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1 | INTRODUCTION

Abstract

In this paper, a systematic methodology is shown for the scaling-up of Nan-
nochloropsis gaditana production for aquaculture uses. First, an adequate culture
medium was developed, prepared using fertilizers instead of pure chemicals. Subse-
quently, the performance of N. gaditana was modelled as a function of average irra-
diance; this model being validated in continuous culture experiments. The model
was used to determine the optimal dilution rate as well as the expected biomass
concentration and productivity at optimal conditions. Finally, outdoor experiments
were performed to confirm the model’s validity and to determine optimal conditions
at real production step. Biomass productivity values of up to 0.08 g L= day~* were
obtained at an optimal dilution rate of 0.25 per day in 0.2 m wide flat-panel reac-
tors using culture medium containing 0.4 g/L NO ™5 and 0.034 g/L-PO, 2. Fish trials
with Atlantic Salmon demonstrated that the inclusion of produced biomass into fed
increase the final weight up to 5%, thus confirming the adequacy of the biomass
produced for aquaculture uses. The growth model and the scaling-up strategy pro-
posed here are necessary to develop real industrial-scale processes capable of sup-
plying microalgal biomass to the aquaculture markets, which in turn require a

guaranteed supply and quality of the raw materials provided.

KEYWORDS
aquaculture, biochemical composition, flat-panel photobioreactor, light efficiency,
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Moreover, replacement of fish meal and fish oil by microalgae bio-

mass has been largely reclaimed as alternative to actual sources that

Microalgae are unicellular organisms that vary in size and shape.
They exist in almost all known habitats. Due to their unique bio-
chemical composition, microalgae are exploited for a variety of appli-
cations ranging from pharmaceuticals and nutraceuticals to human
food and feed, especially for aquaculture (Spolaore, Joannis-Cassan,
Duran, & lIsambert, 2006). Traditionally, microalgae production in
aquaculture represents one of the main problems in the develop-
ment of a number of processes; this is due to the typically low pro-
ductivity and poor quality of the resulting biomass along with
contamination and high production costs (Muller-Feuga, 2000).

are reaching its maximal production capacity, whereas aquaculture
demand continuously increase (Lem, Bjorndal & Lappo, 2014). How-
ever, the inclusion of microalgae in aquafeed for fish or crustaceans
is still at early stage of development, mainly because the availability
of, cheap but with enough quality, microalgae biomass is low and
optimal strategies to include it into aquafeed is not fully developed.
Different species of microalgae have been tested in fish and crus-
tacean aquafeed, mainly for enhancement of immune system rather
than as alternative to conventional raw materials (Canavate, 2017).
Whatever the final application, industrial microalgae production
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requires the design and development of adequate production pro-
cesses—from strain and culture medium selection to the design of
suitable photobioreactors and downstream processing, which always
have to be in accordance with industrial standards and regulations
(Fernandez-Sevilla, Acién Fernandez & Molina Grima, 2010).

Microalgae with high productivities are desirable for any applica-
tion in which the biomass composition and growth rate, coupled
with the organism’s metabolic efficiency and robustness, are relevant
selection parameters (Chisti, 2013; Wijffels & Barbosa, 2010). Nan-
nochloropsis gaditana is one of well-known strains and has been pro-
posed as a source for valuable pigments and lipids, especially in
aquaculture (Camacho et al., 2014; Huertas, 2000). Once a strain
has been selected, the composition of the culture medium is one of
the main factors affecting the strain’s performance. Microalgal
growth rates and biochemical composition are reported to be
affected by nutrient availability, mainly N and P, as well as other cul-
ture conditions such as light, temperature and the dilution rate
imposed (Araujo, Matos, Gongalves, Fernandes, & Farias, 2011,
Huang, Yao, Liu, & Yang, 2012). Nitrogen limitation is considered the
most efficient strategy to increase the content of neutral lipids in
microalgae, particularly triglycerides composed of fatty acids that
have a high degree of saturation (Rodolfi et al., 2009; San Pedro,
Gonzalez-Lopez, Acién, & Molina-Grima, 2014, 2015). Similar
responses are induced by phosphorus, sulphur and silicon deficiency,
the effect of the latter being specific to diatoms. In addition, iron
availability influences the oil content although the mechanism is
unknown. However, the response of microalgae to nutrient restric-
tion varies and a general trend cannot be established among differ-
ent microalgal species (Gouveia & Oliveira, 2009; Hu et al., 2008;
Huntley & Redalje, 2007; Li, Du & Liu, 2008; Rodolfi et al., 2009).

Regarding the production system, to carry out microalgae
production on a large scale it is essential to select the most suit-
able photobioreactor type. For this, different parameters must be
considered depending on the microorganism selected, such as (1)
its optimal growth conditions and resistance to variations in envi-
ronmental conditions, and (2) economic parameters such as the
value of the product, the required investment and the unitary
operation costs (Acién, Fernandez, Magan, & Molina, 2012; Nors-
ker, Barbosa, Vermué, & Wijffels, 2011). Thus, the objective is to
achieve high productivity at minimal costs. The most common
systems are open raceway reactors (Oswald & Golueke, 1968),
although tubular photobioreactors (Molina, Fernandez, Acién, &
Chisti, 2001; Torzillo, Zittelli & Chini Zittelli, 2015) and open
thin-layer reactors (Doucha & Livansky, 1995) are today being
exploited commercially in addition to the flat-panel photobioreac-
tors that are widely utilized in aquaculture (Chini, Rodolfi, Biondi,
& Tredici, 2006; Tredici et al., 2015). Furthermore, irrespective of
the reactor, there are various possible operating modes, the most
common being batch mode; although by definition, productivity
in continuous mode is greater than in batch mode.

