic carbon (TOC), total
nitrogen (TN), and total phosphorus (TP).

Measured variable Concentration (mg L)
Biochemical Oz demand (BOD) 180
Chemical Oz demand (COD) 1000 - 1,100
Total organic carbon (TOC) 310 — 560
Total nitrogen (TN) 230 — 260
Total phosphorous (TP) 150 -170
8.2.3. Cultivation trials in outdoor units

Two outdoor cultivation units — TLC and TL-RWP — were used to grow the selected
microalgal strains. These two units differed in the circulation device used for moving the culture
— paddle wheel versus centrifugal pump (Grivalsky et al., 2019). Each of the 5 m? cultivation
units was placed in a separate east-west oriented greenhouse placed side by side; they
protected cultures from cross-contamination and unfavorable outdoor conditions. The units

were described in detail elsewhere (Ranglova et al., 2021). Trials were carried out in July 2019
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at Centre Algatech, Trebon (N 48°59', E 14°46'). The TL-RWP was operated continuously,
with a volume of 100 L and a culture thickness of 18 mm; the flow speed was ca. 0.2 ms™. In
both units, the automatic regulation of CO, supply kept pH between 7.8 and 8.2. The TLC was
operated with a working volume of 70 L, using a culture depth of 10 mm; and the flow speed
was ca. 0.5 m s™'. The culture was circulated only during daytime, and stored in a retention
tank during the nighttime, where it was mixed via air bubbling (light/dark regime of about 12/12
hours). The evaporation was compensated every morning by addition of tap water. Weather
conditions (culture temperature and irradiance received) were recorded using a
meteorological station (modular control system ADiIS-AMIT) with a solar radiation sensor
located by the units and submerged temperature sensors (Annex IV Supplementary Figure
IV.1 and Supplementary Figure 1V.2 for temperature and radiation, respectively).

Each unit was inoculated to the same biomass density, ca. 0.7 g of dry weight (DW) L™,
using laboratory-grown cultures (TLC inoculated one day later than TL-RWP owing to
technological complexity). The samples for various measurements were taken daily at 08:00
AM. The microalgae were grown in the batch regime for seven days to get a dense culture in
the late logarithmic phase. Afterward, a semi-continuous growth regime was operated for
another five days by harvesting 25% of each culture daily at 09:00 AM, and replacing it with

fresh centrate — so as to mimic large-scale semi-continuous biomass production.
8.2.4. Photosynthesis measurements

Microalgal samples were taken from the outdoor cultures and analyzed off-situ after
dilution to 0.2-0.3 g DW L' with tap water and dark-adapted for 10 min in the water bath, kept
at the same temperature as in the outdoor units. Photosynthetic activity of the cultures was
measured using a saturation pulse analysis of fluorescence quenching with a pulse-amplitude
modulation fluorometer (PAM-2500, H. Walz, Germany) to construct RLCs. Data were
recorded in triplicates. Analysis of RLCs was used to estimate changes in the actual
photochemical yield through PSII, YII, in terms of dependence on light intensity. The relative
electron transport rate (rETR) was calculated by multiplying the actual PSIl photochemical
yield by the corresponding PAR value (Erar) (Hofstraat et al., 1994; Ralph and Gademann,
2005; White et al., 2011). The RLCs were fitted by non-linear least-squares regression (Eilers
and Peeters, 1988), using PamWin_3 software to estimate maximum ETR (rETRmax) and
saturating irradiance. The experimental techniques used in this study are described in detail
elsewhere (Babaei et al., 2020, 2017; Ranglova et al., 2019; Silva Benavides et al., 2017).
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8.2.5. Analytical procedures

Measurement of biomass density was performed as described previously (Babaei et al.,
2017; Ranglova et al., 2019). Biomass content (presented as g DW L) was measured in
triplicate by filtering 5 mL of culture samples on pre-weighed glass microfiber filters (GC-50).
The cells were washed twice with deionized water, oven- dried at 105 °C for 8 h, and finally

transferred to a desiccator and weighed (precision of £0.01 mg).
8.2.6. Nutrient analysis

Both centrate and samples from the co-cultures (25 mL) were centrifuged (12,000 g, 5
min) before syringe filtering (0.45 pym) and stored at -20 °C until further analysis (performed
by the laboratory Povodi Vitavy, Ceské Budé&jovice). The parameters and nutrient content
were determined according to specific protocols: biological oxygen demand (BOD) by
suppression of nitrification, chemical oxygen demand (COD) using a commercial analytical kit
(Merck), and total organic carbon (TOC) by thermal decomposition with Pt catalyst. Nitrite-
nitrogen content (NO2-N) was determined by automatic discrete photometry, ammonium-
nitrogen content (NHs-N) by acidimetry after distillation, and nitrate-nitrogen concentration
(NO3-N) was calculated as the sum to make up to TN content — which was, in turn, determined
by thermal oxidation with electrochemical detection. Both TP and orthophosphate-phosphorus
(PO4-P) were assayed after mineralization using automatic discrete photometry. Nutrient
removal was calculated as the difference between the supplied nutrient (TN and TP) content
found in the wastewater and the one found in the respective cultures by the end of each culture
regime (batch and semi-continuous). Results were expressed in g m? d' and as percentage

of nutrients supplied in the wastewater.
8.2.7. Bioactivity tests

The resulting freeze-dried biomass harvested by the end of the semicontinuous regime
was suspended in distilled water (10 mg DW L), and sonicated (Branson sonicator 150,
amplitude 40%, 3 min) before testing for two different agricultural applications: antimicrobial
and biostimulating activities. The antimicrobial (biopesticide) activities of the samples were
evaluated with an antagonism bioassay. Three different bioassays were used to detect plant
biostimulating activities: the cress seed germination, the mung bean rooting and the wheat

leaf chlorophyll retention. All bioassays were performed in triplicate.
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8.2.7.1. Bioassays of germination index

Freeze-dried microalgal biomass (100 mg) was suspended in 10 mL of distilled water
(10 g DW L) for the germination index assay. The suspension was sonicated and then
incubated with stirring and heating for 2 hours. The biostimulant activity was tested on 100
cress (Lepidium sativum) seeds using sonicated aqueous extracts of 0.5 and 2 g DW L of
microalgal biomass, as described elsewhere [27,28]. The percentage of seed germination, as
well as radicle elongation were taken for the germination index (Gl) calculation according to
the following formula: Gl (%) =(Gs x Ls) / (Gw *Lw), where Gs denotes the percentage of
germinated seeds in the presence of the microalgal extract, Gw the percentage of germinated
seeds in the presence of distilled water, Ls the mean of radicle elongation (mm) in the
presence of the microalgal extract, and Ly the mean of radicle elongation (mm) in the presence

of distilled water.

