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Abstract: The marine microalgae Tetraselmis striata was cultivated in drilling waters with different
salinities. Growth substrate optimization was performed while the effects of different pH, temper-
ature, photoperiod and CO2 flow rate on biomass productivity and its composition were studied.
Results showed that the strain grew better in 2.8% drilling waters employing the fertilizer Nutri-Leaf
together with NaHCO3. A pH value of 8 resulted in high biomass productivity (79.8 mg L−1 d−1)
and biomass composition (proteins 51.2% d.w., carbohydrates 14.6% d.w., lipids 27.8% d.w. and total
chlorophylls 5.1% d.w.). The optimum cultivation temperature was found to be 25 ± 1 ◦C which
further enhanced biomass productivity (93.7 mg L−1 d−1) and composition (proteins 38.7% d.w.,
carbohydrates 20.4% d.w., lipids 30.2% d.w., total chlorophylls 5.1% d.w.). Photoperiod experiments
showed that continuous illumination was essential for biomass production. A 10 mL min−1 flow
rate of CO2 lead to biomass productivity of 87.5 mg L−1 d−1 and high intracellular content (proteins
44.6% d.w., carbohydrates 10.3% d.w., lipids 27.3% d.w., total chlorophylls 5.2% d.w.). Applying the
optimum growth conditions, the produced biomass presented high protein content with adequate
amino acids and high percentages of eicosapentaenoic acid (EPA), indicating its suitability for incor-
poration into conventional fish feeds. In addition, this study analyzed how functional parameters
may influence the uptake of nutrients by Tetraselmis.

Keywords: Tetraselmis striata; salinity; growth substrate; pH; temperature; photoperiod; CO2 flow rate

1. Introduction

Meat, including fish, is the main source of protein in human diets. The increasing
world population is predicted to reach 9.7 billion by 2050, which means that the demand
for food resources is expected to increase by over 60%. Additionally, human activities
associated with industrialization are causing marine pollution and the accumulation of
chemicals and heavy metals in waters and combined with overfishing, all contribute to the
depletion of natural fish resources [1].

Aquaculture is a fast-growing industry with a significant role in protein production for
consumers worldwide. The farming of aquatic organisms is predicted to surpass the pro-
duction of wild fisheries by 2025 while, according to the Food and Agriculture Organization
(FAO), by the year 2030, 109 million tons of fish will be produced by aquaculture [2]. This
industry is developing three times faster than the animal production industries to meet the
current demand for healthy and nutritious foods in a growing population. Consequently,
significant challenges related to the high costs and reduced availability of fishmeal and fish
oils for inclusion in fish diets have emerged.
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The concept of using microalgae in fish diets as a source of high-quality bioactive
compounds is a promising solution for sustainable aquaculture. Recently, microalgae
have been recognized as a natural alternative source of nutrition. Specifically, marine
microalgae are reported to accumulate a wide range of high added value products and
typically contain higher percentages of long chain polyunsaturated fatty acids (PUFAs)
such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and higher ratios of
ω-3/ω-6 PUFAs, than freshwater microalgae [1]. Their main application in aquaculture
is related to nutrition as live feeds for early growth stages and they can be used as a sole
component or can be incorporated into conventional on-growing fish feeds. Depending on
their pigment and nutritional content they are also used to enhance the color of fish flesh
and skin or to induce other biological activities (i.e., antioxidant properties). Utilization
of microalgal biomass in fish diets is beneficial for fish growth as it leads to increased
deposition of proteins in the muscle tissue, improved resistance to diseases [3] and also
positively impacts the consumer’s health [1].

Several studies refer that the most common microalgae species applied in aquaculture
include the strains Nannochloropsis, Tetraselmis, Isochrysis, Chlorella, Pavlova, Phaeodactylum,
Chaetoceros, Skeletonema and Thalassiosira [3,4]. In order to be used in aquaculture, each
strain should lack toxicity, have high nutritional value, and have suitable cell size and
shape. They should also possess a digestible cell wall that allows nutrient bioavailability [5].
Of the above-mentioned microalgae, Tetraselmis sp. has a wide spectrum of antimicrobial
activities and probiotic properties, constitutes a good source of vitamin E for human and
animal consumption, and stands out as food for the larvae of commercially important
organisms such as mussels and oysters [4].

The nutritional value of biomass is determined by its protein, amino acid, vitamin
and PUFA content, while EPA, DHA and arachidonic acid (ARA) are the most important
fatty acids for the aquaculture nutrition. Different growth strategies can be applied to
improve the biomass production of microalgae and increase the contents of those specific
nutrients. Modification of the growth conditions is a simple way to direct microalgal
metabolism towards the targeted nutrients [6]. Specifically, pH, temperature, salinity, light
and dark exposure period, and the presence of CO2 are the major parameters that affect
both microalgal biomass growth and its composition.

According to the literature, Tetraselmis chui, Tetraselmis suecica and Tetraselmis sp. are
the most commonly studied strains and the majority of research is mainly focused on
lipid production, although only some of these studies have had an emphasis on fatty acid
analysis [7–9]. The effect of medium composition and its strength (employing mainly F/2,
also F and Walne medium, as well as aquaculture wastewaters combined with chemical
media) on biomass growth, lipid, protein, carbohydrate and pigment production has been
studied on the above-mentioned strains [8–12]. Additionally, the effect of salinity on the
biomass growth of Tetraselmis sp. was examined by Kim et al. [7] and Khatoon et al. [13],
while the effects of temperature on biomass growth and fatty acid composition of the same
strain was studied by Rukminasari et al. [14]. Chaisutyakorn et al. [15] studied the effect of
temperature on the growth of T. chui biomass, while only Sas et al. [16] studied the effect of
temperature and medium strength (using F/2) on both the growth and biomass composition
of T. suecica. Photoperiod optimization [17–19], pigment content [17], protein content [18]
and nutrient accumulation [19] have been studied for the T. chui strain. Regarding the effect
of CO2 on biomass growth and chemical composition, all the above-mentioned strains have
been investigated by applying a variety of volumetric CO2 flow rates [20–23].

Tetraselmis striata is one of the lesser studied species of the Tetraselmis genus as research
is limited to the optimization of its growth parameters [4,24]. Specifically, Boopathy
et al. [25] studied the effect of different strength F/2 media and the modified CFRR1
ABRR1 substrate on its growth and lipid production. O3 medium was used by Patidar
et al. [26] to examine the effects of pH, salinity, temperature and light intensity, however
their research focused only on biomass and lipid production. Imamoglu et al. [4] tested the
effects of agitation rate, temperature and light intensity on T. striata growth and its protein
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and pigment contents, while Zevallos-Feria [27] studied the parameters of temperature
and photoperiod but they exclusively focused on biomass growth. To the best of the
authors’ knowledge, until now, no previous research has been performed on the effects of
different CO2 concentrations on the growth and composition of T. striata biomass. Moreover,
existing studies dealing with the optimization of many growth parameters do not include
detailed and comprehensive evaluations of all intracellular products or fatty acid or amino
acid profiles.

The aim of this work was to optimize the important functional parameters affecting
the growth of the marine microalgae Tetraselmis striata which was cultivated in drilling
waters. The waters presented different salinities of 3.9 ± 0.1% and 2.8 ± 0.1%. Initially,
efforts were made to optimize the growth substrate. The drilling waters were supplemented
only with N, P or enriched substrates such as modified F/2 and the commercial fertilizer
Nutri-Leaf (30%-TN, 10%-P, 10%-K), while the addition of C in the form of NaHCO3 was
also studied. The effects of pH, temperature, photoperiod and CO2 flow rate were then
examined using the commercial fertilizer. Biomass quality analyses evaluated the suitability
of the produced biomass for incorporation into conventional fish feeds. To the best of our
knowledge, drilling waters have not been used as a substrate for microalgae cultivation
while this study is one of the few that attempts to optimize multiple growth conditions
for this specific microalga and include a full biomass composition analysis. In addition,
this work analyzed how functional parameters may influence the uptake of nutrients by
Tetraselmis, considering possible reuse of the growth medium.

