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ARTICLE INFO ABSTRACT

Our goal in the present study was to evaluate the potential for lipid production of two cell populations of the
marine microalgae Chlorococcum littorale under different climate conditions. We selected, in a previous study and
Tag via fluorescence activated cell sorting (FACS), a new cell population of Chlorococcum littorale, namely S5. S5
Chioracoccum Littorale showed a stable doubled triacylglycerol (TAG) productivity in comparison with the original population. A
;;::;:1llir:grc(;‘l’_;?:;tarﬁﬁomng previously developed model was expanded to include day:night cycles and validated to predict biomass and
Outdoor productivities outdoor TAG productivities at different locations. Four different locations were chosen to simulate the response
Year round productivities of C. littorale to different day lengths and light intensities (the Netherlands, Norway, Brazil and Spain). Indoor

experiments (simulated summer) were carried out with Original and S5, showing that S5 had a doubled TAG
productivity under N-starvation. Finally, simulations of biomass and TAG productivities of Original and S5 at
different locations were performed. At locations with lower light intensities, Norway and the Netherlands,
biomass productivities were higher than at locations with higher light intensities, Brazil/Spain. Such results
might be associated with light-saturation effects. TAG productivities, however, showed no effect of local light
intensity. Locations at higher latitudes, Norway/Netherlands, cannot sustain phototrophic year-round produc-
tion, hence, the yearly average TAG productivities were doubled in Brazil/Spain (from 1.4-1.6 to
3.0-3.2gm™~2d™"). Likewise, C. littorale S5 was simulated with doubled TAG productivities when compared
with Original, at all locations (2.5-2.7 (low light) to 4.7-5.2 gm’2 da-? (high light)). The present results
confirm the industrial potential of Chlorococcum littorale, both Original and S5, as a source of TAG. Furthermore,
our results can be used for comparison and to estimate future production scenarios.
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1. Introduction

Microalgae have been argued to be the next feedstock for energy,
food and feed in the XXI century [14]. However, microalgae have high
production costs, which makes production of microalgal biomass only
economic feasible, to the present date, for high-value products, e.g.,
pigments, and food supplements [29,41]. Therefore, reducing produc-
tion costs by increasing productivities is imperative, which can be
achieved with a combination of strain improvement (biology) and re-
actor optimization (engineering) [15,41]. Optimization experiments
are, usually, costly and time consuming, two problems that can be
solved using modelling techniques to simulate production scenarios.

Modelling is a powerful tool to evaluate the potential of different
variables on microalgae growth and metabolism [6,11,19,36]. A few
models have been developed for microalgae, mostly describing biomass
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productivity as a function of light intensity [1,35,36]. The limitation of
these models is that they don't describe neither the concentration of
intracellular components, nor the cellular response under starvation
conditions. Since it is known that green microalgae accumulate carbon
storage compounds under N-starvation [24,30], we require a model
that describes the carbon partitioning after N-starvation (i.e., the fate of
the photosynthetically absorbed energy inside the cells after nitrogen is
depleted).

This carbon partitioning has been described and modelled for the
green microalgae Scenedesmus obliquus under continuous light (both
wildtype and a starchless mutant) [11]. This model can describe the
dynamics between intracellular starch and TAG production rates of
Scenedesmus obliquus, allowing estimations of productivities under dif-
ferent light intensities. Before applying this model to C. littorale we
needed to validate the model, which was previously developed for
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another strain and under different growth conditions. After validation,
the model allows description of productivities of biomass components
of C. littorale under outdoor conditions.

We evaluated the potential of two cell populations of Chlorococcum
littorale to produce tryacilglycerols (TAG) under different climate con-
ditions. We selected, in a previous study, a new cell population of
Chlorococcum littorale using fluorescence activated cell sorting (FACS)
[12]. This new population, namely S5, showed a stable doubled tria-
cylglycerol (TAG) productivity in comparison with the original popu-
lation due to an increased TAG content, while keeping the same growth
rate.

In the current research, we first evaluated the performance
Chlorococcum littorale (Original and S5) under simulated Dutch summer
conditions (laboratory scale). Second, we used the lab scale experi-
mental results to validate the model. Third, indoor results (and simu-
lations) were compared with outdoor pilot-scale results (and simula-
tions), to evaluate the ability of the model to estimate outdoor
productivities. Finally, the model was applied to simulate biomass and
TAG productivities of C. littorale (Original and S5) at four different lo-
cations, with different day lengths and light intensities (the
Netherlands, Norway, Brazil and Spain).

2. Model description

A mechanistic model was previously developed for the green mi-
croalgae Scenedesmus obliquus. The model estimates yields and pro-
ductivities of intracellular components using the carbon partitioning
towards carbohydrates and lipids under N-starvation and continuous
light [11]. Carbon partitioning of green microalgae refers to the fate of
the photosynthetically converted photon energy into the cell. We in-
cluded a day:night cycle in the model, which required adaptations to
account for night biomass losses (dark respiration). Microalgae under
phototrophic growth need to respire part of their biomass to provide
energy for maintenance (ms) during dark periods. To validate the
model for C. littorale (Original and S5) input biological parameters were
estimated. Briefly, the input parameters are growth rate, initial biomass
composition, intracellular compounds production rates and biomass
degradation rate. A full list of parameters and how they were calculated
can be found at Table S1 of supplementary materials. The experiments
were done in flat panel photobioreactors under Dutch summer simu-
lated conditions (Section 3.2 of methods). Fig. 1 describes the structure
of the model, in which energy is first allocated to cover the main-
tenance requirements (ms). Once ¢ is covered two scenarios are dis-
tinguished: nitrogen is available (N +, growth phase) or not (N —,
starvation phase).