In this work, we have developed a process for the outdoor produc-
tion of microalgae as feed for aquaculture. First, we selected the strain
and culture medium, optimized using mineral salts instead of pure

chemicals. Following this, we optimized the productivity in continuous
culture experiments, and modelled the influence of light availability on
the growth rate as a prior step to scaling-up the production to outdoor
conditions. Finally, the real outdoor photobioreactor performance was
validated, evaluating the composition of the produced biomass and its
suitability as feed in aquaculture. For this, fish trails were performed
replacing fish oil by 5% of microalgae biomass into the fed. These
steps are mandatory for the scaling-up of any microalgae production

process and actual use in the aquaculture industry.

2 | MATERIALS AND METHODS

2.1 | Microorganism and culture conditions

Marine microalga N. gaditana Lubian CCMP 527 was selected for this
work because of its high growth rate and productivity under outdoor
conditions. It was maintained under controlled conditions in 250 ml
flasks, at 20°C, under constant illumination at 200 pE m~2 s~* pro-
vided by fluorescent lamps, with constant aeration at 0.1 v/v/min
with no CO, supply, in “f/2" culture medium. The culture medium
was prepared using nutrients of analytical grade and natural seawa-
ter, it being autoclaved at 121°C for 15 min. The inoculum was sub-
cultured every 10 days, taking 10% of the old culture and adding
90% of fresh culture medium. The inoculum cultures were monitored
by microscopic observation on a Leica CME microscope 40X/0.65 to
verify noncontamination problems. The inoculum was scaled up to

1 L using spherical flasks under the same conditions.

2.2 | Influence of culture medium

Three different culture media were tested: “f/2” as the control
medium and two modified media “UMA3” and “UMA5”, devel-
oped at the Applied Microbiology Unit of the University of
Antofagasta (Chile); these were prepared using inorganics fertiliz-
ers instead of pure chemicals. The culture media composition
used is shown in Table 1. Major difference between the culture
media tested concern the nitrogen and phosphorous concentra-
tion as major nutrients requested to produce microalgae. To
compare the performance of N. gaditana using these culture
media, experiments were conducted at laboratory scale under
controlled conditions in bubble-column reactors (0.25 m in diame-
ter and 0.25 m in height; height/diameter ratio = 1), with a 10 L
volume of culture. These reactors were artificially illuminated at
200 uE m~2 s7! using a light/dark cycle (12:12 hr) with fluores-
cent lamps (Philips Master TL5 HO) and maintained at 20°C with
a constant aeration of 0.2 v/v/min and a pH=8.0 via on-
demand CO; injection. In each test, the reactors were filled with
the appropriate volume of autoclaved culture medium and inocu-
lum until a cell density of 1 x 10°cel/ml* was reached. Following
this, the reactors were operated in batch mode until the station-
ary phase was reached, after which the reactors were operated
in continuous mode until stationary state was reached, at 0.15

and 0.20 per day respectively.
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TABLE 1 Composition of different culture media used for the
production of Nannochloropsis gaditana at laboratory scale

Nutrients f/2 Control UMA 3 UMA 5
Macronutrients, NaNO3 0.005 0.300 0.400
g/L NaH,PO,4 0.001 0.034 0.034
NaHCO; 0.000 0.168 0.168

Trace elements, Zn 0.080 0.080 0.080
pmol/L Mn 0.900 0900  0.900
Mo 0.030 0.030 0.030

Co 0.050 0.050 0.050

Fe 11.700 11.700 11.700

2.3 | Influence of dilution rate

To determine the optimal dilution rate, continuous culture experi-
ments were performed in bubble-column-type reactors (0.20 m in
diameter and 1.0 m in height; height/diameter ratio = 5) with a 25 L
culture volume (Figure 1). These reactors were artificially illuminated
at 130 pE m~2 s with a light/dark cycle of 12:12 hr with fluores-
cent lamps (Philips Master TL5 HO); the cultures were maintained at
20°C with a constant aeration of 0.2 v/v/min and pH = 8.0 via on-
demand CO, injection. In these experiments, only UMA3 culture
medium was used because it was determined as optimal in previous
assays. Each reactor was inoculated with 20% of its volume, reaching
an initial density of 4 x 10° cell/ml, cell count was performed using
a Neubauer chamber under the light microscope field. It was oper-
ated in batch mode for 5 days, next the reactor was operated in
continuous mode to reach steady state. Each reactor was operated
at a dilution rate of 0.10, 0.20, 0.30 and 0.40 per day. Each dilution

rate was evaluated in duplicate.

24 | Validation of results under outdoor conditions

Once the culture medium and the optimal dilution rate were deter-
mined, these results were validated outdoors under real operating
conditions. The flat-panel reactors used were 0.2 m wide, 1.0 m long
and 2.0 m high with a total volume of 400 L (height/diameter
ratio = 10) (Figure 1). Three reactors of this type were used, each
one consisting of a bag of this size placed inside a supporting galva-

nized iron mesh of the same dimensions. Each bag had an aeration

FIGURE 1 Images of the culture
systems used in our experiments. Left: the
bubble-column reactors used at laboratory
scale; Right: the flat-panel reactors used
outdoors [Colour figure can be viewed at
wileyonlinelibrary.com]

I ey

pipe at the base through which air was continuously supplied at
0.2 v/v/min. The bags were placed inside a greenhouse for protec-
tion and they were naturally illuminated by solar radiation. The cul-
ture temperature was not controlled but it ranges from 18 to 25°C,
whereas CO, was supplied on-demand to control the pH at 8.0. At
the beginning of each test, the culture medium was prepared and
sterilized with chlorine/thiosulphate and then supplied to the reactor
in addition to 20% of inoculum from the 25 L reactors operated
under laboratory conditions. The reactor was firstly operated in
batch mode then, once the stationary phase was reached, it was
operated in continuous mode at the dilution rate previously deter-

mined as optimal under laboratory conditions.