2. Materials and Methods
2.1. Microorganism and Culture Conditions

A pure culture of T. striata was purchased from the Culture Collection of Algae
at Goettingen University in Germany (SAG). The strain gradually established and was
maintained phototrophically in 4 L glass aquariums (29 cm length × 10 cm width × 15 cm
height) under stable, growth conditions. Drilling waters of 2.8 ± 0.1% salinity were used
as growth media for the stock culture and supplemented with a modified F/2 substrate.
The modified F/2 substrate (in which sodium nitrate was replaced by ammonium sulfate)
contained (in g L−1): 0.212 (NH4)2SO4, 0.024 NaH2PO4.H2O and 1 mL L−1 of mixed
solution (trace element stocks with solution B, see below), while vitamins (solution C)
were not added to reduce the cost of the culture medium. Each trace element stock was
prepared separately. CuSO4.5H2O stock contained 10 g L−1, ZnSO4.7H2O stock contained
22 g L−1, CoCl2.6H2O stock contained 10 g L−1, MnCl2.4H2O stock contained 180 g L−1 and
Na2MoO4.2H2O stock contained 6 g L−1. Solution B consisted of 4.36 g L−1 Na2EDTA and
3.15 g L−1 FeCl3.6H2O, while for the preparation of the mixed solution, 1 mL of each trace
element stock was added. Stock cultures were maintained under continuous illumination
using two fluorescent lamps (25–29 Wm−2) which provided a light intensity of 56 µmol
photons m−2 s−1. Temperature was in the range of 24–27 ◦C and pH values were in the
range of 7.5–8.5 (uncontrolled conditions). Additionally, the medium was recirculated
using a submerged centrifugal mini air pump (flow rate 380 L h−1).

The growth substrates were autoclaved before the experiments and the strain was cul-
tivated under non aseptic conditions. The inoculum had a constant biomass concentration
of 80 ± 30 mg L−1 in all experimental sets. Growth medium optimization experiments
were conducted in 0.5 L Erlenmeyer flasks under the same cultivation conditions as the
stock culture, however recirculation of the medium was provided by a magnetic stirrer.
Experiments on the optimization of growth parameters (pH, temperature, photoperiod,
CO2 addition) were conducted in different bioreactors (4 L glass aquariums). Regarding
the pH optimization experiments, pH was regulated manually using either NaOH or HCl.
Desired temperature was achieved using thermostats (Diversa Heater Thermo Plus, 25 W)
placed inside the bioreactors. To test the different photoperiods, the fluorescent lamps were
turned off using a timer, while flow meters were used to ensure continuous, steady, flow of
pure CO2.
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2.2. Tested Growth Substrates

Drilling waters with different salinity levels were obtained from the commercial fish
farm PLAGTON S.A. (Western Greece). High salinity (3.9 ± 0.1%, drill 1) and lower salinity
drilling waters (2.8 ± 0.1%, drill 2) were used to study the effect of salinity on biomass
productivity and the specific growth rate of T. striata. As the drills presented no nutrient
load (Table S1), nutrient supplementation was necessary to sustain growth.

In this work, six different experimental sets (exp. sets A, B, C, D, E and F) were performed
examining various substrates to determine the most efficient and low-cost growth medium
for T. striata cultivation. The composition of each substrate tested is given in detail in Table S2.
Initially, high salinity water (drill 1) was supplemented only with nutrients critical for growth
(N and P at a ratio of about 5:1, using NH4

+-N as a nitrogen source; Exp. set A). The N:P ratio
of 5:1 was selected based on research in the literature that indicates that for optimal growth
conditions the N:P ratio should range from 5:1 to 19:1, with many of them being below the
Redfield ratio of 16:1 [9,28]. Experimental set B also had high salinity water but with a N:P
nutrient ratio of about 12:1. Lower salinity (2.8 ± 0.1%) drilling waters were also studied (Exp.
sets C to F). Experimental set C had an N:P ratio of about 12:1. Substrates further enriched
with modified F/2 (Exp. set D, N:P≈10) and the commercial fertilizer Nutri-Leaf (30% TN-
10% P- 10% K, N:P≈7) without and with the addition of a low-cost inorganic carbon source
(NaHCO3) were also studied (Exp. sets E and F, respectively).

2.3. Optimization of Growth Conditions

Experiments were performed for the optimization of pH, temperature, photoperiod
and CO2 supplementation aiming to further enhance T. striata’s biomass productivity and
specific growth rate, as well as the biochemical composition of the produced biomass. pH
values of 7 and 8 were tested under continuous illumination of 56 µmol photons m−2 s−1

and uncontrolled temperature (24–27 ◦C). The pH value of 9 was not tested as all the growth
substrates contained NH4

+-N aiming to avoid toxic accumulations of NH3 and pH 6 was not
tested based on the low biomass yields previously achieved at pH 7. Temperature optimization
experiments were performed while applying the determined optimum pH value which not
only enhanced biomass production but also biomass quality. Temperature experiments took
place under conditions of continuous illumination and three temperatures were employed
(19 ± 1 ◦C, 25 ± 1 ◦C, 28 ± 1 ◦C). Three photoperiods of 20:4 h, 18:6 h, 12:12 h light (L):dark
(D) were then studied. Regarding carbon addition, pure CO2 (100%) of flow rates 10, 20 and
90 mL min−1 was also applied to enrich the culture medium.

2.4. Analytical Methods and Calculations
2.4.1. Medium Analyses

Samples of 50 mL were taken every 48 h from the photobioreactors. The samples were
centrifuged (4200× g rpm, 20 min) to separate the biomass from the chemical medium. The
centrifuged medium was filtered through 0.45 µm Whattman filter papers and then was
used for the measurement of all nutrient parameters. NH4

+-N was estimated using the
modified indophenol blue method [29]. The samples containing NH4

+-N were estimated
spectrophotometrically at 640 nm. PO4

3− were measured at 880 nm using the ascorbic
acid method (4500-P E.) [30]. Total Kjeldahl nitrogen (TKN), was also measured using the
Standard Methods for the Examination of Water and Wastewater [30]. To estimate TKN it is
necessary to digest the samples for 1 h at 420 ◦C using a digestion block. Total Nitrogen (TN)
was estimated as the sum of TKN (organic form) and NO3

−-N, NO2-N (inorganic forms).
Both inorganic N forms were determined following the spectrophotometric methods of
4500-NO3-B and 4500-NO2-B as described in the Standard Methods for the Examination of
Water and Wastewater [30].

Dissolved chemical oxygen demand (d-COD) was determined according to Standard
Methods for the Examination of Water and Wastewater using the colorimetric closed reflux
method (5220 D) [30] after modification. Specifically, to determine d-COD in the marine
samples a pre-treatment step was necessary for the complete removal of halides, employing
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3 gr of Ag2SO4 for 30 mL of sample [31]. The sample is subjected to stirring with Ag2SO4
for 60 to 90 min until the sediment appears lilac in color. This color indicates that the
halides have been completely removed. Exossacharides (measured as starch equivalents)
were determined following the Dubois method [32]. The samples were hydrolyzed using
H2SO4 in the presence of phenol and were then spectrophotometered at 490 nm.

2.4.2. Biomass Analyses
Estimation of Dry Biomass and Biomass Yields

Samples were taken every 48 h to determine microalgal growth and characterize the
nutritional metabolites. The biomass was harvested by centrifuging at 4200× g rpm for
20 min, then re-suspending in distilled water and rinsing thoroughly to remove all excess
salts. Wet biomass was left to dry at 80 ◦C in a pre-weighed vial. The dry cell biomass was
determined gravimetrically (mg L−1) as total suspended solids (TSS) according to Standard
Methods for the Examination of Water and Wastewater [33]. Biomass productivity (P)
expressed in mg L−1 d−1 was measured from the variation in biomass concentration (X)
within the time (t) as P = (Xf − Xi)/(tf − ti). Specific growth rate (d−1) was calculated as µ
(day−1) = ln (Xf − Xi)/(tf − ti). Xf and Xi correspond to two consecutive different biomass
concentrations at their respective tf and ti times.

Lipid and Carbohydrate Estimation

Lipid content of the dry biomass was estimated gravimetrically and following Folch’s
method [34]. Lipids were extracted from the dried biomass employing chloroform and
methanol 2:1 v/v as solvents. Using a separating funnel, the extracted lipids were washed
with 0.88% w/v KCl solution. The washed extract was then dried over Na2SO4, recollected
using filter paper in a pre-weighted round-bottomed flask and finally the solvent was
removed by evaporation. Lipids were then expressed as a percentage of the dry cell weight
(% d.w.).