Under N+ conditions the photosynthetic energy is first used to
cover s and is then directed to build functional biomass (X, Fig. 1).
Functional biomass (X) accounts for biomass produced until nitrogen
depletion, hence including nitrogen derived compounds such as pro-
teins, aminoacids, nucleic acids and also the other biomass constituents,
such as starch, TAGs and carbohydrates (non-starch). Under N — con-
ditions the photosynthetic energy, after covering ms, is used to produce
carbon derived compounds. We observed very little protein and
chlorophyll degradationand during N-starvation in Chlorococcum lit-
torale, such robustness has been described in our previous studies ([12],
Cabanelas et al., 2016). We measured also the cellular nitrogen content
(Q), which was found to be consumed during N-starvation. The me-
chanism described by Breuer et al. [11] defines that after a critical
value of Q is reached, the cell starts to produce more TAG than starch,
hence changing its metabolic response. The cellular nitrogen content
(Q) is correlated to the photon partitioning (frag Eq. (6), Supplemen-
tary materials) to derivate the biomass composition during N-starva-
tion, i.e. how much of photon energy will be used to produce TAG or
starch (STA). At the start of the N-starvation, a fixed amount of non-
starch structural carbohydrates (CHO) is produced. This amount is as-
sumed to be constant throughout the starvation period. Following, the
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Fig. 1. Scheme of partitioning of photosynthetic energy. Regardless of the scenario, the
energy from photosynthesis will first be used to cover the maintenance requirements ().
After maintenance is covered, two scenarios were designed in our experiments: N-replete
(N +) and N-deplete (N —). The N + scenario refers to the growth phase of our experi-
ments, i.e., the days in which extracellular nitrogen is available. Hence, the available
energy from photosynthesis (after covering ) will be used to produce functional biomass
(i.e., biomass used for cellular proliferation). Under N — scenario, the metabolism of
microalgae will change, once no N is available to sustain cellular proliferation. Hence, the
available energy from photosynthesis (after covering n,s) will be used to produce 3 classes
of compounds in the following order: 1] CHO (carbohydrates other than starch) will be
produced and remain constant troughout the starvation phase; 2] starch (STA) and 3]
triacylglicerols (TAG) will be produced as reserve compounds. Both s and CHO are re-
presented in closed boxes because they represent constant values under N-starvation. STA
and TAG are represented in dotted lines because they are the dynamic compounds under
N-starvation. The arrows represent the metabolic alternatives used by microalgae under
N-starvation. In dark respiration, .,s energy will be covered by starch degradation
(STA — 5). The model also describes the conditions in which starch can be converted to
TAG (STA — TAG). If there is no accumulated STA available, ,,s will be then covered by
the starch fraction of the functional biomass X (X — ,s), which was produced previously
when N was available. The boxes are colloured according to the phase in which they
belong: functional biomass (X) is only produced under N + (green), while CHO, STA and
TAG are only produced under N — (shades of red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

available energy is used to produce STA and TAG. The model also ac-
counts for conversion from STA to TAG. Additionally, STA is used as an
energy source to cover maintenance during dark periods. Hence, a
fraction of STA in the biomass is used for dark respiration; arrow ST-
A — s on Fig. 1. The model accounts for respiration of STA in func-
tional biomass (X) to cover maintenance, if all STA produced under N —
conditions is respired (arrow X — ;5 on Fig. 1; conditions not found in
the current research).

3. Materials and methods
3.1. Inoculum preparation

Two cell populations of Chlorococcum littorale were used: Original
(NBRC 102761) and S5, which is a new cell line developed by us in a
previous research ([12]). S5 was developed using cell sorting (FACS),
hence selecting cells with a specific phenotype (doubled lipid pro-
ductivity) to make a separate new population. The phenotype of S5 is
stable 1.5 years after the selection and more details can be found in the
previous publication [12]. Inocula from both populations were pre-
pared from samples conserved in petri dishes containing growth
medium (artificial seawater, as shown below) and agar (12gl~ b,
Homogenous aliquots from biomass were taken from petri dishes and
transferred to 200 ml sterile borosilicate Erlenmeyer flasks, containing
100 ml of sterile artificial seawater medium. Artificial seawater had the
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following composition (g1~ 1): NaCl 24.55, MgS0O,4-7H,0  6.60,
MgCl,-6H,0 5.60, CaCl,-2H,O 1.50, NaNO; 1.70, HEPES 11.92,
NaHCO3; 0.84, EDTA-Fe(Ill) 4.28, K,HPO, 0.13, KH,PO, 0.04. The
medium also contained trace elements (mg 1~ 1): Na,EDTA-2H,0 0.19,
ZnS0O4-7H,O0  0.022, CoCl'6H,O 0.01, MnCl,-2H,O 0.148,
Na,Mo0O,4-2H,0 0.06, CuSO4-5H,0 0.01. No HEPES was added to the
medium in the experiments done with reactors (indoor and outdoor).

3.2. Experimental set-up

To compare both Original and S5 and to validate the previously
developed model to C. littorale, simulated Dutch summer conditions
were used in a lab-scale flat-panel photobioreactor. The simulated
Dutch summer consisted of day length of 16 h and light supplied with a
sinusoidal function with a solar noon at 1500 pmols m~ 25~ ! (resulting
in an average daily incident light intensity of 636 umols m~%s~ ). The
flat panel reactor had a working volume of 1.9 L, light path of 0.02 m,
and 0.08 m ™~ 2 illuminated surface area (Labfors, Infors HT), reactor's
details available at Breuer et al. [10]. Air flow was set at 1.0 Lmin~ !
and air was mixed with CO,, on demand, to automatically adjust pH at
7.0. Temperature was controlled with an integrated water-jacket at
constant 25 °C.