8.2.7.2. Determination of auxin-like activity

The bioassay of auxin-like activity was performed according to Hess (1961). The algal
suspensions at concentrations of 0.5, 1.0, 2.0, and 3.0 g DW L' were used for treatment of
seedling cuttings of mung bean (Vigna radiata (L.) Wilczek) in the rooting tests. The number
of roots (longer than 1 mm) was recorded after application of the biomass extract. A standard
curve of indol-3-butyric acid (IBA) at concentrations of 0, 0.3, 0.5, 0.7, and 1 mg DW L', was

prepared for comparative purposes.

8.2.7.3. Determination of cytokinin-like activity

The bioassay of cytokinin-like activity was performed according to Kuhnle et al. (1977).
Leaves from wheat (Triticum aestivum L.) seedlings (about 10 cm height) were collected and
then cut 35 mm below their apical tip into 10 mm segments. The algal suspensions at
concentrations of 0.5, 1.0, 2.0, and 3.0 g DW L' were applied to the detached leaf segments.
After incubation for four days, the chlorophyll content of the leaf segments was measured. A
standard curve of kinetin (KIN) at the concentrations of 0, 0.3, 0.5, 0.7, and 1 mg DW L™, was

used for comparison.

8.2.7.4. Antagonism bioassays by dual culture
The aqueous extracts were tested against the growth of phytopathogenic fungi, bacteria,
and oomycetes in-vitro using the dual culture technique according to published protocols
(Sanchez San Fulgencio et al., 2018; Suarez-Estrella et al., 2014). The activity of the extracts

was tested against two fungi — Fusarium oxysporum f. sp. melonis and Rhizoctonia solani
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(further abbreviated as F. oxysporum and R. solani, respectively), two oomycetes —
Phytophthora capsici and Pythium ultimum (further abbreviated as P. capsici and P. ultimum,
respectively) and four bacteria strains — Clavibacter michiganensis subsp. michiganensis,
Xanthomonas campestris pv. vesicatoria, Pseudomonas syringae pv. tomato, Pectobacterium
carotovorum (further abbreviated as C. michiganensis, X. campestris, P. syringae, P.
carotovorum, respectively). All strains were provided by the Spanish Type Culture Collection

(STCC). The inhibition index was calculated according to the following formula in equation 8.1:

r x 100 (8.1)

where [ is inhibition index in %, C is diameter of the zone of the pathogen patches in the
absence of microalgal extract (mm), and T is diameter of the zone of the pathogen patches in
the presence of microalgal extract (mm). In all cases, control bioassays were performed using

distilled water.
8.2.8. Statistical analysis

One biological replicate was performed for each unit with several technical replicates
performed under batch and semi-continuous growth until steady-state was achieved. A paired
sample non-parametric test (Wilcoxon test) was used to check for significant differences
between cultures grown in the different units (TLC and TL-RWP). Only results with p < 0.05

were considered statistically different. All tests and graphs were produced using R software.

8.3. Results and discussion

8.3.1. Growth

In the present study, two different species, C. vulgaris and S. acutus were grown as a
co-culture in two different cultivation units — TLC and TL-RWP — in batch and subsequently in
semi-continuous regime, using centrate from municipal wastewater as the only nutrient
source. The culture grew faster in TL-RWP, reaching 2.1 + 0.0 g DW L (u = 0.15 d"") after
one week of the batch regime while it was only 1.3 + 0.0 g DW L (u=0.10d") in TLC. A
more extended lag phase was observed in TLC’s culture, probably due to the lower thickness

of the culture layer (Figure 8.1). In any case, both TLC and TL-RWP cultures were
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characterized by a steeply increasing biomass density under batch regime. According to our
previous experience, when the biomass density reached about 1 g DW L, both cultures in
outdoor TL unit became photoadapted and started growing faster. However, the semi-
continuous regime promoted a higher specific growth rate of the TLC culture (1.9 g DW L;
1 =0.32d"), which eventually reached a similar biomass density as that in TL-RWP (2.0 g
DW L, £=0.19 d") with a lower specific growth rate. The thickness of culture layer in TL-
RWP and high culture density at the end of the batch regime probably promoted
photolimitation, allowing attainment of higher growth rates in the TLC culture under the semi-

continuous regime.

3.0 1.a- TLC batch | semi-continuous
—0— TL-RWP

25 7

DW [gL™]

0.0 T T T T T T 1 T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12

Time [d]

Figure 8.1. Growth in terms of g dry weight (DW) L' of co-cultures of C. vulgaris and S. acutus cultivated in a thin-
layer cascade (TLC; black triangle with dashed line) and in a thin-layer raceway pond (TL-RWP; white circles with
solid line) under batch and semi-continuous regime (25% dilution rate) using centrate as a nutrient source (n = 1).
The culture in TLC was inoculated one day later than that in TL-RWP. Error bars represent analytical standard
deviation, as DW was determined in triplicate.

After surpassing 0.8 g DW L™, the highest growth promoted in the TLC unit can also be
attributed to a lower oxygen build-up, as this gas is released when the culture falls into the
collection tank through a net that promotes degassing. In both units, pH was controlled and
kept between 7.8 and 8.2, where even though the dominant form in the ammonium/ammonia
(NH4*/NH3) buffer system is NH4* (ion dissociation constant, pKa, is about 9.25 at 25 °C), at
this set point values of pH, NH4* conversion to NHs is already ongoing (Wang et al., 2019). As
so, degassing can probably promote ammonia stripping and thus prevent algal growth
inhibition (Alvarez and Otero, 2020). Nonetheless, all situations unfolded the possibility of
using aerobic centrate as the sole nutrient source, which provided suitable growth conditions.

The biomass concentrations achieved in this study using TL systems surpassed the

usual biomass density of 1 g DW L' achieved in high rate algal ponds or conventional RWP
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— characterized by deep light paths (Cho et al., 2017; Ledda et al., 2015). The short optical
path resulted in higher biomass density of the co-culture grown in both TL units, showing lower
light absorption when the brownish centrate was used as nutrient source.