Intracellular carbohydrates were determined following the Dubois method [32]. To
measure intracellular carbohydrate content, 1 mg of dry biomass was mixed with 5 mL
distilled water. From this solution, 1 mL was used as the sample together with 1 mL of 5%
w/v phenol solution and 5 mL sulfuric acid (95–97% purity).

Lipid Fractionation and Fatty Acid Analysis

For fractionation, microalgal lipids (approximately 100 mg) were dissolved in 1 mL
chloroform and fractionated using a column (25 × 100 mm) containing 1 g silicic acid
(Fluka). The column was washed successively with 100 mL dichloromethane (Sigma-
Aldrich, Steinheim, Germany) to obtain neutral lipids (NL), 100 mL acetone (Fluka) to obtain
glycolipids plus sphingolipids (G + S), and 50 mL methanol (Sigma-Aldrich, Steinheim,
Germany) to obtain phospholipids (P) [35]. The resulting fractions (NL, G + S, and P) were
quantified gravimetrically.

The fatty acid composition of total lipids and lipid fractions was determined by Gas
Chromatography (GC) after transmethylation of the fatty acid moieties in a two-stage
reaction to avoid trans-isomerization using CH3O–Na+ and CH3OH/HCl according to
AFNOR [36]. An Agilent Technologies 7890 A GC apparatus (Shanghai, China), equipped
with a flame ionization detector and a HP-88 (60 m × 0.32 mm) column (J&W Scientific,
Folsom, CA, USA) was used. Helium was used as the carrier gas, at 1 mL min−1 flow rate.
The analyses were run at injection temperature 250 ◦C, oven temperature 200 ◦C, and flame
ionization detector temperature 280 ◦C. Peaks of methyl esters were identified by reference
to authentic standards.

Protein and Amino Acid Profile Estimation

Crude protein content was determined with the Kjeldahl method (N × 6.25) following
AOAC [37]. Amino acid composition of the lyophilized biomass after acid hydrolysis
(6N, 110 ◦C, 24 h) was calculated by AccQ-Tag™ Ultra according to the amino acid analy-
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sis application solution (Waters Corporation, Milford, MA, USA). DL-Norvaline (Sigma)
2.5 mM was used as an internal standard. Ultra Performance Liquid Chromatography
(UPLC) was performed on an ACQUITY system (Waters Corporation, Milford, MA, USA)
equipped with PDA detector and the detection wavelength was set at 260 nm. The column
used was a BEH C18 column (100 mm × 2.1 mm i.d., 1.7 µm) from Waters. The flow
rate was 0.7 mL min−1 and column temperature was maintained at 55 ◦C. Peak identifica-
tion and integration were performed by the software Empower v.2.0 (Waters Corporation,
Millford, MA, USA) using an Amino Acid Standard H (Pierce) as an external standard [38].

Pigment Estimation

For pigment determination, total chlorophylls as the sum of chlorophyll-a and chlorophyll-
b were estimated using 5 mL of culture which was washed twice with cold distilled water. The
biomass was then re-suspended in 1 mL distilled water and transferred into glass tubes with
4 mL pure acetone. The tubes were covered with aluminum foil and left at 4 ◦C until all
pigments were extracted and the biomass was left colorless. Finally, pigment concentration in
wet biomass was measured spectrophotometrically (at 663 and 647 nm) and calculated using
the equations of Lichtenthaler and Buschmann [39].

The wet microalgal biomass was centrifuged while a clean-up protocol was applied to
remove seawater salts [40]. Determination and quantification of the targeted carotenoids
(astaxanthin, lutein, zeaxanthin, canthaxanthin, b-cryptoxanthin, echinenone, lycopene
and b-carotene) were performed using a UPLC H-Class -QTOF-MS system (Waters Corp.,
Millford, MA, USA). Additional information on carotenoid analysis is provided in the
Supplementary Materials.

2.5. Statistical Analysis

All experimental sets were performed in duplicate and the results are presented as
mean values ± standard deviation (SD). Standard deviations are presented in all figures
as error bars. Mean values are derived from two samples taken from two different biore-
actors with the same operating conditions. Statistically significant differences in nutrient
reduction rates, biomass production and concentration of intracellular compounds, were
analyzed using one-way ANOVA analysis of variance. The value of p ≤ 0.05 was considered
statistically significant.

3. Results and Discussion
3.1. Substrate Optimization

Salinity is essential for microalgal growth and under conditions of saline stress modifi-
cations of metabolism allow cell adaptation. Additionally, salinity stress is a well-known
strategy to enhance lipid content [6]. Initially, the marine microalga Tetraselmis striata
was cultivated in drilling waters with two different salinities: high salinity of 3.9 ± 0.1%
and lower salinity of 2.8 ± 0.1%. At the same time, the effect of substrate composition
was also studied employing the growth media as described in Section 2.2. It should be
noted that during these experiments, extended biomass quality characterization was not
performed, although biomass growth, nutrient reduction rates and maximum lipid con-
tents were monitored in order to determine the optimum medium leading to enhanced
biomass productivity and specific growth rate. Figure 1 presents the evolution of biomass
production for all the tested substrates, while all initial nutrient concentrations are given
in Table 1. The lowest biomass productivities of Tetraselmis striata were achieved in the
high saline growth media with 37.5 and 40.0 mg L−1 d−1 for experimental sets A and B,
respectively (Table 2). Experimental set A presented higher lipid content (16.0% d.w.) than
set B (10.3% d.w.), however biomass productivity and specific growth rate were higher in
set B with the N:P ratio of about 12. Although T. striata has been characterized by Imamoglu
et al. [4] as a euryhaline strain, the other limited research on this microalga has shown
that salinity values close to 3% produce significant biomass growth [41,42]. Therefore,
drilling water of 2.8 ± 0.1% salinity was used in all subsequent experimental sets. The
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composition of growth media was also evaluated with these waters, examining both simple
substrates (containing only N:P at the ratio of about 12:1 (set C)), as well as those further
enriched with modified F/2 (set D), and the commercial fertilizer Nutri-Leaf 30-10-10 (set E).
The results revealed that the highest biomass productivities (58.2, 62.0 mg L−1 d−1) and
specific growth rates (0.227, 0.200 d−1) were recorded in experimental sets D and E, respec-
tively. Statistically significant differences were not observed among biomass productivities
(p = 0.1513) and specific growth rates (p = 0.78232) for sets D and E. Sets D and E also
presented enhanced lipid contents compared to set C and the higher salinity substrates of
sets A and B. Statistically significant differences were observed between lipid contents of
sets D and E (p = 0.02517) and between sets C, D and E (p = 0.00273).
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Figure 1. Effect of salinity and substrate composition on the biomass production of T. striata. Ex-
perimental sets: (a) A (salinity 3.9 ± 0.1%, N:P≈5), B (salinity 3.9 ± 0.1%, N:P≈12), (b) C (salinity
2.8 ± 0.1%, N:P≈12), D: (salinity 2.8 ± 0.1%, modified F/2), E (salinity 2.8 ± 0.1%, Nutri-Leaf 30-10-10
without NaHCO3), and F (salinity 2.8 ± 0.1%, Nutri-Leaf 30-10-10 with NaHCO3).

Table 1. Initial biomass and nutrient concentrations of all growth substrates tested.

Initial Concentrations (mg L−1)

Growth
Substrate NH4

+-N TN PO43− Total
Sugars Biomass N:P

A 1 18.6 ± 0.2 34.3 ± 2.1 6.5 ± 1.0 19.6 ± 3.3 98 ± 10.0 5:1
B 2 63.5 ± 1.4 72.4 ± 2.8 6.0 ± 0.2 29.6 ± 0.3 100 ± 5.6 12:1
C 3 62.7 ± 2.6 75.0 ± 3.3 6.2 ± 0.3 17.2 ± 0.3 120 ± 28.3 12:1
D 4 30.5 ± 2.3 44.4 ± 3.8 4.4 ± 0.1 8.0 ± 1.1 80 ± 19.7 10:0
E 5 5.1 ± 2.2 16.1 ± 0.9 2.2 ± 0.1 14.8 ± 0.1 125 ± 16.1 7:3
F 6 5.4 ± 0.5 16.2 ± 0.8 2.1 ± 0.01 10.1 ± 2.3 130 ± 39.0 7:7

Notes: 1–6 Abbreviations of experimental sets follow those of Figure 1.