The outdoor experiment was carried out with the Original in a 90 L
horizontal tubular oriented reactor with a surface area of 4.6 m~ 2, as
described by Benvenuti et al., [3]. The system was inoculated to reach
an initial biomass concentration of 0.4 g1~ ! in N-free natural seawater
(same media composition as in Section 3.1). Nitrogen (N-NO3) was
added after inoculation to achieve the desired concentration. The re-
actor was sterilized via addition of 5 ppm hypochlorite before starting a
run. The 2 outdoor runs were performed between August-September
2015 (with online measurements of temperature, light intensity, CO5
and O, gas flow, turbidity and pH).

3.3. Daily measurements

For both indoor and outdoor experiments, samples were taken 1/2 h
after sunrise and 1/2 h before sunset, which gave us the evolution of
biomass and its components due to photosynthetic activity. For the
outdoor experiments another extra sample in the middle of the light
period, at 14:00, was also taken. For the indoor experiments we wanted
to do further investigate night biomass losses, hence two samples were
taken during dark periods, 2h and then 5h after sunset (which was
feasible, since at indoor scale it was possible to invert the clock of the
reactor, allowing sampling of dark samples during afternoons). For the
outdoor experiments, biomass night respiration was measured with the
difference between sunrise — sunset samples.

All samples were analyzed immediately after they were taken.
Optical density (OD) of the algal culture was measured in a spectro-
photometer (HACH, DR5000) at wavelengths of 680 nm and 750,
which were proxies for chlorophyll and turbidity concentrations, re-
spectively. Biomass production in the reactor was measured gravime-
trically using GF/C Whatman filters (oven dried at 105 °C, 24 h). The
Quantum Yield (QY) of photosystem II was determined in culture
samples using a fluorometer (AquaPen-C AP-C 100, Photon System
Instruments, Czech Republic), with the goal to assess the photo-
synthetic activity of cells throughout cultivation. The absorption coef-
ficient (o) was calculated using the culture absorbance spectrum, which
was determined by a fibre optic spectrometer (AvaSpec-2048, Avantes
BV, Apeldoorn, Netherlands; light source: AvaLight-Hal). The mea-
surement (in g m~ 2), is given by Eq. (1).

22
300«Ccpw
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with z: light path of the precision cellcpy: dry weight of the sample
Extracellular nitrogen content (N-NO3 mg 1~ ') was measured using
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samples of 1 ml algae suspension. Samples were centrifuged for 5 min
at 13300 rpm (Micro Star 17R, VWR®) and the supernatant im-
mediately measured with a nutrient analyzer (AQ2, SEAL Analytical
Inc., USA) according to the NO3; method by SEAL-Analytica.

3.4. Biomass analyses

The intracellular nitrogen concentration was determined from
freeze-dried biomass samples via combustion followed by chromato-
graphy (Flash EA 2000 elemental analyzer, ThermoFisher Scientific,
USA). For analyses of biomass composition (expressed in g g DW™ ')
freshly harvested samples were centrifuged twice and washed with
MilliQ water (3134 g for 10 min at 4 °C) and followed by freezing at
— 20 °C and freeze-drying for 24 h. Triacylglycerols (TAGs) and polar
lipids were extracted from the same samples and quantified using GC/
MS column chromatography, as described by Breuer et al. [9]. Total
carbohydrates were analyzed with the phenol-sulfuric acid method
developed by Dubois et al., [17]. Total starch was analyzed with the
colorimetric/enzymatic method from the commercial kit from Mega-
zyme (K-STA kit, UK).

3.5. Calculations

The following calculations were not used as model input, but they
were used to compare the results of experimental data (indoor and
outdoor) with each other. Time intervals are indicated in the descrip-
tion of each equation to assist interpretation.

The specific growth rate (Eq. (2)) was calculated as the change in
biomass concentration (expressed as natural logarithm) as a function of
time from inoculation until nitrogen starvation. Where: DW is dry
weight of biomass (g1~ 1), t _ o stands for the start of the cultivation,
while ty — ¢ stands for the time in which N-NO; equals zero.

_ In(DWn=o — DW,,)
B 2

Biomass productivity (Pcy, Eq. (3)) during growth phase was cal-
culated as the change in biomass concentration (g1~ 1) between in-
oculation and nitrogen starvation. Where: DW is dry weight of biomass
(g1~ 1), t _ o stands for the start of the cultivation, while ty _ ¢ stands
for the time in which N-NOj3 equals zero.

_ DWasy — DW,

tn=0 — to

i ®

Average night Biomass Loss (NBL,e, in gcx L™ ! night) was calcu-
lated as the difference of measured biomass (g1~ 1y before and after
each night period, followed by averaging over the nitrogen starvation
cultivation period. Average starch night respiration (SNR,,,.) was cal-
culated in the same way but using the starch concentration instead of
biomass concentration.

Average TAG productivity (Eq. (4)) was calculated as the change in
TAG concentration (g 17 ') for the total N-starvation period (period
indicated at Tables 1 and 2). Where: TAG stands for TAG concentration
(g1~ 1), the time frames N = 0 indicates the start of the N-starvation
period and t = f the end of the N-starvation period (end of cultiva-
tions).

tNn=0 — to

TAG; — TAGn=o

Prag,avg =
e tr — ty=o

@

The maximum time average TAG productivity (Prag,max 1~ d™hH
was calculated according to Eq. (4), with the exception that only the
period from N-starvation (N = 0) to the highest TAG productivity was
accounted (Original and S5 [both indoor]: day 2 to 4; Outdoor: day 3 to
6).