By the end of the trial, microscopic observation showed that the co-culture was
dominated by S. acutus cells (Annex IV Supplementary Figure 1V.3). It has already been
reported (Krichen et al., 2019) that Chlorella is one of the first microalgae to colonize
wastewater environments since it is a more stress-tolerant genus. Later on being overgrown
by S. acutus, which is more sensitive to high concentrations of ammonium (Krichen et al.,

2019). However, this balance can also be influenced by seasonality (Cho et al., 2015).

8.3.2. Photosynthetic performance

Changes in the photosynthetic activity can reflect adaptation mechanisms to higher
irradiance as to minimize photo-stress. In this study, these changes were estimated as
rETRmax by chlorophyll fluorescence (Figure 8.2). Supplementary data estimated from the
RLCs including the slope (a), the photosynthesis saturating irradiance (Ek = rETR/a) and non-
photochemical quenching (NPQ) are shown in Supplementary Table IV.1Error! Reference
source not found.. The rETRmax values of the TLC culture increased at the beginning of the
cultivation trial and remained relatively stable with only a slight decrease at the end of batch
regime, reaching a maximum value of 349 + 15 ymol e m? s under the semi-continuous
regime. On the other hand, rETRmax in the TL-RWP cultures increased at the beginning of the
cultivation trial and reached the maximum of 373 + 3 ymol e m? s™'; it started to decrease by
the end of batch regime toward a minimum of 188 + 0 ymol e m? s™'. The recovery was seen
in semi-continuous mode, although rETRmax of in the TL-RWP culture remained lower than
that of the TLC cultures.
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Figure 8.2. Maximum relative electron transport rate (rETRmax) of the co-culture of C. vulgaris and S. acutus
cultivated in TLC (black bars) and TL-RWP (white bars) under batch and semi-continuous (25% dilution rate)
regime using centrate as nutrient source (n = 1). Missing values represent non-sampling days. Error bars represent
analytical standard deviation as the measurements were performed in triplicate. Growth regime marked with an
asterisk (*) indicates statistically significant differences (p < 0.05) between TLC and TL-RWP units.

An initial photoacclimation was observable in the cultures grown in both units, although
the lower initial values during the first days can also be attributed to ammonium inhibition (see
Figure 8.3) that constrains electron transport in PSII (Li et al., 2019; Wang et al., 2019). Higher
rETRmax were found in TL-RWP during the first three days; overall, the TLC culture revealed
significantly higher (p < 0.05) rETRmax values. This was probably caused by higher averaged
irradiance per cell in the thinner layer TLC culture (7-10 mm) compared to that in TL-RWP (15-
25 mm). The slightly higher culture density (Figure 8.1), as well as culture depth, in the TL-
RWP unit (compared to TLC) promoted a lower average cell irradiance, resulting in lower
rETRmax values by the end of batch regime. The lower rETRmax values of both cultures at the
last day of the batch regime can respond to nutrient deficiency in nitrogen-limited media (see
Figure 8.3; White et al., 2011). This is supported by the later increase of rETRmax in the semi-
continuous regime when part of the culture was replaced by fresh centrate and N availability

was again higher, and photolimitation was reduced.

8.3.3. Nutrient removal

The evolution of TN, TP and TOC removal efficiencies of C. vulgaris and S. acutus co-
culture, when using centrate as nutrient source, was assessed during the experiment. Results

are shown in Table 8.2.
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Table 8.2. Nutrient removal efficiency in g m2 d' (in %) of total nitrogen (TN), total phosphorus (TP) and total
organic carbon (TOC) in the co-cultures of C. vulgaris and S. acutus grown in a thin-layer cascade (TLC) and a
thin-layer raceway pond (TL-RWP) under batch and semi-continuous cultivation regime (25% dilution rate). The
centrate of municipal wastewater was used as nutrient source (n = 1).

Removal efficiency in g m2 d' (%)

Unit Cultivation mode
TN TP TOC
Batch 0.35 (48%) 0.19 (43%) -2.54 (-287%)
TLC
Semi-continuous 0.89 (53%) 0.32 (29%) 1.15 (17%)
Batch 0.22 (34%) 0.00 (0%) -2.98 (-330%)
TL-RWP
Semi-continuous 1.13 (54%) 0.71 (42%) 2.76 (33%)

The removal efficiencies of TN and TP by the end of the batch regime were higher in the
TLC grown culture reaching 48 and 43%, respectively, as opposed to the TL-RWP cultures
that reached only 34 and 0%. Under the semi-continuous regime, the TN uptake was
increased in both TLC (53%) and TL-RWP (54%), while the TP removal efficiency decreased
in TLC (29%) and improved in the TL-RWP (42%) cultures. The inability of the co-culture in
TL-RWP to uptake P in the batch regime is somehow surprising and points to another limiting
element. As such, further experiments should be performed in order to establish the limiting
factor toward increase in nutrient removal efficiency. Nonetheless, neither combination could
reach the admissible values for wastewater discharge in sensitive areas of 10-15 mg L' of TN
and 1-2 mg L™ of TP (Directive 91/271/EEC, 1991). Still, the TN and TP removal efficiencies
were improved by the use of a co-culture (Chlorella and Scenedesmus) when compared to a
similar experiment performed with Chlorella monocultures (Ranglova et al., 2021). However,
a longer residence time could improve performance (Galés et al., 2019).

The TOC concentrations increased in both cultures grown in batch mode, causing
negative removal efficiencies (-287 and -330% in TLC and TL-RWP, respectively). This
increase in TOC was probably caused by decomposition of natural organic matter present in
the centrate (e.g., humic acid, amines, urea) as there is also evidence of a decrease of NH4
during the lag phase at the beginning of the trial — Figure 8.3 (Hendricks, 2007) and by the
presence of starch in gradually increasing number of microalgae cells during the batch regime.
This resulted in negative TOC removal efficiency. The TOC left in the culture during the batch
regime was higher than the one consumed by heterotrophic organisms, such as bacteria (Tao
et al., 2017). The higher growth rate of the culture grown in TLC during the semi-continuous
regime produced a higher density of the cells containing starch and thus, the TOC removal
efficiency was lower (17%) as compared to that in TL-RWP (33%). As the centrate was added
every day, the bacteria population proliferated quicker than microalgae, being able to uptake

more TOC, which resulted in lower concentrations by the end of the semi-continuous regime.
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Figure 8.3. Concentration (mg L") of nitrate-nitrogen (N-NOs; black square), nitrite-nitrogen (N-NO2; black circle),
ammonium-nitrogen (N-NHa; grey diamond), and phosphate-phosphorus (P-PQO4; white triangle) in the co-culture
of C. vulgaris and S. acutus grown in a thin-layer cascade (TLC; left panel) and a thin-layer raceway pond
(TL-RWP; right panel) under batch and semi-continuous (25% dilution rate) growth regimes using centrate as

nutrient source (n = 1). Error bars represent analytical standard deviation as the measurement was performed in
triplicate.