Even though set D produced the highest lipid content (24.2% d.w.), the commercial
fertilizer Nutri-Leaf 30-10-10 was used as substrate in all the following experiments of
parameter optimization. The use of F/2 for large-scale microalgae cultivation will likely
increase overall operational costs as it is a complex medium consisting of many components
and requires specialized personnel for its preparation. In contrast, employing a ready-to-
use soluble fertilizer such as Nutri-Leaf can reduce cultivation costs. Nutri-Leaf together
with NaHCO3 (exp. set F) was examined to study whether the addition of a low-cost
inorganic carbon source could further enhance biomass and lipid production. Nutri-Leaf
together with NaHCO3 produced the highest biomass productivity (70.1 mg L−1 d−1)
observed in all the tested growth media and also a significant lipid content of 16.5% d.w.
Between sets E and F, the p-value for biomass productivities was 0.052, while for lipid
content p = 0.34427.
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Figure 2. Effect of fertilizer quantities (a) 0.1, 0.2, 0.4 g L−1, (b) 0.6, 0.8, 1 g L−1 on biomass production
of T. striata.

Table 2. Nutrient reduction rates, lipid content, biomass productivity and specific growth rates
achieved in all substrates tested.

% Removal Rate Maximum Biomass
Productivity
(mg L−1 d−1)

Specific
Growth Rate

(d−1)

% Maximum
Lipid ContentGrowth

Substrate NH4
+-N TN PO43− Total Sugars

A 1 89.0 ± 0.3 34.8 ± 1.3 58.3 ± 1.2 0.0 37.5 ± 4.4 0.101 ± 0.01 16.0 ± 2.02
B 2 85.4 ± 2.2 52.5 ± 4.3 87.2 ± 0.1 0.0 40.0 ± 2.3 0.129 ± 0.01 10.3 ± 0.8
C 3 76.2 ± 1.0 51.1 ± 3.2 94.9 ± 0.8 0.0 47.6 ± 9.8 0.184 ± 0.01 13.7 ± 2.4
D 4 98.4 ± 2.3 51.0 ± 0.4 97.8 ± 0.2 0.0 58.2 ± 10.7 0.227 ± 0.03 24.2 ± 2.8
E 5 95.1 ± 0.1 54.6 ± 2.4 95.5 ± 0.1 0.0 62.0 ± 13.8 0.200 ± 0.05 16.4 ± 4.6
F 6 97.2 ± 0.6 56.0 ± 0.5 97.5 ± 0.1 0.0 70.1 ± 11.2 0.240 ± 0.04 16.5 ± 2.3

Notes: 1–6 Abbreviations of experimental sets follow those of Figure 2.

Regarding nutrient reduction rates (Table 2, Figures S1–S3), higher NH4
+-N, TN and

PO4
3− reductions were recorded in sets D, E and F that had enhanced biomass production,

than in sets A and B. Total sugar concentrations were not reduced in any of the substrates
tested and this is because autotrophic microalgae excrete exopolysaccharides during photosyn-
thesis [43]. Considering biomass productivity, lipid content and nutrient reduction, Nutri-Leaf
together with NaHCO3 (exp. set F) was selected as the most efficient growth medium.

Dammak et al. [12] reported that not only the crucial nutrients N and P are significant
in a growth medium, but metals, ions and vitamins can also define biomass produc-
tion and its biochemical composition. Similarly, in our study higher biomass efficiencies
were recorded in the most enriched substrates. In experimental sets E and F, Nutri-Leaf
was applied at the recommended dosage (0.05 g L−1) for liquid fertilizer, together with
0.18 g L−1 NaHCO3 (Table S2). As nutrient availability [6] in addition to medium composi-
tion can affect microalgal growth, further optimization experiments of the supplemented
fertilizer were conducted. Quantities of 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 g Nutri-Leaf per litre
were tested under uncontrolled pH and temperature conditions, while the same stable
quantity of 0.18 g L−1 NaHCO3 was added to all experimental sets.

Figure 2 presents the effect of fertilizer quantity on the growth of T. striata. Initial
biomass concentrations ranged between 92.5 and 115 mg L−1, while final biomass concen-
trations reached values of between 504 and 732 mg L−1. Of all the tested fertilizer quantities,
the highest biomass concentration of 732 mg L−1 was recorded at 0.2 g L−1. High biomass
productivities (81.8 and 84.2 mg L−1 d−1) and specific growth rates (0.236 and 0.240 d−1)
were recorded when fertilizer quantities of 0.1 and 0.2 g L−1 were applied, although the
highest biomass yield and lipid content recorded was at 0.2 g L−1 (Table 3). Kamil [44]
observed a similar specific growth rate of 0.23 d−1 with the strain Tetraselmis chuii, when a
commercial fertilizer with urea (as the main nitrogen source) was employed. Statistically
significant differences were not observed for biomass productivities (p = 0.4768), specific
growth rates (p = 0.39951) or lipid contents (p = 0.33461) between the fertilizer quantities of
0.1 and 0.2 g L−1.
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Table 3. Ammonium nitrogen removal rates, biomass productivities, specific growth rates and lipid
contents achieved under the different fertilizer quantities.

Fertilizer
Quantity
(g L−1)

Initial
Concentration

of NH4
+-N

(mg L−1)

%
Removal
Rate of

NH4
+-N

Initial
Biomass

Concentration
(mg L−1)

Maximum
Biomass

Productivity
(mg L−1 d−1)

Specific
Growth

Rate (d−1)

% Maximum
Lipid Content

0.1 6.3 ± 0.2 97.1 ± 0.2 92.5 ± 10.6 81.8 ± 6.8 0.236 ± 0.09 15.9 ± 2.5
0.2 10.0 ± 0.6 97.7 ± 0.1 112.1 ± 17.1 84.2 ± 3.2 0.240 ± 0.05 16.3 ± 2.1
0.4 16.0 ± 2.8 88.7± 0.3 115.0 ± 57.8 62.8 ± 4.3 0.212 ± 0.07 16.1 ± 1.2
0.6 25.8 ± 2.0 90.0 ± 0.3 115.0 ± 45.4 60.7 ± 3.3 0.127 ± 0.02 14.7 ± 0.7
0.8 33.0 ± 3.5 41.6 ± 0.6 108.5 ± 12.0 66.7 ± 2.8 0.213 ± 0.04 12.7 ± 5.1
1.0 43.1 ± 2.7 41.0 ± 0.5 109.8 ± 0.3 59.7 ± 3.1 0.183 ± 0.02 9.8 ± 0.7

In contrast, when fertilizer quantities exceeded 0.4 g L−1, biomass yields gradually reduced
and showed productivities ranging from 59.7 to 62.8 mg L−1 d−1 and specific growth rates of
between 0.127 d−1 and 0.212 d−1. A similar pattern was also observed for NH4

+-N removal
rates that ranged from 88.7 to 41% (Table 3, Figure S4). Regarding fertilizer composition, TN
is present at 30% and increasing the quantity of fertilizer resulted in high initial TN concen-
trations. This may have inhibited NH4

+-N assimilation and also affected biomass production.
Farahin et al. [45] examined the effect of increasing N concentrations on the growth of Tetraselmis
tetrathele, employing 0.31 to 0.87 g NH4

+-N L−1. They found that the strain acclimatized to
each concentration, although the highest biomass production of 1.25 g L−1 was recorded at the
lowest NH4

+-N concentration tested (0.31 g NH4
+-N L−1). In a similar study, Spirulina platensis

FACHB-431 was studied under N concentrations ranging from 50 to 200 mg NH4
+-N L−1

using a modified Zarrouk medium [46]. It was observed that Spirulina growth was significantly
affected by increasing N concentrations and maximum biomass production was recorded at the
lowest NH4

+-N concentration of 50 mg L−1.
Lipid contents ranged from 9.8 to 16.3% d.w. in all the substrates tested. A simi-

lar pattern to that of biomass growth and NH4
+-N removal was also observed for lipid

yields, indicating that lipid content decreased as fertilizer increased (Table 3). Thus, the
optimum fertilizer quantity in these experiments was found to be 0.2 g L−1 which led to
the highest biomass productivity, significant NH4

+-N removal rates (97.7%) and enhanced
lipid content (16.3%). The commercial fertilizer Nutri-Leaf 30-10-10 was also studied by
Kokkinos et al. [47] for the cultivation of fresh water microalgae (Chlorophyte and in-
digenous freshwater strains) and marine strains (a strain of Chlorella). In their research,
0.07 g m−3 of Nutri-Leaf produced lipids ranging from 2.2 to 10.6%, contents lower than
those of the present study. Further optimization of all the other functional parameters
was conducted employing 0.2 g L−1 of fertilizer together with 0.18 g L−1 NaHCO3 as
growth medium.