2.5 | Analytical methods

The biomass concentration into the cultures was determined daily by
determining the total suspended solids by vacuum filtration of 200 ml
of the culture in 1 micron pore size filters; it was subsequently dried
in an oven at 105°C for two hours. Furthermore, chlorophyll fluores-
cence (Fv/Fm) was determined as an indicator of the photosynthetic
apparatus using a AquaPen AP meter (Photon Systems Instruments,
spol. s.o0., Drasov, Czech Republic). Regarding the biochemical compo-
sition, the protein content of the biomass was determined using the
Lowry's spectrophotometric method (1951) based on Folin reagent.
Total lipids were determined by the Kochert gravimetric method
(1992) using methanol chloroform as the extracting solvent. Ashes
content was determined by calcination at 650°C in oven. The carbo-
hydrate content was determined from the difference after determin-

ing the lipid, protein and ash contents.

2.6 | Light properties and average irradiance

The optical properties of the biomass were measured in a Dynamica
DB-20 spectrophotometer. For this, a glass cuvette (1 cm deep) was
filled with culture and absorbance was measured at wavelengths
ranging from 400 to 700 nm. These measurements were carried out
directly on the culture within a few seconds, with no pre-treatment
or operation, such as centrifugation, extraction, etc. The extinction
coefficient of the biomass (Ka, m?/g) was calculated by dividing the
average absorption by the biomass concentration (Cb, kg/m) and the

cuvette's light path (p, m) (Equation [1]).




RIVEROS ET AL.

Abs
Ka = (0% Cb) (1)

The average irradiance in the photosynthetically active radiation
range (PAR) at which cells are exposed inside a culture (lav,
nE m2 s71) is a function of the irradiance in the absence of cells
(lo), the biomass extinction coefficient (Ka, m?/g), the biomass con-
centration (Cb, kg/m) and the light path inside the reactor (p, m),
which is calculated by (Equation [2]) (Molina Grima, Garcia Camacho,
Sanchez Perez, Acien Fernandez, & Fernandez Sevilla, 1997):

_ lo _—Kasp«Cb
lav = fiarprcn) - (1€ ) @

2.7 | Fish trials including Nannochloropsis gaditana
biomass

Fish trials were carried out with the produced biomass by replacing
fish oil by Nannochloropsis gaditana biomass into the diet. For this,
202 adults of Atlantic salmon (Salmo salar) were selected and col-
lected in a pond of 7 m® during 19 days. At the end of this period,
140 fish were distributed in four ponds of 1 m® with 35 fish/tank to
be adapted for 16 days. Subsequent to this stage the feeding pro-
cess was started for 49 days with 2 diets, one control and the con-
trol diet +5% microalga (Diet A) (Table 2). The manufacture of the
fed (Control and Diet A) was performed by the Center of Studies of
the University of Santiago (CEUS-Llanquihue). For this, 20 kg of the
Aquavet 250 diet (Biomar, Chile) were grinded to, obtain the premix-
ture of the aquafeed to manufacture the control diet and diet A. For
the manufacture of the control diet, portions of all the grindings
were taken; in the case of diet A, 5% of microalgae powder was
added to the mills, homogenizing and then proceeding to extrude at
87°C and 10.2 bar, obtaining the pellets of 6 mm. At the end of the

TABLE 2 Proximal composition of fed used during the fish trials
(Control and Diet A incorporating 5% of Nannochloropsis gaditana
biomass)

Results (g/100 g Relative
Analysis sample) variation
Control Humidity 6.2
Proteins 317
Lipids 24.3
Ashes 9.0
Raw fibre 29
Non-nitrogenous extract 20.5
Energy (Kcal/100 g) 449
Diet A Humidity 8.3 134%
Proteins 352 111%
Lipids 25.0 103%
Ashes 10.5 117%
Raw fibre 25 86%
Non-nitrogenous extract 18.5 90%
Energy (Kcal/100 g) 440 98%

extrusion process, the pellets were distributed in trays to be dried in
an oven for 20 min at 950°C, finally the diets were mixed with 22%
of a 50/50 mixture of fish oil and oil of canola. However, at the time
of accepting diet A, it was observed that the pellet were not able to
absorb the percentage of oil incorporated, therefore, it was allowed
to drain and by difference of weight was determined once the diet
had been left with 16% of accepted. Then, at the time of accepting
the control diet was supplied with 16% with a mixture of 50/50 fish
oil and canola. Standard Feed Rate (%SFR) at the end of the acclima-
tion phase, the two diets (control and A) were started for 49 days,
maintaining a SFR of 1.3% on the first day, the second day increas-
ing to 1.6% of the SFR due to the good behaviour of feeding of fish.
At 22 days was increased to 1.8% of SFR to stimulate the increase
in fish consumption, this percentage of SFR was maintained during
the rest of the period. The feed was provided manually according to
the demand of the fish, stopping the delivery of feed when the fish
had no response to feeding. Four doses were given in the morning
from 9:30 to 12:00 and three doses in the afternoon from 14:30 to
16:00.