The specific nutrient uptake was more efficient in both cultivation units in the batch
regime, whereas it was not fast enough in the semi-continuous one, resulting in accumulation
of some nutrients in the cultivation medium, e.g., phosphate (Figure 8.3). Phosphate removal
can be limited when N-NH, is exhausted (Galés et al., 2019). This is understandable as the
TN/TP ratio (about 1.6) in the centrate (Table 8.1) was relatively low, considering the content
of nitrogen and phosphorus in microalgal biomass is usually reported up to a maximum of 12%
and 3% (ratio N/P of 4) of ash-free DW, respectively (Reynolds, 2006). The daily addition of
tap water to compensate the evaporation contributed to the total nutrient with only 20 ug L™ of
NO;z; and 28 ug L' of PO,*; these are rather negligible amounts, and therefore, were not
accounted for.

Nitrite-nitrogen was efficiently removed by the co-culture grown in both units, reaching
values below 0.3 mg L™, which is the maximum admissible threshold in drinking water (World
Health Organization, 2017). After three days of cultivation, ammonium-nitrogen concentration
dropped significantly in both cultivation units achieving the value of 24 mg L in TLC
compared to 6.2 mg L' in TL-RWP. Being the preferred nitrogen source, ammonium-nitrogen
concentrations dropped first under the batch regime, thus reflecting the opposite trend of
nitrate-nitrogen. The decrease in ammonium concentration was accompanied by the

increased nitrate concentration during the batch regime, probably due to bacterial nitrification.

136



Moreover, some ammonium may have been lost due to stripping to the atmosphere in gaseous
form (Alvarez and Otero, 2020).

8.3.4. Biological activity

8.3.4.1. Determination of auxin- and cytokinin-like activity

No biostimulating activities were detected when two different concentrations of the
microalgal extracts (0.5 and 2 g DW L") were used for seed germination (data not shown).
The mung bean rooting (data not shown) tests demonstrated no auxin-like activity. No
chlorophyll retention was detected when the samples were tested for cytokinin-like activity
(data not shown). Some inhibiting substances in the centrate could explain the absence of
biostimulating activity in the freeze-dried biomass sample (Garcia et al., 1995). Another
explanation for the absence of biostimulating activity could be due to the type of nutrient
source used since previous studies were able to find such activities in Chlorella (Ranglova et
al., 2021).

8.3.4.2. Antimicrobial activity

The biomass obtained from the co-cultures of microalgae grown in the centrate showed
antagonistic activity against various phytopathogenic agents (Figure 8.4). Antifungal activities
were the most noticeable in the co-cultures developed in both units. Similar inhibition of fungal
activities of at least 43, 31, and 42% against R. solani, F. oxysporum, and P. capsici,
respectively, were detected regardless of the cultivation unit. These results are similar to that
obtained for monocultures of Chlorella MACC-1 (Ranglova et al., 2021) and Scenedesmus
MACC-677 (manuscript submitted). The antifungal activity of 45% against P. ultimum was
found only when the biomass was cultivated in TLC. This could indicate the predominant
presence of Chlorella MACC-1 in the co-culture of TLC as no bioactivity of Scenedesmus
MACC-677 against this pathogen was observed (unpublished). On the other hand,
antibacterial activity against one microbial species, C. michiganensis, was detected only in the

biomass harvested from TL-RWP.
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Figure 8.4. Antibacterial and antifungal activities of the resulting biomass of co-cultures of C. vulgaris and S. acutus
grown in a thin-layer cascade (TLC; black bars) and in a thin-layer raceway pond (TL-RWP; white bars) in centrate.
Results are expressed as inhibition index (%) against two fungi — Rhizoctonia solani, Fusarium oxysporum f. sp.
melonis, two oomycetes — Phytophthora capsici and Pythium ultimum and four bacteria strains — Clavibacter
michiganensis subsp. michiganensis, Xanthomonas campestris pv. vesicatoria, Pseudomonas syringae pv. tomato
and Pectobacterium carotovorum (n = 3). Error bars represent standard deviation.

One reason for the loss of multi-antibacterial capacity, which has been previously
reported in Chlorella cultures (Ranglova et al., 2021; Ronga et al., 2019) could be caused by
the presence of a higher density of S. acutus cells found at the end of the trial. However, since
culture conditions can influence antimicrobial agent production, it would be interesting to
pursue a better understanding of the co-culturing influence on the biological activity of the
microalgae, since keeping a monoculture in open systems can be a difficult task (Mudimu et
al., 2014). Our results indicated that the resulting biomass had a high action capacity against
several pathogens commonly found in crops, helping to fight several fungal and oomycete
infections, thus preventing wilting, rotting, and ultimately host death (Kevan and Shipp, 2011;
Lamour et al., 2012). Therefore, the agricultural application of microalgal biomass after
wastewater treatment has added value, as it implies the potential use of a natural biopesticide
that provides protection to crops, while concomitantly contributing to the implementation of a

circular economy.

8.4. Conclusion

The use of municipal wastewater centrate as the sole nutrient source to grow a co-
culture of two chlorophytes (Chlorella and Scenedesmus), in two different outdoor TL units,

was overall feasible. After a short adaptation period, the cultures started to grow linearly and
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were transferred to a semi-continuous regime. Although a longer residence time can probably
provide better results, nutrient removal of macronutrients from the wastewater centrate was
effective. Even though microalgae’s co-culturing benefits depend on population succession
dynamics, the resulting biomass revealed a potential application in agriculture as antimicrobial
agents, specifically against common agriculture fungi and oomycetes. Both TL systems are
suitable for biomass production as well-mixed cultures are exposed to ambient light resulting
in high average cell irradiance. TL-RWP use provided very similar results to that of TLC, as
they are operated at similar culture layer depth. However, the TLC culture provided overall
higher productivity (and slightly better nutrient removal) under the semi-continuous regime
compared to the culture grown in TL-RWP. In addition, the co-culture of Chlorella and
Scenedesmus yielded better nutrient removals than Chlorella monocultures under similar
experimental designs, reaffirming the usefulness of consortia in wastewater treatment. This
study confirms that the centrate separated from municipal wastewater can be used as a
nutrient medium for chlorophyte cultivation, while effectively stripping nutrients to reduce
eutrophication. Moreover, a final product with agricultural application can be obtained, thus

contributing to a circular economy.
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Chapter ?