3.2. Optimization of Substrate pH

Two pH values (7 and 8) were tested using the determined optimum fertilizer quantity.
Experiments were performed under continuous illumination and uncontrolled temperature
(within the range of 24–27 ◦C). pH was adjusted to the desired level and maintained at
7 ± 0.2 or 8 ± 0.2. Figure 3 illustrates the effect of pH on the growth of T. striata and Table 4
presents all initial nutrient concentrations. The results show that the strain grew well at both
pH values. Final biomass concentration reached 759 mg L−1 at pH 8, but did not exceed
544 mg L−1 at pH 7. Consequently, higher biomass productivity was recorded at pH 8
(79.8 mg L−1 d−1 corresponding to a growth rate of 0.266 d−1), than pH 7 (biomass produc-
tivity 60.1 mg L−1 d−1 corresponding to a growth rate of 0.248 d−1) (Table 5). Statistically
significant differences of biomass productivities (p = 0.04439) were recorded between the two
pH values, but significant differences were not observed for specific growth rates (p = 0.42629).
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Figure 3. Effect of pH on the biomass production of T. striata.

Table 4. Initial biomass and nutrient concentrations at experimental sets for optimum pH investigation.

Initial Concentrations (mg L−1)

pH Value NH4
+-N TN PO43− Total Sugars d-COD Biomass C:N N:P

8 24.2 ± 0.6 93.9 ± 4.0 12.3 ± 0.2 5.8 ± 1.5 115.3 ± 5.6 87.0 ± 26.8 1.23 7.64
7 23.1 ± 0.1 82.1 ± 0.3 12.1 ± 0.1 6.0 ± 0.1 94.6 ± 16.9 60.0 ± 2.8 1.15 6.78

Table 5. Nutrient reduction rates, biomass productivity and specific growth rates achieved at pH 7
and 8.

% Removal Rate Maximum Biomass
Productivity
(mg L−1 d−1)

Specific Growth
Rate (d−1)pH Value NH4

+-N TN PO43− Total sugars d-COD

8 98.7 ± 0.1 79.1± 2.5 99 ± 0.2 0.0 94.8 ± 2.8 79.8 ± 1.4 0.266 ± 0.06
7 94.6 ± 0.4 76.4 ± 0.1 97.8 ± 0.4 0.0 56.3 ± 9.1 60.1 ± 5.5 0.248 ± 0.05

It should be noted that most studies using Tetraselmis strains without pH optimization
used pH values of 7.5–8.5 [25,44]. Tetraselmis sp. was cultivated by Khatoon et al. [13]
in both indoor and outdoor (natural) conditions testing pH values between 5.5 and 9.5.
They found the strain could grow well at pH values of 7.5 and 8.5 in both indoor and
outdoor conditions and recorded significant specific growth rates that ranged from 0.346
to 0.435 d−1 and from 0.352 to 0.359 d−1, respectively, while reduced growth rates were
recorded with pH values of 5.5 and 9.5. Patidar et al. [26] cultivated Tetraselmis striata at pH
values of 4, 6, 8, and 10, under axenic and symbiotic conditions with the bacteria Pelagibaca
bermudensis. Similar to the present study, they found that the highest biomass productivities
(43.5 mg L−1 d−1) were recorded at pH 8.

It should be mentioned that differences in initial nutrient concentrations were at-
tributed to nutrients originating from the initial inoculum. Profiles of nutrient removal
rates are presented in Figures S5–S7. As shown in Table 5, higher nutrient removal rates
were recorded at pH 8 than at pH 7. Total sugars increased with time since organic sub-
stances were produced during photosynthesis [43]. The concentration of organic matter
was also monitored through d-COD measurements. At the end of the growth cycle, higher
d-COD removal was recorded at pH 8 than pH 7.
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Effect of pH on Biomass Composition

Although pH optimization experiments showed that pH 8 resulted in higher biomass
yields and nutrient removal rates than pH 7, biomass analysis showed that lipids (p = 0.643)
and carbohydrates (p = 0.502) were not affected significantly by pH (Table 6). Specifically,
pH 8 resulted in lipid and carbohydrate contents of 27.8% d.w. and 14.6% d.w., respectively,
while pH 7 produced contents of 26.4% d.w. and 14.7% d.w., respectively. The lipid content
achieved here with T. striata is among the highest recorded in the relevant bibliography
for Tetraselmis species, although carbohydrate contents of up to 30% d.w. have been
recorded. Specifically, Boopathy at al. [25] examined T. striata under laboratory conditions
and recorded lipid contents and carbohydrates of about 15% and 17%, respectively, at pH
8.5. Khatoon et al. [13] examined Tetraselmis sp. and found that pH 7.5 enhanced lipid
content (over 20% d.w.) but not carbohydrates (about 15% d.w.), while pH 8.5 favored
carbohydrates (about 30% d.w.) more than lipids (about 15% d.w.).

Table 6. Effect of pH on biomass biochemical composition.

% d.w. Content

pH Value Proteins Lipids Carbohydrates Total Chlorophylls Total Carotenoids

8 51.2 ± 2.0 27.8 ± 1.0 14.6 ± 1.5 5.1 ± 0.1 0.20 ± 0.01
7 47.7 ± 0.5 26.4 ± 0.4 14.7 ± 0.8 4.6 ± 0.1 0.88 ± 0.10

Dammak et al. [41] studied the effect of pH on a Tetraselmis species closely related to
T. striata and recorded enhanced lipid content at both pH 7 (49% d.w.) and pH 8 (39.3% d.w.).
As shown in Table 6, T. striata tended to accumulate more lipids than carbohydrates.

Significant protein content was recorded at both pH values but the highest protein
content of 51.2% d.w. was recorded at pH 8. pH can influence microalgal metabolism both
directly and indirectly as it affects nutrient solubility and cellular morphology. Protein
accumulation can be determined by the availability of nitrogen in the growth media as well
as the growth stage [48]. Increased pH values also can interfere with the NH4

+/NH3 buffer
system by inducing free ammonia in the cultivation medium to negatively affect photo-
synthesis and the accumulation of proteins and pigments [6]. The results of the present
study suggest that the optimum pH for maximum biomass production can also improve
biomass composition. It should be noted that although proteins comprise fundamental
organic components of microalgal cells, they have been much less studied than lipids [49].

Values of total chlorophyll showed similar accumulation rates for both pH values
tested, with maximum contents of 5.1% d.w., and 4.6% d.w., for pH 8 and 7, respectively.
Lower accumulation rates not exceeding 0.88% d.w. were recorded for total carotenoids, in-
dicating that this particular strain produces mainly chlorophyll. Total recorded carotenoids
were higher at pH 7 and this could be attributed to the fact that secondary metabolites
tend to accumulate under conditions of stress [6,48]. Dammak et al. [50], reported that
under basic environmental growth conditions (pH 7, salinity 4%) Tetraselmis sp. biomass
comprises 250 mg proteins g−1 d.w., 195 mg lipids g−1 d.w., 340 mg starch g−1 d.w.,
18.08 mg total chlorophylls g−1 d.w., and 0.025 mg carotenoids g−1 d.w. This research
team also studied the effect of pH and salinity on pigment production. At 3% salinity,
pH 8 produced higher total chlorophyll (13.26 mg g−1 d.w.) and carotenoid contents
(0.030 mg g−1 d.w.) than pH 7. Higher total chlorophyll (46 to 51 mg g−1 d.w.) and
total carotenoid (2.2 to 8.8 mg g−1 d.w.) contents were achieved at both pH values in the
present study.

pH 8 was selected as the optimum pH value in this work as it resulted in enhanced
biomass production and high value intracellular components.