Maximum areal time average (Prag max,areals gm_2 d~ 1) was cal-
culated by multiplying the Prag max Dy the illuminated surface area of
the reactors (0.08 m~ 2 for indoor and 4.6 m~ 2 for outdoor). For the
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Table 1

Overview of growth parameters, biomass and TAG productivities, yields of biomass and TAG on photons for indoor
experiments with Original and S5 under simulated Dutch summer conditions, and of outdoor experiment with Original.
Results are derived from 2 biological replicates. Standard deviations were not shown because all were below 5% variation
from the mean, with the exception of starch for outdoors (13%).

Unit Time frame Indoor Indoor Outdoor
(Original) (S5) (Original)
PFD mol m2d-! 55.0 55.0 30.1
Biomass production (Cx) g L1 Final day 4.65 7.71 428
Growth rate (1) d! to = theo 0.69 0.72 0.45
Biomass productivity (Px) g L1d? to = theo 1.04 1.09 0.64
Biomass areal m2d-! t) -ty 234 245 125
productivity (Py ,...) = o e

Biomass yield (Y, ;,) g, mol! toi=ithen 043 0.45 0.42
Night biomass losses, gcy L night! N-starvation period 0.25 0.23 0.42

average (NBL,,)
Starch night respiration glg;, L night! N-starvation period 0.20 0.23 0.19

(SNR, 1)
TAG average productivity gl1d! N-starvation period 0.17 032 0.08
(PTAG,ave)
Max time average TAG gl1d! 0.21 0.4 0.14
productivity 48h after start of N-
P. .
TAG max time ave starvation (indoor),
i -1
TAG yield (Yyy6,pn) Zrac Mol between t=3 to t=6 0.09 0.16 0.09
Max time average (i)
TAG areal productivity, grac m2d! 4.72 9.00 2.74
maximum time average TAG

(PTAG.area. max, ave)
TAG g8l End of N-starvation 0.21 0.30 0.15
STA ggle End of N-starvation 0.25 0.29 0.18
CHO g8l End of N-starvation 0.20 0.19 0.28
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The color in the table relate to the physiologic state of the cultures. Green color mark the parameters derived from the
growth phase (as it can be seen in the green areas marked in Figs. 2 and 3). The yellowish color is to highlight the N-

starvation phase.

indoor flat panels the illuminated surface refers to the area of the panel
receiving light form one side (no loss is assumed since the reactor is
covered to avoid light going out or in). For the outdoor systems, we
considered the ground area of the tubular PBR, considering that the
calculated light is measured as total amount of photons impinging on
the surface (the space between tubes was neglected, as was calculated
by Benvenuti et al. [3] and de Vree et al. [16]).

Yearly areal TAG productivity (Prag,yearly,area, M~ "y~ 1 was
calculated by multiplying Pragmax by the total amount of production
days per year for each simulated locations: 150 days for Oslo, Norway/
Wageningen,the Netherlands; and 300 for Rio, Brazil/Cadiz, Spain.

Yearly average areal daily productivity (PTAG,ave daily, areal
gm~ 24~ 1Y was calculated dividing the Prag,yearly,area fOr each loca-
tion by the number of days per year (365), hence normalizing the
productivities.

Biomass and TAG yields on light (g mol~ ') were calculated by di-
vision of the respective productivities (Egs. (2) and (3)) by the corre-
sponding total amount of light impinging on the reactor surface (in-
dicated in Tables 1 and 2).

2
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3.6. Data analyses

The sample standard deviation (SD) was calculated between the
biological replicates (a least 3) for every estimated parameter. The es-
timated SDs were used to show the data variability between biological
replicates for productivities and kinetic parameters (Table 1). The
standard deviations were also used to estimate the 95% confidence
intervals (with a two-tailed T-distribution) for every experimentally
estimated parameter used to run model simulations (supplementary
materials, Table S1). These calculations were carried out with Microsoft
Excel 2010.

The confidence intervals (as stated above) were used to evaluate
goodness of fit between experimentally measured values and simulated
values. As a result, the dot plots between experimentally measured
values and simulated values show the upper and lower confidence in-
tervals. This analysis was carried out with MATLAB R2015a (© 2016
The MathWorks, Inc.).
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Table 2
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Simulated of growth parameters, biomass and TAG productivities, yields of biomass and TAG on photons for both Original and S5, at four different
locations worldwide. Yearly daily TAG productivity was calculated multiplying the maximal areal productivity (PTAG, yearly average areal pro-
ductivity, gm~2d~ 1) by the amount of production days and further dividing by the days of the year (150 production days at Norway/Netherlands and
300 days at Rio/Cédiz); for all cases the final result was divided by 365, thus normalizing the measurement.