Conclusions and future work

9.1. Conclusions

The work presented in this thesis addressed the underlying difficulties of microalgae
biomass production by resorting to a multiplicity of approaches. Previous experimental data
on the improvement of microalgae cultivation was complemented by strategies to monitor and
promote biomass or target metabolite productivities — duly tested with several commercially
relevant species and photobioreactors. Together with cost-cutting designs, such approaches
can bring closer the reality of microalgae production for medium and low-value products — as
this thesis aimed to provide another piece of the underlying puzzle by improving stability and
sustainability of microalgae production. In this sense, the work described from Chapters 3 to

8 can help to answer the proposed questions, defined in Chapter 1.3:

1) How do the tested growth conditions affect biomass productivity, and are they

applicable at an industrial scale?

Considering the desired final product (biomass or specific metabolites), the correct
selection of a strain can define the success or failure of an operation. In Chapter 3, the semi-
continuous cultivation with 10 and 30% renewal rates of five Tetraselmis strains reveals the
significant growth and biochemical differences within the same genus, showing the extreme
importance of strain selection, which is the first step in microalgae production. Semi-
continuous cultivation is a common growth strategy used for microalgal production at industrial

scale. The application of a 30% renewal of the culture volume in Chapter 3 resulted in
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increased lipid content and productivity for the tested lipogenic and non-lipogenic Tetraselmis
strains. Nonetheless, the rapid assessment of neutral lipids using flow cytometry revealed that
this mode of cultivation lowered the fraction of neutral lipid content in the cells.

Temperature is a major contributor to the success of microalgae cultivation, but it is also
one of the most complex and expensive parameters to control, both economically and
sustainably. While open systems suffer from active evaporation, closed systems commonly
depend on water sprinklers to cool down the cultures with operating temperatures that can
surpass that of the surrounding air. In Chapter 4, N. oceanica cultures were grown at a
temperature of 28 °C or 18 °C outdoors in 50-L tubular photobioreactor (PBR). Applying a
suboptimal constant temperature (18 °C) during the cultivation of N. oceanica led to a
downregulation of the photosynthetic activity, inhibiting photosystem Il (PSIl) repair
mechanisms, which could explain the lower biomass productivity under this condition.
Conversely, the higher biomass productivities obtained at warmer temperatures (28 °C) came
at the cost of higher nighttime biomass losses. Even though results from Chapter 4 indicate a
valorization of the biomass due to the higher PUFA contents found — particularly those of
eicosapentaenoic acid (EPA) — when cells were grown at suboptimal temperatures, excessive
cooling could still be counter-productive if biomass productivity is low. Therefore, the best
strategy would be to select the most suitable season to grow the selected microalgae
species/strains to minimize the need to cool or heat the culture. Another approach relies on
selecting thermophilic strains that also tolerate a wide range of temperatures in an attempt to
prevent irreversible damage to PSIl and consequent lower productivities.

Nutrient manipulation can also be a powerful tool to induce accumulation of target
metabolites, although it is usually associated with slower growth rates. In Chapter 5, the
exhaustion of nitrate in the cultivation of N. oceanica led to limited growth and increased de-
epoxidation of the xanthophyll cycle pigments, along with poor electron transfer efficiency.
However, nitrate depletion promoted lipid accumulation, with a high content of saturated fatty
acids. As a result of the deterred growth, nutrient limitation strategies are more commonly
applied in a two-stage approach. This means the microalgae are firstly cultured under optimal
conditions, preferably under continuous or semi-continuous operational mode, and when the
log-phase biomass obtained is subjected to the selected nutrient limitation to induce the
accumulation of a target metabolite.

Both cultivation mode and nutrient manipulation are feasible approaches applicable at
industrial scale. However, temperature control presents a more challenging endeavor due to
the low efficiency, sustainability, and high cost associated with the task. Therefore, the
selection and characterization of the microalgae strain must be carefully accomplished to

determine the most suitable environmental conditions for its growth.
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2) Is fluorometry a helpful tool to monitor and identify hindrances to cellular

performance?

In Chapter 5, the application of in situ chlorophyll a fluorescence measurements to
monitor photochemical parameters resulting from changes in nitrate availability was
successfully tested. The faster timescale of photon capture events (~10 s) than CO: fixation
(~1 s) (Beardall and Raven, 2013) translated in readily detectable “congestions” in electron
transport, which was further enhanced when nitrogen was exhausted, and CO; fixation was
constrained, leading to lipid accumulation. The correlation between the effective quantum yield
of PSII (AF’/Fm") and lipid content also revealed that small changes in lipid content produce a
considerable variation of AF’/F.’. The usefulness of such a fast and responsive variable is
tremendous since it can provide rapid insight into the photosynthetic apparatus and thus
support the prevention of culture problems or even prevent culture crashes.

Nonetheless, ex-situ fluorometers have also proven their worth. In Chapter 4, the
maximum photochemical quantum vyield of PSIl (F./Fm) and Kautsky's curves (OJIP
fluorescence induction kinetics) showed the downregulation of photosynthetic activity with a
lower electron transfer efficiency at low temperatures. This was probably caused by a
diminished reaction centre (RC) number as a self-defense mechanism to avoid low-
temperature induced photoinhibition. The limited PSII repair mechanisms of N. oceanica at 18
°C revealed a lower tolerance of this species to this temperature than at 28 °C, for which repair
occurred during the night.

In Chapter 6, the outdoor cultivation in 100-L flat panel photobioreactors (FP PBR) of
two commercially relevant diatoms was biochemically and photochemically monitored. The
monitorization of electron transport using both F./F and the probability that a photon trapped
by the PSIl RC moves an electron further than Q, (@.) in S. costatum and P. tricornutum
allowed identification of temperature as a limiting factor for the growth of P. tricornutum.
Indeed, the higher values of S. costatum’s y, were linked to a higher growth rate when
compared to P. tricornutum, at least in the conditions and strains tested.

Using rapid light curves (RLC) in Chapter 7, the monitorization of the minimum saturating
irradiance coefficient (Ex) in raceway ponds (RWP) culture systems in which light emitting
diodes (LED) were implemented, permitted to observe significantly higher Ex values in the
control than in the LED-Iit cultures. This information allowed to diminish LEDs' use to maximize
the photosynthetic rate at a lower price since the minimum light requirements were already
met by using LEDs supplying ca. 318 ymol m2 s™.