After completing the feeding phase with the experimental diets,
the zootechnical factors were determined. These include the conver-
sion factor (FCR) which indicates the amount of feed required per kg
of fish produced [Equation [3]]. The growth in weight as percentage,
where W2 is the final weight and W1 is the initial weight of the fish
(Equation [4]). The standard growth rate (SGR), as the logarithmic
increase in weight to days of experiment (D) ratio, which defines the
degree of growth of the species (Equation [5]). The coefficient of
thermal growth (TGC), that considers the temperature of the water
(t, °C) and the days of feeding (D) (Equation [6]). The condition fac-
tor (K), which indicates the nutritional state of the organisms (state

of thinness or fat) (Equation [7]).

Food delivered

FCR = Increase in weight )
Growth in weight(%) = W2-W1) 100 (4)
w1
SGR(%) = w % 100 (5)
B (W21/3 _ W11/3
TGC = T StD x 100 (6)
K = WelBht | 400 7)
Length

The proximal analysis of the fish were performed according to
the Chilean standard NCh 841 Of 78 and the profile of fatty acids in
muscle were analysed according to AOAC 963 (1995), these analy-
ses were executed by the Center for Studies in Science and Food
Technology (CECTA) of the University of Santiago, Chile. Samples
were taken at the beginning of the experiment, called basal samples,
which was carried out in parallel to the sampling and distribution of
the experiment, where samples were taken for proximal analysis (10
fish) and fatty acid profile (five fish) in carcass and muscle. Finally,
the sampling of the ponds corresponding to the “Control” and “Diet
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A" were carried out, under the same regulations in the aforemen-
tioned study centre.

The results of the zootechnical factors are expressed as aver-
ages + the standard error of each of the replicates per treatment.
The results of the proximal and fatty acid analysis are expressed as
the average of the pool samples for basal sampling, and the pool
samples of each of the samples analysed by replicate. The data
obtained in the feeding stage and samples were analysed using a
Shapiro-Wilk normality test, those data that p > .05 were assumed
to be normal, those data that p < .05 did not have a normal distribu-
tion of the data. For the data that demonstrated a normal distribu-
tion, ANOVA was performed using the Tukey Test. Those data that
did not show a normal distribution were applied nonparametric Krus-
kall-Wallis test. The level of significance was assumed to be>95%
(b < .05). Statistical analysis was performed using the Infostat pro-

gram, version 2013l.

3 | RESULTS AND DISCUSSION

Among the different microalgae strains used in aquaculture N. gadi-
tana is one of most extensively cultivated due to its high content of
polyunsaturated fatty acids, high productivity and robustness in out-
door conditions (Camacho et al., 2014; Rodolfi et al., 2009). To put in
order a process for its outdoor production for aquaculture purposes,
the first step is to select the most suitable culture medium. Three dif-
ferent culture mediums were tested. One was f/2 culture medium,
which is widely recommended at laboratory scale, and the other two,
UMAS and UMAD5, were formulated using mineral salts instead of pure
chemicals (Table 1). The performance of N. gaditana batch cultures
grown in these culture media under controlled laboratory conditions is
summarized in Figure 2. Results show that the biomass concentration
at the end of the batch culture was higher, up to 0.6 g/L, when using
UMAS culture medium than using f/2 and UMAS culture media, for
which the maximal biomass concentration was 0.4 g/L. In terms of
productivity, this was also higher using UMAS5 culture medium, with a
maximal value of 0.06 g L™! day ™ being obtained at a biomass con-
centration of 0.4 g/L-on day 6 of the culture when the growth rate
was 0.15 per day. Under the same light conditions, a higher biomass
concentration was not obtained by providing more nitrogen; thus
0.52 g/L of biomass was achieved in batch cultures of N. gaditana illu-
minated at 250 pE m~2 s~ when providing 1.13 g/L-of potassium
nitrate (Camacho-Rodriguez, Cerdén-Garcia, Fernandez-Sevilla, &
Molina-Grima, 2015). In contrast, providing a similar concentration of
nitrate, up to 0.7 g/L of potassium nitrate, the biomass productivity
was higher, up to 0.1 g L= day~%, when providing much more irradi-
ance, up to 1000 pE m~2 s~L. This confirms that the nitrogen require-
ment is a direct function of the light provided, which finally
determines the biomass productivity (Gonzalez-Lépez et al., 2013).
The growth rate data confirm that growth was higher when
using UMAS and UMAS5 culture media. Maximal values, ranging from
0.35 to 0.38 per day, were obtained during the first days of the

experiment when the biomass concentration was lower and the light
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FIGURE 2 Influence of the culture medium on the biomass

concentration, productivity and growth rate of Nannochloropsis
gaditana batch cultures performed at 200 pE m~2 s™1in 10 L
reactors