Oslo Wageningen Rio de Janeiro Cadiz
(Norway) (the (Brazil) (Spain)
Netherlands)
Parameters Units Original | S5 Original | S5 Original | S5 Original | S5
day length h 16.45 15.17 11.98 12.03
Photon flux density (PFD) mol m2d! 31.51 33.07 37.77 41.83
Growth phase days 1.69 1.79 1.64 1.81 2.41 2.4 2.41 24
Growth rate () d! 0.62 0.53 0.61 0.5 0.46 0.46 0.47 0.46
Biomass productivity (P¢,) go Id! 0.74 0.71 0.7 0.64 0.58 0.67 0.6 0.67
Biomass areal productivity
16.6 15.9 15.7 14.4 13.05 15.08 13.5 15.08
(PCx,areal) 8cx mizdil
Biomass yield, (Y¢y) gcemol! 0.53 0.51 0.48 0.44 0.34 0.4 0.32 0.36
Pppc, ave
0.11 0.17 0.12 0.17 0.14 0.18 0.14 0.18
(From t, to t;) gl'ld!
Pppc, Max time ave
0.14 0.22 0.15 0.22 0.17 0.23 0.18 0.23
(From t, to t,) gl'ld!
TAG yield, max time ave
0.1 0.15 0.1 0.15 0.1 0.13 0.1 0.12
(Yieldpac) glld?
Praq.max areal time ave
3.15 4.95 3.38 4.95 3.83 5.18 4.05 5.18
gm?2d!
473 743 506 743 1148 1553 1215 1553
PTAGv yearly area g m—zy-l
Prags
. 1.29 2.03 1.39 2.03 3.14 4.25 333 4.25
Yearly average areal daily
productivity gm?2d!

3.7. Outdoor climate data

Four different locations were chosen to simulate the potential of
both C. littorale Original and S5, i.e., Wageningen (the Netherlands),
Oslo (Norway), Rio de Janeiro (Brazil) and Cadiz (Spain). These loca-
tions were chosen to simulate the response of C. littorale to different day
lengths and light intensities. Locations at higher latitudes, Norway and
the Netherlands, cannot sustain year-round phototrophic microalgae

59

production. Hence, for Norway and the Netherlands cultivation periods
from April to September were considered. The yearly average light
intensity and day length for each location were estimated and are
presented in Table 2 and Fig. 4.

The solar radiation data was derived from the HelioClim radiation
Databases of SoDa (www.soda-is.com), which estimates total solar ir-
radiance and irradiation values at ground level from Meteosat Second
Generation (MSG) satellite images [31]. Data from light on a horizontal
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plane (global radiation), day length and different measurement inter-
vals (5 min, hourly, weekly and monthly) were included. The conver-
sion from Irradiance (W/m2) to PAR (umol/mz/s) was calculated
manually according to [27] (factor of 2.3). Monthly data of the last
15 years were averaged to provide a realistic irradiance value to be
used as model input.

Cultivation periods from April to September were assumed for the
Netherlands and Norway, because this is the period with the highest
light intensity. These light intentisities are assumed to sustain biomass
productivity. For Rio and Cadiz all year round cultivations were con-
sidered. Cultivations were assumed to be done in a flat panel photo-
bioreactor, similar to the one described in the methods (3.2). The input
parameters, day length and light intensity, were derived from the
average of all months during this period. The model is loaded with the
light intensity (I; pmol m?s~ ') and the day length for each location.
Hence, to estimate daily total irradiance (photon flux density, PFD;
mol m~2d~ 1), the following equation was used:

PFD = Ix86400/1000000 %)

where 86,400 is the factor to convert the light intensity (I) from seconds
to days, and 1,000,000 is the factor to convert the values from pumol to
mol.

4. Results and discussion
4.1. Comparing indoor and simulated performances of original and S5

Indoor experiments were carried out with Original and S5 to com-
pare the performance of both populations. Secondly, the experiments
were used to derive the biological parameters necessary to model the
productivities. Original and S5 were cultivated in a N-runout batch,
which means that functional biomass was produced up to the time point
at which N was depleted from the growth medium (green area, Fig. 2).
Both growth rate and biomass productivity showed no differences be-
tween Original and S5 in this period (Table 1). After all nitrogen was
consumed by the cells (green area, Fig. 2), starch and TAG were pro-
duced as a known biological response of microalgae to N-starvation
[25,40]. During N-starvation, S5 showed an increased biomass accu-
mulation in comparison with Original (maximum biomass concentra-
tion 7.7 g1~ ! against 4.6 g1~ ! from Original, Table 1), which was
accounted for an increased TAG content (0.30 g g~ ! against 0.21 g g~ !
from Original, Table 1).

Table 1 also provides a comparison of TAG productivities and yields
between Original and S5. The average TAG productivity (Prag,ave)
which considers the entire N-starvation period of 7 days was 1.9 X
higher in S5 in comparison with Original. The maximum time average
productivity (PraGmax,time,ave) i calculated considering only the period
of starvation in which maximum TAG daily productivity takes place.
For both Original and S5 the Pragmax time,ave. Was measured 48 h after
N-starvation, confirming a 1.9 X higher performance by S5 (Table 1).
These results showed the industrial potential of S5 for TAG production,
since this cell population has been developed 1.5 years before the
current experiments, highlighting a stable phenotype [12].

The experimental data presented above were used to calculate the
necessary input parameters for the model simulations. The mechanistic
model [11] had to be validated for C. littorale under simulated Dutch
summer conditions, as it was originally developed for S. obliquus under
continuous light. The model was modified to include a day night cycle,
which requires inclusion of dark respiration (night biomass losses,
NBL). Dark respiration means that part of the biomass that was pro-
duced during the day is used during dark periods to cover maintenance
[18,37]. Average night biomass losses (NBL,y.) were calculated for
Original and S5 accounting the whole period of N-starvation. Both
Original and S5 showed similar rates of NBL,ye (0.25 and 0.23 gcx L™ !
night ™! respectively, Table 1). According to experimental data only
starch is degraded during night to cover maintenance requirements of
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both Original and S5 (and simulated data follows closely). This con-
clusion can be derived from the average starch night respiration (SNR),
which presented similar values and the NBL (0.20 ggral ~ ! night ™ ! for
Original and 0.23 gsta 1™ 1 night™ ! for S5, Table 1).