In Chapter 8, maximum relative electron transport rate (rETRmax) was used to compare
the photosynthetic efficiency of co-cultures of C. vulgaris and S. acutus grown under two

different cultivation systems using wastewater as media. The results show a better
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performance of the culture grown in the thin-layer cascade (TLC) characterized by overall
higher biomass productivity, when compared to the culture grown in the thin-layer (TL) -RWP,
probably due to the higher averaged irradiance per cell in the thinner layer of the TLC. In
addition, the low values of rETRmax also pointed to nutrient limitation at the end of the batch
cultivation in both units.

Overall, chlorophyll a fluorescence in and ex-situ provided a valuable and fast “intel” of
the photosynthetic status of the cells, thus elucidating or warning about several constraints in

the photosynthetic process that can hamper growth and, as a consequence, productivity.

3) Is artificial lighting a promising solution to enhance microalgal production in

RWP cultivation systems?

So far, the use of LEDs in microalgae cultivation has been employed at laboratory scale
due to the LEDs higher efficiency compared to other artificial light sources. The use of LEDs
is limited to industrial scale because of their high cost, but several companies have managed
to use them indoors, providing a more controllable environment. However, the feasibility of
such an application has only proved effective in producing high-value metabolites.
Nonetheless, the study of the effect of LED implementation in cultivation systems outdoors to
improve productivity is scarce. In Chapter 7, RWPs — one of the most light-limited cultivation
systems, were used to test the effect of LEDs upon growth of N. oceanica. The results show
that LEDs improved growth, particularly at night, when biomass losses can occur from
respiration. Still, as referred to in Chapter 4, at high irradiances, the continuous growth during
the night led to a lower growth during the following day. Thus, the final increased biomass
productivities were not enough to compensate the use of LEDs other than for high-value
products. However, since LED efficiency is higher with lower sunlight irradiances and is also
dependent on the culture concentration, a less intensive operation, by using the LEDs below
a pre-determined solar irradiance or coupling the LEDs with solar energy, may provide a more

cost-effective solution in the near future.

4) Can microalgae treat municipal wastewater centrate using TL cultivation

systems and the resulting biomass be re-applicated in other activities?

Conventional wastewater treatments require several improvements, since they demand
vast amounts of energy to oxidize organic matter, release considerable amounts of
greenhouse gases, and have a low removal efficiency of ammonia, nitrate, and phosphate.
Therefore, more advanced technologies are needed. The water treatment cost of conventional

wastewater treatment plants is around 0.2 € m=, with additional expenses for tertiary treatment
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processes, including nitrogen and phosphorous removal (Acién et al., 2016). Using microalgae
in wastewater treatment changes the existing paradigm, since wastewater is upgraded from
effluent to resource. In this scenario, there is no further need to supply oxygen for the oxidation
of the organic carbon, thus reducing emission of greenhouse gases and increasing release of
oxygen to the atmosphere in addition to recovery of valuable nutrients for microalgae growth.
Although the resulting biomass cannot be used for human consumption, possible applications
include feed, bioenergy, and agriculture. In Chapter 8, a consortium of C. vulgaris and S.
acutus was successfully grown in municipal wastewater centrate resorting to two different TL
units. A major concern in wastewater treatment using microalgae is turbidity which can deter
microalgae growth due to light limitation. Turbidity varies with different types of wastewater,
but the use of TL systems has been put forward as a good solution to improve light availability
allowing the treatment of wastewater with higher turbidity levels. Under batch growth mode,
the TLC-grown cultures revealed better nutrient removal efficiencies; however, the TL-RWP
culture was more efficient under a semi-continuous regime. Although no biostimulant activity
was found in the final biomass, an important activity against common fungal pathogens found
in agricultural crops was revealed. The valorization of biomass through biostimulant and
biopesticide applications as opposed to the anaerobic digestion for biomethane production is
more interesting due to the higher market value of these compounds compared to that of
biofuels. Regardless, application of the resulting microalgal biomass in other sectors is

essential for the process to be cost-sufficient.

9.1.1. Lessons to be learned

A major characteristic of this thesis is the performance of the described studies in
different laboratories. This diversity allowed comparison of methodologies between
laboratories along with recognition of the need to standardize several common protocols. The
standardization would grant better data comparison when using similar experiments and
conditions, which would permit more significant advances and collaborations in microalgae
research.

Other relevant aspects are the scarce studies at industrial scale aimed at confirming the
preliminary results of experiments performed at laboratory scale (and indoors). In the last
decade, more and more authors corroborate their findings by performing experiments at pilot
scale outdoors where weather conditions are uncontrollable. Growing microalgae outdoors
results in different productivities and cultivation challenges that increase proportionally to the

used scale. Connected to this task also comes the need for tailor-made processes for each
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microalga. An inflexible cultivation strategy of one-fits-all will probably end up in an

unsuccessful cultivation.

9.2. Future work

The growing biotechnological potential of microalgae and their derivatives drives the
ongoing increase in the value of these microorganisms. As a result, process optimization
linked to sustainable approaches is crucial to deliver the required biomass. This strategy
should start with an extensive screening of different microalgae species, with a particular focus
on extremophiles coupled with the application of adaptive laboratory evolution methodologies
that favor the selection of robust strains with a commercially attractive composition. Further
development should also focus on validation of such strategies at industrial scale. The
usefulness of an in-situ fluorimeter probe should be validated with different microalgae and
under different growth regimes. The results should be accompanied by the study of biotic and
abiotic conditions observed during the cultivation to correct for natural fluctuations in the data.
In addition, revamping of cultivation systems used in microalgae facilities is a never-ending
process, since several limitations still exist. These include the ones associated with light
integration, CO, absorption, O, build-up, temperature and contamination control, and
microbiota equilibrium in the cultures that can interfere with microalgae productivity.
Regardless of the strategy, future approaches should be accompanied by a life cycle
assessment and integrate circular economy that includes the valorization of each biomass

fraction and processing of wastes and effluents.
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Supplementary Material

Annex |

Supplementary Table I.1. Temperature influence on daily volumetric productivity and nighttime biomass loss (+
SD) in Nannochloropsis oceanica, grown outdoors in a semi-continuous mode, under different temperature regimes
in two independent trials. Daily volumetric productivity (g L' d') was determined by subtracting the final dry
biomass concentration of the evening (g L™') with the dry biomass concentration in the morning of the same day
(after dilution; g L") and dividing by the determined period (in this case, one day). Daily volumetric nighttime
biomass loss (g L' d') was determined similarly, but by subtracting the final dry biomass concentration of the
evening (g L™") with the dry biomass concentrations of the following morning (before dilution; g L™') and dividing by
the same period. Nighttime biomass loss (%) was determined by subtracting the final dry biomass concentration of
the evening (g L™") with the dry biomass concentrations of the following morning (before dilution; g L™') and dividing

by the same value of final dry biomass concentration in the evening (g L™").