availability was higher. These values agree with those previously
reported, of 0.31-0.35 per day, including under outdoor conditions
in tubular photobioreactors with high light availability and no nutri-
ent limitation (San Pedro et al., 2015). These data confirm that
UMAS is a suitable culture medium to produce N. gaditana as it con-
tains the adequate concentration and proportion of nutrients. When
using f/2 culture medium, the nitrogen concentration is too low
(0.06 mM) whereas using UMA3 culture medium, the ratio between
nitrogen and phosphorus seems to be insufficient (N/P = 8). Phyto-
plankton on average requires C, N and P in an approximate molar
ratio of 106:16:1, the Redfield ratio (Geider & Roche 2002). On this
way, the N:P ratio is a value allowing to know the nutritional status
of phytoplankton, values higher than 20 indicate a phosphorus defi-
ciency while values below 10 indicates nitrogen deficiency. In labora-
tory cultures, optimal molar N:P ratios measured for different
phytoplankton species lie in the range between 7 and 84 (Lagus,
2009). The nitrogen concentration and nitrogen to phosphorus ratio
are widely recognized as major factors in determining the perfor-
mance of microalgae growth and composition (Gonzalez, Tabernero,
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Sanchez, Martin del Valle, & Galan, 2014; Sepulveda et al., 2015). In
any case, the adequacy of the culture medium must be validated in
continuous mode when the cultures’ maximal performance can be
obtained, and the maximal nutrient requirements take place. Culture
medium optimization is a major bottleneck for the large-scale pro-
duction of microalgae because of the high cost and large amount of
nutrients required. To reduce the biomass production cost, the uti-
lization of low cost nutrients is mandatory (Acién et al., 2012). It is
for this reason that the high costs traditionally associated with
microalgae production discouraged the commercial development of
microalgae-based fish factories (Jaime-Ceballos, Hernandez-Llamas,
Garcia-Galano, & Villarreal, 2006). In addition, with N. gaditana, the
optimization of the culture medium composition allows one to maxi-
mize the biomass productivity and valuable products content
(Breuer, Lamers, Martens, Draaisma, & Wijffels, 2012; Griffiths, van
Hille & Harrison, 2012).

As a previous step to performing experiments in continuous
mode, the growth of N. gaditana was modelled as a function of light
availability; to do this, the biomass extinction coefficient and the
average irradiance inside the cultures were determined. The extinc-
tion coefficient of the biomass was determined spectrophotometri-
cally, allowing a determination of the cells’ light attenuation. Results
show that this parameter changed with the different culture media
used, the lowest value, of 0.139 m?/g, was obtained when utilizing
UMAS5 culture medium whereas, when using f/2 and UMAS, the
extinction coefficients were 0.167 and 0.185 m?/g respectively
(Tabla 4). Similar extinction coefficient values, ranging from 0.129 to
0.175 m?/g, have been reported elsewhere for this strain (Huang
et al., 2012). Moreover, it was previously reported that the extinction
coefficient of N. gaditana ranged from 0.19 to 0.21 m?/g when the
irradiance was modified from 300 to 500 pE m—2 s’l, or from 0.18
to 0.22 m?/g when changing the culture medium composition from
Algal culture medium to centrate (Sepulveda et al., 2015). The lowest
biomass extinction coefficient when using UMAS5 culture medium
means that, for the same biomass concentration and light conditions,
more light is available for the cells inside the culture; hence, it is pos-
sible to achieve a higher growth rate and higher productivity.

Using the concept of average irradiance to quantify light avail-
ability inside the culture, the variation in the growth rate as a func-
tion average irradiance at which the cells are exposed to inside the
culture, for the three culture media assayed, was determined (Fig-
ure 3). Results confirm that the growth rate hyperbolically increases
with the average irradiance inside the culture; for the same average
irradiance, the growth rate is higher when using UMA5 culture med-
ium than for the UMAS or f/2 culture media. The experimental data
were fitted to the hyperbolic model previously reported (Grima et al.,
1996) (Equation [1]), obtaining the value of characteristic parameters
of the model (Table 3).

_ Hmax lav"
P

(8)

Data show that the specific maximal growth rate (pmax) was

highest, up to 0.51 per day, and the irradiance constant (Ik) was
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FIGURE 3 Variation in the growth rate with average irradiance
for Nannochloropsis gaditana batch cultures performed at
200 pE m=2 571 in 10 L reactors

lowest, of 22 pE m2s?

, when using the UMAS5 culture medium
rather than the other culture media; this confirms the greater suit-
ability of this culture medium for N. gaditana production. The worst
results were obtained when using f/2 culture medium, with a
specific maximal growth rate of 0.40 per day and an irradiance

2571 peing determined. These values are

constant of 25 pE m
similar to those previously reported for this strain, including for
outdoor tubular photobioreactors; namely, a specific maximal
growth rate of 0.50 per day and an irradiance constant of
41 uE m2 57! (San Pedro et al., 2015), thus validating the experi-
mental values here determined. According to these figures, the
optimal dilution rate for continuous operation of the cultures would
be 0.25 per day, which corresponds to 50% of the specific maximal
growth rate. Under outdoor conditions, it was previously reported
that maximal productivity of N. gaditana cultures was achieved at
0.3 per day in flat-panel reactors (Camacho-Rodriguez et al., 2015)
whereas for tubular photobioreactors, the maximal productivity was
achieved at a 0.4 per day dilution rate (San Pedro et al., 2015),
thus confirming that the adequacy of culture conditions inside the
reactor influences the optimal performance of the cultures and at
the end the optimal dilution rate.

To validate the results obtained from the batch cultures, experi-
ments were performed in continuous mode with the three different
culture media at different dilution rates—from 0.15 to 0.30 per day
(Figure 4). Results confirm that biomass productivity was modified
by the
0.08 g L~* day~?! being obtained when using the optimal UMAS5 cul-

dilution rate imposed, with maximal values of
ture medium and a dilution rate close to the optimal of 0.20 per
day. When using the optimal UMAS5 culture medium, the biomass
productivity decreased both above and below the optimal dilution
rate of 0.20 per day. A similar trend was observed for the other cul-
ture media assayed, the lowest values being obtained using the f/2
culture medium; this is because it contains a lower nutrient concen-
tration. By comparing the operation in batch and continuous modes,
it was shown that for batch mode, the accumulated maximal biomass

productivity was 0.05 g L~ day~%; this value reducing if including



RIVEROS ET AL

TABLE 3 Variation in the biomass extinction coefficient and the
model of growth parameter characteristic as a function of the
culture medium used in Nannochloropsis gaditana batch cultures at
200 pE m2 st