The modelled data generally followed the trends of the experi-
mental data (concentrations of biomass, TAG and starch, g1~ ?, Fig. 2).
Extracellular nitrogen concentration (mgl~ ') was accurately simu-
lated, since both experimental and modelled mark the start of the N-
depletion phase at the same time point (green area, Fig. 3). For both
Original and S5 simulated biomass concentration is underestimated
during N-starvation, which can be related to the underestimation of
TAG concentrations also during the N-starvation phase (Fig. 2). Starch
concentrations, however, followed closely the experimental data in-
cluding the night respiration of biomass (Fig. 2). Additionally, the
confidence intervals (CI) between simulated and experimentally mea-
sured data were calculated for biomass, TAG and STA concentrations
(both Original and S5; Figs. S2-4, supplementary materials). For all
parameters almost all data points fell within the confidence intervals,
with biomass and TAG concentrations showing higher accuracy than
starch.

Chlorococcum littorale consumes only starch during night respiration
to cover maintenance requirements, which is understandable con-
sidering the higher energy yield (on ATP) of starch in comparison with
TAGs [23]. Such results have industrial implications when aiming to
produce TAGs from C. littorale since no TAG respiration was observed in
the current research, indicating the potential of both Original and S5 for
TAG production under real light conditions. C. littorale Original is al-
ready among the most productive strains in the literature, for both
biomass and TAG [20,28,32]. Recent studies register an areal TAG
productivity of Nannochloropsis sp. (one of the most studied strains for
TAG production) between 2.0 and 6.5 gragm~ >d ™!, considering in-
door and outdoor experiments ([2-4]; Paolo [7,32,33]). C. littorale S5
showed the same biomass productivity as Original, but a 2-fold in-
creased TAG  productivity (S5: 9.0g against Original:
4.7 g1aG m~2d™ ). The doubled TAG productivity of S5 makes it
competitive for TAG production. In summary, we conclude that the
model was validated for C. littorale using experiments under simulated
summer conditions, which gives the possibility to estimate the perfor-
mance under outdoor conditions. We also highlight that Chlorococcum
littorale S5 showed indoor TAG productivities above the values reported
for the most productive strain in the literature. Furthermore, the results
in biomass and TAG productivities from the simulations indicate the
potential of S5 to be produced at industrial scale.

4.2. Comparing simulations from indoor to outdoor

Results of the outdoor run with the wildtype of Chlorococcum lit-
torale were used to estimate the parameters required to run simulations
of biomass, TAG and starch concentrations (Fig. 3). In Fig. 3 it is pos-
sible to see that, like the indoor experiments, the simulated data for the
outdoor run also generally followed the experimental data. Differently
from the indoor experiments, under outdoor conditions the amount of
light available varies on a daily basis, causing a variability to the data
set. Both biomass and TAG concentrations showed acceptable con-
fidence intervals, while starch showed much higher intervals (Fig. S1-
S3, sup materials). These results are nevertheless remarkable con-
sidering that the model simulated a flat panel (2 cm depth reactor),
while the outdoor experiments were carried out in a tubular pilot re-
actor (tubes diameter 0.05m). One explanation could be that the
combination of biomass concentration and light intensity outdoors were
close to the optimum for C. littorale. The biomass concentration in the
outdoor experiments was chosen considering the indoor experiments, to
keep both experimental conditions comparable.

Chlorococcum littorale, in outdoor experiments, required twice the
time (3 days, compared with 1.7 from indoor) to consume all extra-
cellular nitrogen when compared with indoor experiments (i.e., growth
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phase, N + phase, Fig. 3). This resulted in a lower growth rate when
compared with indoor experiments (from 0.69 d~ ! indoor to 0.45d~*
outdoor). The same interval (day O to day 3) was used to estimate the
average biomass productivity outdoors, which was lower than under
indoor conditions (0.64 against 1.04 g1~ ' d ™, Table 1). Such results
were expected due to a lower light intensity outdoors (30 against
55molm~2d~ !, Table 1). The same applies for TAG productivity,
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Fig.  2.Results from indoor  experiments.
Concentration of biomass (Cx), starch (STA) and tria-
cylglycerides (TAG) for both original (A) and S5 (B).
Symbols represent the experimentally obtained values,
while the lines represent model simulation results. The
green area represents the period of the cultivation in
which nitrogen was available, i.e., the growth phase
(N + phase). From day 1.7 onward it is considered as
nitrogen starvation phase (N-starvation). (For inter-
pretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this
article.)

Fig. 3. Concentration of biomass (Cx), starch (STA)
and triacylglycerides (TAG) for the outdoor experi-
ments with Original. Symbols represent the experi-
mentally obtained values, while the lines represent
model simulations. The green area represents the
period of the cultivation in which nitrogen was
available, i.e., the growth phase (N + phase). From
day 3 onward it is considered nitrogen starvation
phase (N — phase). (For interpretation of the refer-
ences to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

which was 0.14g1"'d™! outdoor, against 0.21gl~1d~! indoor
(PrAGmax time,ave., Table 1). However, when comparing yields on light
energy (g biomass/TAG per mol light), the values were the same. The
comparison of the yields was done using the equivalent time intervals,
which confirms that the biological functions responded similarly during
indoor and outdoor cultivation.