Trial 1

Daily volumetric productivity

Daily volumetric nighttime
biomass loss

Nighttime biomass loss

Time (g L d'1) 1 1 (0/0)
(days) (gL d7)
28:18 °C 28:28 °C 28:18 °C 28:28 °C 28:18 °C 28:28 °C
(L:D) (L:D) (L:D) (L:D) (L:D) (L:D)
0 0496 £0.111 05960061 02600125 0173+0105 27.7+137  161+979
1 0436+0.071 0484+0028 0.170+0.091 00500076 21.0+113  521+7.93
2 0615£0.014 0539+0028 0240+0.045 0250+0051 229+427  236+485
3 0706 £0.071 0570+0042 02600072 0.130+0.042 230654 131432
4 0.657£0.057 0532+0014 04000102 03200045 37.0+964  31.7+445
5 0784 +0.042 0654+0099 0540+0.045 0410+0099 47.8+435  398+103
6 0.553+0.028 0569+0028 0.320+0040 0290+0032 381+493  322+366
7 0.540 £0.028 0.367 +0.000 0.350+0.032 0.115+0.007 39.8+381 155 +0.956
Daily 0 508+0.107 0539+0.080 0318+0.107 0217+0.113 32.2%9.20  22.2+10.9
aVerage
Trial 2
Daily volumetric productivity ~ 221 "I;’.'”me""c nighttime Nighttime biomass loss
. 4 a1 iomass loss
Time (g L1d7) (g L' d)
(days)
28:18 °C 18:18 °C 28:18 °C 18:18 °C 28:18 °C 18:18 °C
(L:D) (L:D) (L:D) (L:D) (L:D) (LD)
1 0426 £0.042 02550057 01300121 00800080 143+133  103+103
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2 0.459+0.042 0.415+0.000 0.130+0.051 0.030+0.014 14.0 £5.52 3.41 +1.61
3 0.527 £0.085 0.373+0.014 0.180+0.089 0.050 +0.032 18.0 +9.07 5.49+3.48
4 0.449+0.085 0.238+0.042 0.210+0.086 0.060+0.045 23.3+9.81 7.79 +5.82
5 0.468 £0.042 0.330+0.014 0.190+0.051 0.100+0.045 21.3+5.82 12.0 £5.39
6 0.507 £0.028 0.336 £0.028 0.140+0.028 0.020 +0.117 14.9 + 3.04 2.50+14.6
7 0.452 £0.028 0.254 +£0.071 0.120+0.040 0.070 +0.076 13.0 +4.37 8.86 + 9.67
a\gearz};]e 0.470 £0.033 0.314+0.062 0.157 £0.033 0.059 +0.026 17.0 £3.71 7.19 £3.28

Supplementary Table 1.2. Averaged daily areal productivities (gross and net) and nighttime biomass loss (+ SD) of
Nannochloropsis oceanica cultures grown under different temperature regimes in tubular photobioreactors (PBR)
outdoors in two independent trials. Gross areal productivity (g m2 d-') was determined by dividing the daily average
biomass produced (g d-') with the PBR’s area (m?). Growth yield (g MJ-') was obtained by dividing the gross areal
productivity with the daily irradiance. Net areal productivity (g m? d-') was determined by subtracting the gross
areal productivity with the night biomass loss (g m=2 d'). The nighttime biomass loss was calculated by dividing the
daily average biomass loss (g d-') with the PBR’s area (m?); in brackets is reported the percentage of biomass loss
regarding the biomass synthesized during the light period.

Mean daily Gross areal Growth Net areal Nighttime
Trial Condition irradiance productivity yield productivity biomass loss
(MJ m?day?) (gm2d”) (g MJY) (g m2d”) (g m2d?)
28:18 °C (L:D) 30.8+553 1.52+0.36 145+ 7.81 16.4 £ 5.52 (53.1%)
1 20.3+3.21
28:28 °C (L:D) 27.8+4.11 1.37 £0.30 16.6£7.13 11.2+5.82 (40.3%)
28:18 °C (L:D) 242+168 1.48+0.38 16.1+2.39 8.10+1.69 (33.5%)
2 16.4 £ 4.03
18:18 °C (L:D) 16.2 £ 3.21 0.99 +0.31 13.2+3.48 3.02+1.33(18.6%)
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Supplementary Figure 1.1. Correlation between biomass loss (g L") and respiration values (umol of O2 ug of
chlorophyll-" hour ), combining data points from both trials and conditions using Nannochloropsis oceanica, grown
outdoors in tubular photobioreactors under different temperatures. Data points from the 28:18 °C (L:D; controls)
kept cultures are depicted in dark (Trial 1) and light (Trial 2) grey; cells kept at 28:28 °C (L:D; Trial 1) and 18:18 °C
(L:D; Trial 2) are depicted in orange and blue, respectively. The shaded grey area represents the confidence
interval (95%) of Pearson’s correlation. The correlation coefficient (r = 0.64) and the significance level (p < 0.05)
are shown in the upper left corner of the plot (n = 29).
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Supplementary Figure I1.1. Variation of chlorophyll (% of dry weight [DW]; A) and carotenoid (% of DW; B) over
time (h) of Nannochloropsis oceanica grown in nitrate replete (control; blue circles with solid line) and deplete (NOs-
deplete; yellow triangles with dashed line) conditions in 1-L flat plate photobioreactor (n = 1). Error bars represent
standard deviation.
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Supplementary Figure 11.2. Xanthophyll components variation, violaxanthin (V), antheraxanthin (A) and zeaxanthin
(2), on a chlorophyll basis in response to the Nannochloropsis oceanica culture growth (in g DW L") in nitrate
replete (control; blue circles with solid line) and deplete (NOs-deplete; yellow triangles with dashed line) conditions

in a 1-L flat plate photobioreactor (n = 1).
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Supplementary Figure 11.3. Transient curves (OJIP) after 0, 3, 5, 20 and 44h of Nannochloropsis oceanica grown
in nitrate replete (control; left plots) and nitrate deplete (NOs-deplete; right plots) conditions in 1-L flat plate

photobioreactor (n = 1). In panel A curves were normalized to Fo. In Panel B curves were double normalized to
both Fo and Fm.
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Annex lll
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Supplementary Figure Ill.1. Emission spectra of the used LEDs.
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Supplementary Figure 1Il.2. Irradiance from sunlight (in yellow) and LEDs (in orange) throughout the days of each

of the three runs of the small-scale preliminary trial. Grey bars represent the dark periods when the cultures were
covered, simulating nighttime.
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Supplementary Figure I1.3. Temperature measured in the cultures of each condition: Control (blue dashed line),