Parameter f/2 UMA3 UMAS
Ka,m2 g™ 0.167 0.185 0.139
Hmax» PEr day 0.40 0.49 0.51
n 2.00 2.00 2.00
Ik, fE m=2 st 25.00 24.00 22.00
0.10 *f/2
T UMA3
f 0.08 A UMAS ;
L
- A
Z 006 A _
>
= - —
§ - -
2 0.04 -
4
S 0.02
o
0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Dilution rate, 1/day

FIGURE 4 \Variation in biomass productivity with the dilution
rate of Nannochloropsis gaditana continuous cultures performed at
200 pE m~2 571 in 10 L reactors. Symbols correspond to
experimental measurements, whereas lines correspond to simulated
data using the growth model developed for each of the culture
media tested

the requested time to restart the system after each batch culture.
However, in continuous mode the biomass productivity was up to
0.08 g L~* day™?, thus confirming the greater performance of con-
tinuous cultures versus batch cultures for microalgae biomass pro-
duction.

To validate the accuracy of the developed model, a new set of
experiments was performed using thinner bubble-column photo-
bioreactors—0.18 m in diameter and 1.2 m in height. Both batch
and continuous culture trials were carried out. Results from the
batch culture show a similar trend to that previously observed (Fig-
ure 5). The biomass concentration increased from an initial value of
0.10 to 0.90 g/L in 18 days. The maximal biomass productivity val-
ues, of 0.06 g L~! day™?, were measured on days 6 to 12, with the
biomass concentration ranging from 0.30 to 0.50 g/L. These values
were similar to those previously obtained, indicating that the culture
medium and operating conditions used were analogous. Regarding
the growth rate and average irradiance, the results show that the
maximal growth rate measured was 0.45 per day. This occurred
when there was higher average irradiance inside the reactor, up to
50 uE m~2 s, but it reduced to 0.03 per day when the biomass
concentration increased and the light availability decreased to

-2

5 uE m2s~! (Figure 5). Maximal biomass productivity occurred

I ey

when the average irradiance ranged from 10 to 14 nuE m~2 s, with
the growth rate ranging from 0.14 to 0.12 per day. These figures are
slightly lower than those previously obtained because the illumina-
tion reaching these reactors was likewise lower. Nonetheless, regard-
less of the low illumination, the system behaviour fitted that
predicted by the proposed model. Thus, in Figure 6, the variation in
growth rate is shown with the average irradiance that was experi-
mentally measured during the batch culture. The results agree with
those predicted by the proposed growth model for the illumination
conditions used in these experiments, thus validating the developed
model's adequacy. Moreover, the model was able to fit data from
the continuous culture with even greater accuracy than that from
the batch mode (Figure 6). Therefore, the experiments performed at
dilution rates of between 0.10 and 0.40 per day confirm that UMA5
was an adequate culture medium for N. gaditana production, with
optimal performance/maximal productivity being obtained at dilution
rates ranging from 0.20 to 0.30 per day (Figure 7). With regard to
the illumination and culture conditions used in these experiments,
the biomass concentration achieved in this dilution rate ranged was
from 0.2 to 0.3g/L,
0.06 g L! day~%; however, these values can be greater when higher

making the biomass productivity
irradiance is prevailing under outdoor conditions. Indeed, biomass
productivities of up to 0.4 g L=t day *have been reported in out-
door N. gaditana cultures grown in 5 cm-wide flat-panel reactors at
solar radiation levels ranging from 10 to 25 MJ/m? day (460 to
1100 pE m2 s~ ) and operating at an optimal dilution rate of 0.3
per day (Camacho et al., 2014).

To validate the developed model under outdoor conditions, a
batch experiment was performed under real outdoor conditions
using a 0.4 m® flat-panel reactor located inside a greenhouse in
Antofagasta, Chile. Results show a similar trend to that observed
under laboratory conditions (Figure 8). The biomass concentration
increased from 0.18 to 0.95 g/L in 12 days, with maximal biomass
productivity values of 0.08 g L™ day™! being measured on day 7.
Regarding the growth rate and average irradiance, the highest
growth rate was measured on the first day, at 0.30 per day, when
the highest average irradiance was available, up to 37 pE m=2 s7%; it
then decreased to near zero when the average irradiance dropped to
7 uE m~2 571, Far greater values had been expected outdoors due
to the high solar radiation at this location. However, when analysing
the actual solar radiation available on the reactor surface, a value of
just 225 pE m~—2 s~! was determined, close to values used at the
laboratory scale—this explains the similar biomass productivity and
growth rate measured under the experimental conditions tested. So,
although solar radiation at this location reached values above
2500 pE m~2 571, the greenhouse cover reduced the solar radiation
available inside the greenhouse to 1500 pE m~2 s~ (a 40% attenua-
tion). As the solar cycle only provides light for approximately 12 hr,
the mean solar radiation during the daylight period goes down to
750 pE m~2 57! (a 50% distribution). Moreover, due to the vertical
arrangement of the flat panels and the shadow thrown from one
reactor onto another, only 30% of the solar radiation is really avail-
able at the reactor surface (San Pedro et al., 2015); thus, the final
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FIGURE 5 Variation in biomass concentration, productivity,
growth rate and average irradiance over time of a Nannochloropsis
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with the dilution rate of Nannochloropsis gaditana continuous
cultures performed at 130 pE m~2 s~ in 25 L bubble-column
photobioreactors. Symbols correspond to experimental data obtained
in continuous mode, whereas the line corresponds to simulated
values from the growth model developed

gaditana batch culture performed at 130 pE m~2 s~ in 25 L bubble-
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FIGURE 6 Variation in the growth rate with average irradiance
of Nannochloropsis gaditana batch culture performed at