3.3. Temperature Optimization

The effect of temperature (19 ± 1 ◦C, 25 ± 1 ◦C and 28 ± 1 ◦C) was examined un-
der conditions of optimized fertilizer quantity and pH (Figure 4). The microalga grew
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successfully at 19 ± 1 ◦C and 25 ± 1 ◦C recording biomass concentrations of 598 and
620 mg L−1, respectively. The temperature of 28 ± 1 ◦C significantly affected biomass
production resulting in a low concentration of 358 mg L−1. The highest biomass produc-
tivity of 93.7 mg L−1 d−1 (corresponding to a growth rate of 0.283 d−1) was observed at
25 ± 1 ◦C while the lowest was recorded at 28 ± 1 ◦C (61.5 mg L−1 d−1). Statistically
significant differences of biomass productivity (p = 0.04851) and specific growth rate
(p = 0.03807) were observed between 25 and 28 ± 1 ◦C. It should be noted that a growth
cycle of 16 days was observed in the experiment of controlled temperature, while in
uncontrolled conditions the growth cycle prolonged until the 24th day.
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Figure 4. Effect of temperature on the biomass production of T. striata.

Temperature is a crucial factor that directly affects microalgal cell growth and death.
Moreover, when the optimum temperature value is surpassed, photosynthesis and growth rates
can reduce [15]. As mentioned above, only a few studies focus on Tetraselmis striata. Therefore,
direct comparisons between these experiments and those in the literature are not feasible because
of the different strains and experimental conditions employed. Molina et al. [9] reported that
Tetraselmis sp. presented a linear relationship between specific growth rate and temperatures up
to 25 ◦C and a decrease in growth rate appeared when this value was exceeded.

Tetraselmis sp. was cultivated at 28, 30, 32 and 34 ◦C by Rukminasari et al. [14] and
the highest growth rate of 0.2 cell d−1 was recorded at 30 ◦C. A Tetraselmis strain was
also cultivated at 19–21 ◦C, 24–26 ◦C, 29–31 ◦C by Abu-Rezq et al. [42]. They observed
the highest growth rate of 0.15 d−1 at 19–21 ◦C, while in our study a specific growth
rate of 0.237 d−1 was achieved at 19 ± 1 ◦C. Chaisutyakorn et al. [15] tested the effect
of 25, 30, 35 and 40 ◦C on the growth of Tetraselmis suecica FIKU032. In this work, the
highest growth rates were recorded at 25 ◦C (0.353 d−1) and 30 ◦C (0.378 d−1) while the
authors also observed reduced biomass production and growth rates when the temperature
was increased. Chen et al. [51] found that Tetraselmis chui can grow optimally at 25 ◦C.
Imamoglu et al. [4] cultivated Tetraselmis striata in a broad range of temperatures (20–30 ◦C)
and observed that the specific strain recorded the highest growth rate (0.226 d−1) at 25 ◦C.

Regarding nutrient contents, all initial concentrations are given in Table 7 while
nutrient removal rates are presented in Table 8 (and Figures S8–S10). NH4

+-N showed
removal rates of over 99% at 19 and 25 ± 1 ◦C, while at 28 ± 1 ◦C NH4

+-N was removed at a
lower rate (94.5%). The same trend was noted for TN, PO4

3− and d-COD removal rates that
exhibited increased removal at 19 and 25 ± 1 ◦C the temperatures at which biomass growth
enhanced. At 28 ± 1 ◦C, d-COD was not reduced, however its initial concentration was
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lower here (22 mg L−1) than in the other substrates (Table 7). Total sugar concentrations
increased at all tested temperatures.

Table 7. Initial biomass and nutrient concentrations in the experimental sets for optimum temperature
investigation.

Initial Concentrations (mg L−1)

Temperature NH4
+-N TN PO43− Total Sugars d-COD Biomass C:N N:P

19 ± 1 ◦C 30.4 ± 0.4 84.9 ± 3.0 9.9 ± 0.1 2.6 ± 1.1 76.7 ± 4.7 48.8 ± 18.2 0.90 8.51
25 ± 1 ◦C 34.3 ± 2.8 92.9 ± 2.9 11.5 ± 0.1 2.3 ± 5.2 92.0 ± 0.2 42.9 ± 6.9 1.00 8.10
28 ± 1 ◦C 31.7 ± 3.3 89.8 ± 3.6 11.7 ± 0.2 2.5 ± 0.01 22.0 ± 0.3 69 ± 26.8 0.24 7.71

Table 8. Nutrient reduction rates, biomass productivity and specific growth rates achieved at
experimental sets for optimum temperature investigation.

% Removal Rate Maximum Biomass
Productivity
(mg L−1 d−1)

Specific Growth
Rate (d−1)Temperature NH4

+-N TN PO43− Total Sugars d-COD

19 ± 1 ◦C 99.8 ± 0.1 99.1 ± 0.1 99.7 ± 0.2 0.0 53.0 ± 2.3 69.3 ± 3.9 0.237 ±0.07
25 ± 1 ◦C 99.2 ± 0.1 95.5 ± 1.6 100.0 ± 0.1 0.0 72.5 ± 0.9 93.7 ± 11.5 0.283 ±0.09
28 ± 1 ◦C 94.5 ±0.1 95.4 ± 2.1 99.6 ± 0.1 0.0 0.0 61.5 ± 1.3 0.223 ±0.06

The temperature of 25 ◦C was determined as optimum as it produced enhanced
biomass yields and also resulted in significant nutrient reduction rates. However, the
temperature of 19 ◦C also appears to be suitable.

Effect of Temperature on Biomass Composition

Biomass quality was also evaluated for the three temperatures examined. Differ-
ences in biomass biochemical composition are presented in Table 9. At 19 ± 1 ◦C the
lipid content of the dry biomass reached 26.7% d.w., while carbohydrate content was
16.3% d.w. However, at 25 ± 1 ◦C, the ability of the cells to accumulate carbohydrates
(20.4% d.w.) and lipids (30.2% d.w.) improved significantly. Statistically significant dif-
ferences were not observed for lipid contents between 19 and 25 ± 1 ◦C (p = 0.17882) or
all tested temperatures (p = 0.16731). However, statistically significant differences were
recorded for carbohydrate contents at 19 and 25 ± 1 ◦C (p = 0.02828) and between all tested
temperatures (p = 0.03854). It was also observed that carbohydrate and lipid contents
decreased (13.5% d.w. and 26.2% d.w.) when the temperature reached the value of 28 ◦C.

Table 9. Effect of temperature on biomass biochemical composition.

% d.w. Content

Temperature Proteins Lipids Carbohydrates Total Chlorophylls Total Carotenoids

19 ± 1 ◦C 34.8 ± 1.0 26.7 ± 1.7 16.3 ± 1.3 3.4 ± 0.10 0.42 ± 0.03
25 ± 1 ◦C 38.7 ± 1.2 30.2 ± 1.5 20.4 ± 2.2 5.1 ± 1.20 0.51 ± 0.10
28 ± 1 ◦C 41.6 ± 2.1 26.2 ± 1.3 13.5 ± 0.4 2.7 ± 0.05 0.27 ± 0.05

Sheng et al. [52] reported that microalgal lipids tend to decrease beyond the optimal
temperature due to stress upon the photosynthetic system II. Thus, the present results
highlight that optimum temperature for the accumulation of these intracellular components
was 25 ± 1 ◦C. Studies on the effects of temperatures have been performed on many
microalgae. Both Converti et al. [53] and Wei et al. [54] concluded that growth and lipid
accumulation reduced in Nannochloropsis oculata and Tetraselmis subcordiformis cultures
when the optimum temperature was exceeded. Compared to the existing bibliography for
Tetraselmis strains, the lipid contents recorded in the present study are among the highest
reported. Patidar et al. [26] found that Tetraselmis striata exhibited a maximum lipid content
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of 20.3% at 20 ◦C, while at 15 ◦C the lipid content increased to 25.7%. Arkronrat et al. [55]
found that at 25 ◦C Tetraselmis sp. produced a carbohydrate content of 16.6% and a lipid
content of 9.4%. In another study, Tetraselmis suecica FIKU032 grown at 25 ◦C produced a
lipid content of 10% while at 30 ◦C lipid contents decreased [15]. Finally, Wei et al. [54]
also reported that the optimum temperature for the growth of Tetraselmis subcordiformis
enhanced lipid production up to the value of 22.2%.