Night LED (yellow line), and 24h LED (red dotted line) throughout the days of each of the three runs that

composed the small-scale preliminary trial. Air temperature is depicted in a thick grey line. Grey bars represent

the dark periods when the cultures were covered, simulating nighttime.
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Supplementary Figure I11.4. Daytime specific areal productivities (Daytime Ps; g m?2 d') of Nannochloropsis sp.
cultures grown under all conditions in outdoor 3.0-m? raceways ponds as a function of average temperature (°C)
and total irradiance (sunlight and LED).
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Supplementary Figure I11.5. Relative electron transport rate (rETR) of Nannochloropsis sp. grown in three
different conditions: without LEDs (Control; dark grey), with LEDs turned on during the night (Night LED; yellow),
and with LEDs turned on for 24h (24h LED; red) in three outdoor raceways. The individual data points that make
up the rapid light curves (RLC) are plotted in lighter colors and were grouped according to growth phase: lag, log,
and late log for dark and light samples. Dashed lines represent the associated slopes, a of each RLC.
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Supplementary Figure 111.6. Sun irradiance (yellow peaks; left Y-axis) and air temperature (grey line; right Y-axis)
measured throughout the days of each of the three runs that composed the normal mode of the pilot-scale trial.
Irradiance from LEDs is not included.
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Supplementary Figure I11.7. Sun irradiance (yellow peaks; left Y-axis) and air temperature (grey line; right Y-axis)
measured throughout the days of the three runs that composed the economy mode of the pilot-scale trial.
Irradiance from LEDs is not included.

Supplementary Table Ill.1. Average + standard deviation of areal productivities for Nannochloropsis oceanica
cultures grown under three different conditions: without LEDs (Control), with LEDs turned on during the night (Night
LED), and with LEDs turned on for 24h (24h LED) in three 3.0-m? raceway ponds outdoors. Results are expressed
as mean * standard deviation of grouped values according to growth phase: lag, logarithmic (log), and late
logarithmic (late log).

Productivities (g m2 d)

Condition
Lag Log Late log
Control 6.9+55 125+5.0 94127
Night LED 122+49 15.7+52 14.7+34
24h LED 13.7+6.4 20877 18.8+5.6

Supplementary Table Ill.2. Average + standard deviation of biomass composition (% of dry weight; % DW) of
pigments in terms of carotenoids (Car.) and chlorophyll (Chl.) and macronutrients, namely lipids, protein and
carbohydrates (Carb.) of Nannochloropsis oceanica grown under three different conditions: without LEDs (Control),
with LEDs turned on during the night (Night LED) and with LEDs turned on for 24h (24h LED) in outdoor raceway
ponds. Results are expressed as the average of the last two days (late exponential phase) of the three runs,
grouped according to evening and morning samples.

Sampling Condition Car. (%DW) Chl. (%DW) Lipid (%DW) Protein (%DW) Carb. (%DW)

Evening Control 0.42+0.18 1.78 £ 0.58 17421 32626 36.5+2.1
Evening Night LED  0.44 £0.12 2.02+0.39 176 +2.0 36.4 +3.8 32.3+5.0
Evening 24h LED 0.39+0.12 1.86 + 0.38 17120 354 +1.1 35.0+1.7
Morning Control 0.40 £ 0.09 1.75+0.43 16.8 2.9 356+1.8 33.2+3.8
Morning Night LED  0.41 £0.08 1.75+£0.27 16.1 £1.7 36.7+24 33.8x1.7
Morning 24h LED 0.45+0.12 1.90 £ 0.40 17.0+£25 355+1.9 34.1+41
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Annex IV
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Supplementary Figure IV.1. Temperature changes (°C) in the cultures during the trial grown in batch and semi-
continuous regime in both thin-layer cascade (TLC; dashed blue line) and in the thin-layer raceway pond (TL-RWP;
solid yellow line).
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Supplementary Figure IV.2. Changes in the irradiance intensity reaching the cultivation units placed in greenhouses
during the trial where thin-layer cascade (TLC; dashed blue line) and the thin-layer raceway pond (TL-RWP; solid
yellow line) units were used to grow the co-culture in centrate in batch and semi-continuous regime.
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Supplementary Figure 1V.3. Microscopic picture of the co-culture of Chlorella sp. and Scenedesmus sp. grown in
the thin-layer cascade (TLC) and the thin-layer raceway pond (TL-RWP) in centrate on the last day of the semi-
continuous growth regime.

Supplementary Table IV.1. Changes of variables estimated from saturation pulse analysis of fluorescence
quenching: the slope (a) and non-photochemical quenching (NPQ) of the co-cultures of C. vulgaris and S. acutus
grown in a thin-layer raceway pond (TL-RWP) and a thin-layer cascade (TLC) during the cultivation in batch and
semi-continuous regime (25% dilution rate). Results are expressed as means z standard deviation as
measurements were carried out in triplicate.

Time [day] TL-RWP TLC
a NPQ a NPQ

0 0.61 +0.037 0.06 +0.004 X X

1 0.70 £ 0.030 0.05+0.018 0.55 +0.038 0.06 + 0.004
2 0.72 + 0.003 0.08 +0.016 0.66 + 0.018 0.11 £ 0.040
3 0.74 £ 0.034 0.05 + 0.004 0.61+£0.017 0.13 £ 0.005
4 0.78 £ 0.024 0.09 £ 0.010 0.82 +0.015 0.11 £ 0.040
7 0.70 £ 0.058 0.40 £0.130 0.78 £ 0.056 0.17 £ 0.007
8 0.71 £ 0.041 0.37 £ 0.055 0.73 +0.036 0.22 £ 0.001
9 0.75+0.088 0.39 + 0.086 0.74 £ 0.024 0.24 +0.001
10 0.73+0.016 0.45+0.138 0.71 £0.030 0.23 £0.027
11 0.76 £ 0.004 0.21 £0.022 0.80 + 0.008 0.13+0.015
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