130 puE m~2 s71in 25 L bubble-column photobioreactors. Symbols
represent experimental data obtained in batch and continuous mode,
whereas the line corresponds to simulated values from the growth
model developed

solar radiation availability reduces to 225 pE m~2 s~%. A similar pat-
tern of light availability has previously been described in flat panels
where the reactors’ location and orientation had a significant influ-
ence on the final solar radiation availability (San Pedro et al., 2015).
In any case, the developed model also fitted the results from flat-
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FIGURE 8 Variation in biomass concentration, productivity,
growth rate and average irradiance over time of a Nannochloropsis
gaditana batch culture performed in 400 L outdoor flat panels at
Antofagasta, Chile

panel reactors, confirming the developed model’s validity for use in
the scaling-up of N. gaditana cultures (Figure 9). The model not only
reproduced the data from the batch culture performed but also from
the continuous culture, which was carried out at an optimal dilution
rate of 0.25 per day and for which a maximal biomass productivity
of 0.12 gL * day ! was measured. This value measured in the
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FIGURE 9 Variation in the growth rate with average irradiance
of Nannochloropsis gaditana culture performed in 400 L outdoor flat
panels at Antofagasta, Chile. Symbols represent experimental data
obtained in batch and continuous mode, whereas the line
corresponds to simulated data from the proposed growth model
developed

continuous culture was 2.8 times higher than the accumulated bio-
mass productivity in batch mode of 0.04 g L~ day™?, thus confirm-
ing the better performance of continuous culture versus batch
mode. In any case, the productivity measured here in continuous
mode was lower than the maximal value of 0.4 gL ! day?
achieved in 5-cm-wide flat panels (Camacho et al., 2014) because of
the wider flat panels used in this research (20 cm). The data
obtained here agree with that previously reported, which ranged
from 1.5 g L=* day™* for 1 cm-wide flat panels to 0.2 g L™ day™*
for 17 cm-wide flat panels, equivalent to areal productivities ranging
from 11 to 22 g m—2 day_1 (Zou & Richmond, 1999). Moreover,
when considering a distance between the reactors equal to the total
height of the reactors, the estimated areal productivity was
21 g m~2 day~L. This value was only measured for a short period
but it was higher than the mean annual productivity of
15 g m~2 day~! (36 tn ha™! year?) reported for a 1-ha facility of
flat panels (Tredici et al., 2015).

When performing an economic analysis for the production of 1
ton of microalgas biomass, it was concluded that fertilizers summa-
rizes 5.1% and 4.8% of the final production cost when using UMA3
and UMAS5 culture media respectively. In spite of the higher nutri-
ents concentration of UMADS, the higher biomass productivity
achieved when using this culture medium allows to reduce the bio-
mass production cost when using it. It is in agreement with previ-
ously reported values summarizing that fertilizers represent up to
54% of raw material cost, in addition to pure CO2, which represents
up to 39%. Regarding raw materials, the fertilizer cost cannot be
reduced, so the only possibility is to reduce their consumption per
biomass mass unit produced (Acién, Molina, Fernandez-Sevilla, Bar-
bosa, & Gouveia, 2017). Finally, the biomass quality was evaluated
not only by determining its biochemical composition but also by per-
forming fish trials. Analysis of the biomass shows that carbohydrates
make up the major biomass fraction, followed by proteins and lipids
(Figure 10). The protein and lipid content is high, at 24% and 22%,
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FIGURE 10 Biochemical composition of Nannochloropsis gaditana
biomass produced at 0.25 per day in 400 L outdoor flat panels at
Antofagasta, Chile

respectively, making it a raw material of interest for feeding animals
in aquaculture. The biochemical composition determined is similar to
that reported from outdoor cultures in flat-panel and tubular photo-
bioreactors. In both cases, the protein content ranged from 30% to
40%d.wt., whereas the carbohydrate content ranged from 20% to
30%d.wt. and the lipid content from 20% to 30%d.wt. (Camacho
et al.,, 2014; San Pedro et al., 2014, 2015).

Furthermore, because lipids from N. gaditana typically contain high
levels of polyunsaturated fatty acids, N. gaditana has been extensively
used not only for feeding larvae but also a small proportion of this bio-
mass is also included in pellets for feeding juveniles, N. gaditana defi-
nitely show potential as an alternative for fish oil since the amount to
be consumed is feasible (Ryckebosch et al., 2014).

In this work, flat panels were employed to produce 45 kg of dry
biomass that was used to prepare fed containing 5% of N. gaditana
biomass as substitute of fish oil. The composition of “Control” and
“Diet A" feed is showed in Table 2. Experiments were performed
feeding Atlantic salmon (Salmon salar) during 49 days, the zootechni-
cal factors at the end of the experiments being evaluated (Table 4).
Results show as the inclusion of biomass of N. gaditana into “Diet A"
has a positive effect in the growth and performance of Atlantic sal-
mon. Thus, the final weight was 5% higher when using Diet A than
in control, the standard growth rate being up to 12% higher when
using Diet A than in control assay. Two additional important parame-
ters as survival and conversion factor also increases when using fed
incorporation biomass of N. gaditana, survival increasing up to 3%
whereas fed conversion efficiency into biomass increase also up to
3%. It can be observed that the control diet despite having obtained
the lowest FCR value (1.55 + 0.32) did not reflect the conversion
by weight, whereas diet A despite having a higher percentage of
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TABLE 4 Productive parameters of Atlantic Salmon (Salmo salar)
fed experimental diets for 49 days