Protein accumulation reached a maximum of 41.6% d.w. at 28 ± 1 ◦C, while significant
protein content (38.7% d.w.) was also produced at 25 ± 1 ◦C. It should be noted the
intracellular components were estimated at the late exponential to early stationary phase
in each growth condition examined. During the early exponential phase values of protein
content recorded at 19 and 28 ± 1 ◦C were similar to those observed at the end of the
growth cycle, while at 25 ± 1 ◦C protein content was significantly higher (49.9% d.w.;
data not shown). Generally, protein contents in marine microalgae tend to decrease with
high temperatures due to protein breakdown and interference with enzyme regulators.
Additionally, protein production is strongly affected by the availability of nitrogen within
the growth medium and this is described as a growth stage dependent accumulation [56].
Thus, the differences observed in protein contents between the growth phases for 25 and
28 ± 1 ◦C can be attributed to these effects. In one study, Tetraselmis striata CTP4 was
cultivated under mesophilic (20 ◦C, 100 µmol photons m−2 s−1) and stress conditions
(30 ◦C, 380 µmol photons m−2 s−1) [57]. The results showed a significant reduction in
protein from the mesophilic (25.7% d.w.) to the stress (17.5% d.w.) conditions [57]. In
another study Tetraselmis suecica was cultivated at 20, 25 and 30 ◦C and the highest protein
content was recorded at 20 ◦C (21.9% d.w.) while protein production reduced as the
temperature increased [16].

Total chlorophylls and total carotenoids presented their highest values at 25 ± 1 ◦C
(maximum values of 5.1% d.w. and 0.51% d.w., respectively). At 19 ± 1 ◦C these values
were 3.4% d.w. (chlorophylls) and 0.42% d.w. (carotenoids). As seen in Table 9, the lowest
pigment contents were recorded at 28 ± 1 ◦C. These findings are in accordance with other
research on the effect of temperature on Tetraselmis striata CTP4 where higher temperatures
led to reduced pigment production [57].

The results lead to the conclusion that the optimum temperature for T. striata growth
is 25 ± 1 ◦C, and an increase in this value significantly affects not just biomass, but also
lipid, carbohydrate and pigment production.

3.4. Optimization of Photoperiod

Experiments were then conducted at pH 8 and 25 ± 1 ◦C to investigate the effect of
the photoperiods 20:4, 18:6, 12:12 h L:D (Table 10). To correlate the effect of photoperiod on
biomass production, the previous experiment conducted under conditions of continuous
illumination (Section 3.3, pH 8, 25 ± 1 ◦C, 24:0 h L:D) was selected as the controlled condi-
tions experiment. Figure 5 presents the effect of light and dark cycles on T. striata growth.
Biomass was significantly affected by the absence of light and reduced as the dark periods
prolonged. Specifically, maximum biomass concentrations of 387, 343 and 327 mg L−1 d−1

were observed for the 20:4, 18:6, 12:12h L:D photoperiods, respectively. Biomass produc-
tivities and specific growth rates were notably low, the highest of which was recorded as
46.3 mg L−1 d−1 (corresponding growth rate of 0.136 d−1) for the photoperiod of 20:4 h L:D
(Table 11). Statistically significant differences of biomass concentrations (p = 0.33265) and
productivities (p = 0.26995) were not recorded between the three photoperiods; however,
significant differences were observed for their specific growth rates (p = 0.0299). Moreover,
it was observed that T. striata’s growth cycle prolonged until the 20th day. It should be
noted that at the beginning of cultivation young microalgae cells presented an adapta-
tion phase in all photoperiods tested, but then microalgae under continuous illumination
(20:4 h L:D) grew faster, following the standard sigmoid growth curve, indicating the ability
of the biomass to acclimatize and develop better than in the other photoperiods tested. This
is probably because insufficient light causes photolimitation of microalgal growth.



Water 2022, 14, 3162 15 of 27

Table 10. Initial biomass and nutrient concentrations in the experimental sets for optimum photope-
riod investigation.

Initial Concentrations (mg L−1)

Photoperiod NH4
+-N TN PO43− Total Sugars d-COD Biomass C:N N:P

20:4 h L:D 21.6 ± 1.2 80.4 ± 1.0 9.9 ± 0.1 1.9 ± 0.5 26.0 ± 4.7 70.3 ± 10.6 0.32 8.07
18:6 h L:D 31.7 ± 2.8 84.7 ± 4.2 10.7± 0.1 1.2 ± 0.7 84.7 ± 0.9 48.3 ± 7.1 1.00 7.85

12:12 h L:D 15.6 ± 1.5 77.2 ± 6.1 9.7 ± 0.2 2.1 ± 0.1 77.7 ± 6.1 46.4 ± 4.4 1.00 7.94
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Figure 5. Effect of photoperiod on the biomass production of T. striata.

Table 11. Nutrient reduction rates, biomass productivity and specific growth rates in experimental
sets for optimum photoperiod investigation.

% Removal Rate Maximum Biomass
Productivity
(mg L−1 d−1)

Specific Growth
Rate (d−1)Photoperiod NH4

+-N TN PO43− Total Sugars d-COD

20:4 h L:D 62.6 ± 1.8 74.00 ± 2.7 98.7 ± 0.10 0.0 0.0 46.3 ± 3.1 0.136 ± 0.04
18:6 h L:D 52.0 ± 3.8 76.80 ± 6.1 97.7 ± 0.03 0.0 47.2 ± 8.0 36.3 ± 4.2 0.208 ± 0.08

12:12 h L:D 47.8 ± 0.5 61.01 ± 2.5 96.8 ± 0.01 0.0 68.8 ± 2.3 30.0 ± 2.6 0.118 ± 0.03
Control set
24:0 h L:D 99.2 ± 0.1 95.5 ± 1.6 100.0 ± 0.1 0.0 72.5 ± 0.9 93.7 ± 11.5 0.283 ± 0.09

These results are in accordance with the relevant bibliography. Patidar et al. [26]
studied the effect of two photoperiods (24:0 and 12:12 h L:D) on the growth of T. striata
and concluded that continuous illumination is crucial for enhanced cell growth, recording
biomass productivities of up to 79.85 mg L−1 d−1 under 24:0 h L:D. Zevallos-Feria [27]
reported the same trend, as the specific growth rate of Tetraselmis striata gradually reduced
from 0.44 d−1 at 24:0 h L:D, to 0.17 d−1 as dark periods were increased. Many other
researchers studying the effect of photoperiod on different Tetraselmis strains have reached
the same conclusion [18,19]. Of these, Pedro [18] also observed a shorter biological cycle
under the 24:0 h L:D photoperiod.

Nutrient initial concentrations are given in Table 10 while nutrient removal rates
are presented in Table 11 (nutrient removals over time are presented in Figures S11–S13).
Low NH4

+-N reduction rates of below 62.6% were recorded and the lowest reduction rate
(47.8%) occurred in the 12:12 h L:D photoperiod. Similarly, TN presented lower removal
rates (from 74 to 61%) as the dark periods were prolonged. Compared to the controlled
conditions, TN and NH4

+-N showed higher reduction rates when light was adequate
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(Table 8). Generally, nitrogen assimilation is a photo-dependent process [58] and this may
explain the lower removal rates recorded in the longer dark periods. Regarding PO4

3−,
the photoperiod did not appear to negatively affect its reduction rate. Total sugars also
did not show any reduction, although their production rate was slower at 18:6 and 12:12 h
L:D. d-COD consumption ranged from 47.2 to 68.8% for the 18:6 and 12:12 photoperiods
exhibiting lower removal rates than the controlled conditions (Table 11). At 20:4 h L:D,
d-COD was not removed, however its initial concentration was lower here than in the other
substrates tested (Table 10).

According to the results of these experiments, high biomass yields and significant
nutrient accumulation can be obtained at 24:0 h L:D illumination.