Average night biomass losses (NBL,y.) under outdoor conditions
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were higher than under indoor conditions (0.42 against
0.23 gc 1™ I night ™1, Table 1). Differently from indoor, under outdoor
conditions the NBL,, could not be solely attributed to starch de-
gradation (0.19 gsral ~ ' night ™!, Table 1) and neither to any of the
other analyzed biomass components (carbohydrates, TAGs and polar
lipids all showed no night degradation). Additionally, lower biomass
concentrations were achieved outdoors (4.28 against 4.65 gc, 1™ ' in-
doors, Table 1). Hence, it can be hypothesized that part of the produced
biomass (whole cells) is respired under outdoor conditions. The higher
maintenance determined outdoor in comparison with indoor also cor-
roborates this finding (Table S1, sup materials). The higher outdoor
maintenance (,s) could be a consequence of more dark zones in the
horizontal tubular reactor when compared with the flat panel (indoor).
The reactor used in the outdoor experiments was a horizontal tubular
reactor with 0.05m diameter tubes (section Experimental set-up,
Materials and methods), different from the 0.02 m light path flat panel
reactor used for the indoor experiments. This difference in design, from
a narrow flatpanel to a tubular reactor, can explain the higher re-
spiration rate, which can explain the increase in the measured main-
tenance () [36,38].In the flat panel (indoor) there are no dark zones
because the small surface of the flatpanel is always completelly illu-
minated by a panel of LED lamps. Hence, the cells are always illumi-
nated during the photoperiod. In the tubular reactor (outdoor) there are
dark zones (corners and the degasser), which might cause some pho-
torespiration and a lower productivity, leading to a higher .

An important factor that the model does not incorporate is the in-
fluence of temperature. The outdoor runs were carried out in a system
with temperature control, but that showed limited capacity during
peaks of high light intensity days with high temperature. Maximum
temperatures of 32 °C with an average 6-9 h above 30 °C each day (data
not shown) have been reached. Chihara et al. [13] reported sub-optimal
temperature above 28 °C for C. littorale, which might have had a ne-
gative impact on biomass and TAG yields in the present study. This is a
possible explanation for the model underestimation of the biomass
production. The effect of temperature fluctuation during the day was
excluded in the model, i.e., the model assumes no effect of temperature
on the biological response. This approach was chosen since the tem-
perature was controlled to the optimum temperature in the indoor ex-
periments.

The simulated productivities under outdoor conditions are in the
range of what has been registered for other strains and other climate
conditions. In the current research, the maximum time-averaged TAG

55
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1
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Fig. 4.Photon flux density (PFD, molm~2d~! for the
Netherlands, Norway, Brazil and Spain; as well as for the indoor
experiments simulating a Dutch summer day). The values from
Norway and the Netherlands are averages for the cultivation
period from April to September, while average values of PFD for
the whole year are shown for Rio and Cadiz. Details on the ac-
quisition and calculation of light intensities are available in
Materials and methods. The different periods of production for
Norway/Netherlands impacted the year-round productivities,
because the number of production days was 150/year, while for
Brazil/Spain it was 300/year.

Indoors

yield reached in outdoor experiments with C. Ilittorale was
0.09 grag mol~ ' photons. The maximum TAG yields reported by
Benvenuti et al. [2-4] with Nannochloropsis sp. cultivated in the same
horizontal tubular reactors and using the same strategy (nitrogen
runout batch) as in this work, were 0.06-0.09 grag mol ™! photons
(depending on initial biomass concentration). Similarly, another re-
search with Nannochloropsis sp. also registered a outdoor TAG yield on
light of 0.06 grag mol~ ' photons [7,8], hence in the same range as
registered for the strains used in the current study. These results
highlight the industrial potential of Chlorococcum littorale, as it sustains
similar yields as the most commonly used strain in the literature. The
doubled TAG productivity of S5 indicates the potential of this cell po-
pulation to outcompete the most productive strains available.

The mechanistic model was validated for C. littorale, Original and S5
under indoor conditions. Simulations of indoor experiments followed
closely the measured data, although with biomass and TAG slightly
underestimated. The simulations of the outdoor experiments followed
similar trends as the experimental data despite limitations to calibrate
this model to different reactor design. The results are yet remarkable,
considering the differences of reactor design between indoor and out-
door experiments. The biomass concentration during outdoor experi-
ments was chosen to keep both experimental conditions comparable,
which guaranteed that the described biological parameters could be
used to simulate production. Further implementation of light use, cor-
recting for the reflection angles on the surface of tubular reactors, could
make the prediction of outdoor data more accurate in the future [35].
The yields of biomass and TAG on light, however, were similar for the
indoor and outdoor experiments highlighting that the biological me-
chanism for biomass and TAG production were similar. This finding
indicates the potential of the model validated with indoor simulations
to estimate outdoor performance.

4.3. C. littorale productivities under different locations

After validation of the model for simulations on C. littorale, the
potential for cultivation under different light regimes was tested.
Hence, the biological parameters and growth conditions from indoor
experiments were used to simulate the productivities of both Original
and S5. The biological parameters were combined with the light values
(light intensity and day length) at 4 different locations: Wageningen
(the Netherlands), Oslo (Norway), Rio de Janeiro (Brazil) and Cadiz
(Spain).
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The simulations considered the average total daily light impinging
on ground area and the duration of the day to simulate batch N-runout
cultivations of C. littorale Original and S5. Fig. 4 shows the average light
intensity for each location (photon flux density, PFD; mol m ™~ 2471, in
comparison with the indoor experiments. In Fig. 4 the number of run-
ning months per year is also depicted, showing that while Cadiz and Rio
de Janeiro can sustain year-round phototrophic microalgae production,
Norway and the Netherlands were assumed to run phototrophic pro-
duction from April until September (the most sunny months). Accu-
mulation of TAG and starch after nitrogen depletion depend on pho-
tosynthesis rate at each location. Hence, the yields of both biomass and
TAG are solely dependent on light intensity and duration of the day.