Relative

Parameter Control Diet A variation
Initial weight (g) 49140 + 1.1 490.00 + 1.1 0%
Final weight (g) 756.90 + 104 794.00 + 104 5%

Condition 1.35 £ 0.0 1.35 + 0.0 0%
factor (K)

Growth in 54.00 + 2.4 62.00 + 2.4 15%
weight (%)

Feed rate 111 +£ 0.1 1.31 + 0.1 18%
(%BW/day)

Conversion 155 + 03 159 +£ 0.3 3%
factor (FCR)

Standard growth 0.66 + 0.0 0.74 + 0.0 12%
rate (SGR)

Coefficient of 1.34 + 0.1 151+ 01 13%
thermal growth
(TGC)

Survival (%) 95.70 £ 6.1 98.60 + 2.0 3%

growth the conversion obtained was much higher than desired at
this stage. This result may be due to diet A containing a higher per-
centage of lipids which apparently in the final stage of the test
affected fish consumption. Studies carried out by (Kousoulaki,
Markgre, Nengas, Berge, & Sweetman, 2016) replacing fish oil with
microalgae biomass of the Schizochytrium sp strain in Atlantic salmon
indicates lower conversion factor values between 0.71 and 0.73 in
the different diets where 2.5% and 5% microalgae, which is a value
closer to that achieved at productive levels unlike those obtained in
our trials.

The results of the muscle fatty acid profile obtained from the
basal and final samples are shown in Table 5. Statistical analysis
showed that there was significant difference (p < .05) between the
EPA content of Atlantic salmon muscle at the beginning and end of
the experiment, but there was no significant differences (p > .05) at
the end of the experiment between the two diets assayed. In both
treatments, the fatty acids content of muscle increase, especially of
Arachidonic, Eicosapentaenoic and Docosohexanoic fatty acids, with
values from 25% to 300% increase, demonstrating that there was a
relevant increase in the accumulation of these fatty acids in the mus-
cle in both treatments. This behaviour may be related to the fact
that the microalgae biomass incorporated in “diet A” fulfils the objec-
tive of causing similar accumulation of a diet with 100% fish oil,
however, it is recommended to continue testing different levels of
incorporation to corroborate the results obtained in this assay. Spray
dried microalgae biomass (Schizochytrium sp.) included up to 5% in
extruded feeds for salmon can successfully replace fish oil as source
of n-3 LC-PUFA without compromising fish growth rate and FCR,
dietary protein and energy digestibility and flesh quality (Kousoulaki
et al., 2016). The aquaculture industry has shown great interest in
including microalgae biomass as a feed supplement in the diets used,
as a sustainable alternative to fish meal and oil from wild captures,
and because it is of higher quality than cereals and other raw

TABLE 5 Fatty acids content of Atlantic salmon muscle (Salmo
salar) at the beginning and end of the growth experiments using
control and Diet A fed

Type of Results Relative
samples  Trials Fatty acids (g/100g)  variation
Basal Control Palmitic C16:0 111
Oleic C18:1 229
Linoleic C18:2 1.15
Linolenic C18:3 0.04
Arachidonic C20:4 0.01
Eicosapentaenoic 20:5 0.30
Docosohexanoic 22:6 0.77
Final Control Palmitic C16:0 1.46 32%
Oleic C18:1 341 49%
Linoleic C18:2 1.18 3%
Linolenic C18:3 0.05 25%
Arachidonic C20:4 0.04 300%
Eicosapentaenoic 20:5  0.48 60%
Docosohexanoic 22:6 0.96 25%
Final Diet A Palmitic C16:0 141 27%
Oleic C18:1 321 40%
Linoleic C18:2 112 —3%
Linolenic C18:3 0.05 25%
Arachidonic C20:4 0.04 300%
Eicosapentaenoic 20:5 0.49 63%
Docosohexanoic 22:6 0.96 25%

materials. Accordingly, the aquaculture industry requires the supply
of 25,000 to 200,000 tons of microalgae biomass per year to cover
the demand for the main PUFAs (EPA and DHA) (Global Salmon Ini-
tiative (GSI) Novel Qils for Salmon Aquaculture Feed, August 2015).
To meet this requirement, it is still necessary to improve the perfor-
mance and scale-up the existing technologies. This paper has there-
fore summarized the necessary steps that have to be performed, at
least in the first stages of the process, however, we can contend
that scaling is possible considering these systems as part of the pro-
duction process for generating inoculums at a massive level and a

rate of dilution from 0.2 to 0.3 per day.

4 | CONCLUSION

In this work, a full process for the production of N. gaditana as
supplement for aquaculture is developed. A low cost culture med-
ium prepared from fertilizers instead of pure chemicals has been
developed, it allowing maximizing the performance of this strain at
minimum cost. The influence of average irradiance on N. gaditana
growth has been modelled under laboratory-controlled conditions,
with the model fitting data from batch and continuous cultures.
Moreover, this model fitted data from outdoor flat-panel reactors,
demonstrating it as a useful tool for the scaling-up of these types
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of processes. Optimal performance of the cultures was obtained
in continuous mode at 0.25/day. The biochemical composition of
the biomass produced is similar to that previously reported, mean-
ing it can be incorporated into aquaculture feed up to 5%. On
the other hand, the omega 3 was transferred to the salmon mus-
cle reaching values higher than the initial ones but similar to
those of the control diet, which indicates that when extracting 5%
of the commercial diet and replacing it with microalga, the addi-
tive was able to meet the requirements of the fish reaching val-
ues similar to those fed with usual commercial diets. However,
the production capacity still has to be increased by thousands of

times to fulfil the requirements of the aquaculture market.
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