Table 2 summarizes the results of the simulations of biomass and
TAG productivities at different locations. At locations with lower light
intensities, Norway and Netherlands, growth rates (u) and bio-
mass productivities (Pcx) were higher (p= 0.6 and Pg =
0.70-0.74 gcx 171 d™ 1) than at locations with higher light intensities,
Rio de Janeiro and Céadiz (1 = 0.46 and Pcy = 0.58-0.60 gcx 1™ td=Y.
Such results might be associated with light-saturation effects, since
most marine algae saturate at the peak hours of light intensity during
the day, hence just a fraction of received irradiance is actually utilized
for photosynthesis [21,38,39]. Additionally, Kurano & Miyachi [26]
observed light saturation for C. littorale at light intensities above
300 umol m ™~ ?s~ !, which might explain why large increases in irra-
diance did not lead to increase in biomass productivities. This as-
sumption can be corroborated by comparing biomass yields on light of
C. littorale Original between simulations and the outdoor experiments
carried out in the Netherlands (Table 1). This comparison shows that
for Norway/Netherlands slightly higher biomass yields were observed
(0.42 gcx mol ™ 1 outdoor experiment (Original, Table 1), 0.48/
0.53 gcx mol ~ ! for Norway/Netherlands, Table 2), than for Cadiz/Rio
(0.32/0.36 gcx mol 1 Table 2). The same trend was observed when
comparing outdoor data from the Netherlands with the simulations for
C. littorale S5.

TAG productivities showed a different trend when compared with
biomass productivities, for both Original and S5. No effect of local light
intensity was observed on TAG productivity or yield (Table 2). This
result makes sense since the light intensities used for the simulations at
all locations are all below what has been experimentally used in the
current research (Fig. 4). Additionally, the amount of light used in in-
door experiments didn't show any measurable negative effect during N-
starvation, since no negative yield was observed during N-starvation.
Some algae strains show a considerable reduction in photosynthetic
activity during N-starvation, but C. littorale has been chosen for the
current research exactly for its resilience under N-starvation [2,22].
Furthermore, we would like to highlight that the yields simulated for
other climate conditions (Table 2) are similar to the yields calculated
for indoor experiments (both Original and S5, Table 1) and also for the
outdoor experiment (for Original only, Table 1). Simulated TAG areal
productivities (Ptag, max areal time ave., Table 2) under different lo-
cations were between 3.1 and 4.0 gragm™ >d ™! for Original and be-
tween 4.9 and 5.2 gragm~ 2>d ™! for S5. Such values are in the same
order as the values reported for the genus Nannochloropsis (2.0 to
5.2 gracm” 2d~ 1Y under indoor and outdoor conditions [5,7,32,33].
The same research also reports no effect of different total irradiance
(outdoor) on lipid yields [3]. Hence, for biomass production of Chlor-
ococcum littorale photo-saturation might reduce the yields of biomass on
photons under higher light intensities. On the other hand, for TAG
accumulation such an effect might not be seen, as long as light intensity
is kept below the threshold of photo-damage.

Although no differences were observed among the simulated TAG
productivities under different locations, attention should be paid when
extrapolating the results to year-round projections. We reported the
yearly average TAG productivities, which were calculated by multi-
plying the daily areal productivity by the number of running days per
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year (150 for Norway/Netherlands and 300 for Rio/Céadiz). Since the
locations have different production periods, the yearly average TAG
productivities were normalized by the number of days per year, al-
lowing comparison. Yearly average TAG productivities of
1.4-1.6 gm™~ ?d~ ! were simulated for C. littorale Original at Norway/
Netherlands, and 3.0-3.2gm~2d~! were simulated at Rio/Cadiz,
hence doubling the year-round production. Likewise, C. littorale S5 was
simulated with increased TAG productivities at all locations, increasing
to 2.5-2.7gm~2d"! at  Norway/Netherlands and to
4.7-5.2 g m~ >d~ ! at Rio/Cadiz. Locations at higher latitudes (e.g., the
Netherlands and Norway) can sustain microalgae phototrophic pro-
duction during spring and summer, but not year-round production. We
demonstrated that C. littorale, Original and S5, are competitive strains
to produce biomass at large scale, competing with commonly used
strains. S5, however, showed similar TAG productivities as
Nannochloropsis sp., with the potential to outcompete it. In summary,
we believe that the estimated productivities can be used for comparison
purposes and for future production scenarios.

5. Conclusions

We validated a model to predict biomass and TAG productivities of
Chlorococcum littorale under summer conditions. The validation was
done for C. littorale Original strain and for S5, a selected cell population
with doubled TAG productivity. The simulations of outdoor experi-
ments (with Original) followed the experimental data and the yields of
biomass and TAG were similar to indoor experiments. Therefore, the
model can be used to estimate biomass and TAG productivities under
different climate conditions. Simulations of productivities under dif-
ferent locations showed that biomass yield was higher at locations with
lower light intensity. TAG yields, however, showed no effect of local
light intensity. Yearly average TAG productivities were estimated as
1.4-1.6 gm™~2d~ ! for C. littorale Original at Norway/Netherlands, and
3.0-3.2gm~>d " ! at Brazil/Spain. C. littorale S5 was simulated with
increased TAG productivities at all locations, increasing to
2.5-2.7 gm~2d~ ! at Norway/Netherlands and to 4.7-5.2gm~2d !
at Brazil/Spain. We demonstrated that C. littorale, Original and S5, are
competitive strains to produce biomass at large scale, competing with
commonly used strains. S5, however, showed similar TAG productiv-
ities as Nannochloropsis sp., with the potential to outcompete it. In
summary, we believe that the provided productivities can be used for
comparison purposes and to estimate future production scenarios.
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