Effect of Photoperiod on Biomass Composition

At 24:0 and 20:4 h L:D the microalgal cells accumulated lipids (30.2% d.w., 28.5% d.w.)
and carbohydrates (20.4% d.w., 15.6% d.w.) at higher rates. Statistically significant differences
of carbohydrate contents (p = 0.00179) were observed between 24:0 and 20:4 h L:D, although
significant differences of lipid contents were not observed (p = 0.46567). Lipid and carbohydrate
contents gradually reduced when the dark periods were prolonged (Table 12). The lowest
accumulation rates were recorded at 12:12 h L:D with 24.7% d.w. lipids and 13.8% d.w. car-
bohydrates. Statistically significant differences of lipid contents between the 24:0 h L:D and
the other photoperiods were not recorded (p = 0.44539), although significant differences were
recorded for carbohydrate contents (p = 0.000035). Statistically significant differences were
recorded both for lipids (p = 0.04641) and carbohydrates (p = 0.0005749) between the control set
(24:0 h L:D) and the 12:12 h L:D photoperiod. Fakhri et al. [59] suggested that prolonged dark
periods are associated with the photolimitation phenomenon. During this phenomenon, cells
receive insufficient light. When exposed to dark conditions, microalgae can consume carbon
compounds produced during the light regime in order to maintain their cells. Further responses
to photolimitation are the reduction in growth rates and biomass yields [60]. Contrary to the
present study, Patidar et al. [26] found that T. striata produced lipid contents of 20.3% d.w. at
24:0 h L:D and slightly higher values (22.4% d.w.) at 12:12 h. However, the lipids recorded were
lower than those produced in the present study under the same growth conditions (24:0 h L:D,
30.2% d.w.).

Table 12. Effect of photoperiod on biomass biochemical composition.

% d.w. Content

Photoperiod Proteins Lipids Carbohydrates Total Chlorophylls Total Carotenoids

20:4 h L:D 53.2 ± 0.5 28.5 ± 3.8 15.6 ± 1.4 4.2 ± 0.1 0.60 ± 0.10
18:6 h L:D 50.4 ± 1.2 25.8 ± 1.1 14.4 ± 1.6 2.8 ± 0.6 0.53 ± 0.01
12:12 h L:D 54.0 ± 1.8 24.7 ± 2.5 13.8 ± 0.5 3.8 ± 0.4 0.59 ± 0.20
Control set
24:0 h L:D 38.7 ± 1.2 30.2 ± 1.5 20.4 ± 2.2 5.1 ± 1.2 0.51 ± 0.10

Protein accumulation was not affected significantly by light absence (Table 12) and
the highest value achieved at 12:12 h L:D was 54.0% d.w. As mentioned above, protein
production is strongly affected by the availability of nitrogen in the growth medium;
therefore, nutrient uptake also reduced as the photoperiod resulted in lower growth
rates. A similar effect of photoperiod on nutrient uptake rates was also observed by
Meseck et al. [19]. Nitrogen availability in the growth medium at the end of the growth
cycle could explain the high protein contents noted in the photoperiod experiments. On
the contrary, pigment production showed a reverse trend of gradual reduction. Specifically,
total chlorophylls had low accumulation rates both at 18:6 and 12:12 h L:D (2.8% d.w. and
3.8% d.w., respectively), while total carotenoids seem unaffected by the prolonged dark
conditions. Fakhri et al. [59] suggested that high pigment content in longer light regimes
might be related to cell number and biomass production.
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Tetraselmis chuii was studied under the photoperiods of 24:0, 18:6 and 12:12 h L:D by
Pedro [18] who observed that similar protein contents were achieved under dark conditions
and the highest protein content was recorded at 24:0 h L:D. Yusouf et al. [17] studied the ef-
fect of photoperiod (24:0 and 12:12 h L:D) on pigment accumulation in the strain Tetraselmis
chuii and recorded that both chlorophylls and carotenoids showed higher accumulation
rates in continuous illumination, while a significant decrease was recorded at 12:12 h L:D.

High protein contents were recorded in all the photoperiod experiments, however,
production of other intracellular products gradually decreased as the dark periods extended.
The effect of photoperiod on growth was significant and biomass productivity reduced by
almost half compared to controlled conditions. Thus, continuous illumination was selected
as the optimum as it resulted in both high biomass and intracellular product production.

3.5. Optimization of CO2 Flow Rate

Further experiments were conducted using pure CO2 as the sole carbon source at
three different flow rates: 10, 20 and 90 mL min−1 (Table 13). It should be noted that the
medium was not enriched with NaHCO3 here in order to study just the effect of pure
CO2 on biomass growth. Figure 6 presents the effect of CO2 flow rate on T. striata growth.
The previous experiment from Section 3.3 was selected as the control condition of 0 mL
CO2 min−1 (pH 8, 25 ± 1 ◦C, 24:0 h L:D, NaHCO3 only as carbon source). The results
revealed that T. striata could not tolerate the high flow rate of 90 mL min−1, as it significantly
affected the pH of the growth substrate resulting in values of 5.8–6.5. On the other hand,
the strong buffering capacity of the CO2 did not allow the pH to stabilize at the optimum
value of 8.0 and the culture almost immediately deteriorated.

Table 13. Initial biomass and nutrient concentrations in the experimental sets using pure CO2 as
carbon source.

Initial Concentrations (mg L−1)

CO2 Flow Rate NH4
+-N TN PO43− Total Sugars d-COD Biomass C:N N:P

10 mL min−1 20.2 ± 1.9 87.5 ± 1.3 10.9 ± 0.1 2.4 ± 0.2 28.4 ± 5.2 83.3 ± 7.8 0.32 8.03
20 mL min−1 17.8 ± 2.3 78.4 ± 3.2 9.5 ± 1.4 3.4 ± 0.1 88.9 ± 0.2 45.0 ± 15.0 1.13 8.21
90 mL min−1 14.5 ± 0.4 80.8 ± 2.5 10.7 ± 1.7 2.8 ± 0.7 43.3 ± 4.2 84.0 ± 5.6 0.54 7.60
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Figure 6. Effect of CO2 flow rate on the biomass production of T. striata.

A high CO2 level can cause a drop in pH. Depending on the initial CO2 concentration,
if the rate of CO2 dissolution is higher than the rate of its fixation by the microalgae,
constant acidification of the growth substrate may occur [61]. Gradual acidification of the
growth substrate was observed at lower flow rates of 10 and 20 mL min−1 although pH
was adjusted and remained above 7.5. The highest biomass productivity was recorded with
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the 10 mL min−1 flow rate reaching 87.5 mg L−1 d−1 with a corresponding growth rate
of 0.262 d−1, while biomass yields were also significant at 20 mL min−1 (Table 14). CO2
supplementation not only enhanced biomass growth but also led to a shorter biological
cycle of just 11 days. It should be noted that at the optimum temperature of 25 ± 1 ◦C
similar biomass productivity was achieved (93.7 mg L−1 d−1) although the growth cycle
lasted about 16 days. Thus, CO2 can also be used as a means of growth acceleration.

Table 14. Nutrient reduction rates, biomass productivity and specific growth rates in the experimental
sets using pure CO2 as carbon source.

% Removal Rate Maximum Biomass
Productivity
(mg L−1 d−1)

Specific Growth
Rate (d−1)CO2 Flow Rate NH4

+-N TN PO43− Total Sugars d-COD

10 mL min−1 99.6 ± 0.1 91.8 ± 0.4 68.0 ± 0.8 0.0 21.0 ±
3.5 87.5 ± 16.4 0.262 ± 0.01

20 mL min−1 82.8 ± 1.9 78.1 ± 1.2 52.8 ± 0.7 0.0 0.0 73.8 ± 10.1 0.216 ± 0.07
90 mL min−1 0.0 0.0 0.0 0.0 0.0 20.3 ± 2.2 0.050 ± 0.01

Again, direct comparison of the experimental results with other research works is
not feasible as there is great diversity in the strains and practices used. However, it is
safe to conclude that biomass tolerance and the optimal CO2 addition is strain specific.
Tahir et al. [62] noted that reduced growth rates of Tetraselmis chuii may be attributed
to pH decreasing as a result of increasing acidification at elevated CO2 concentrations.
Additionally, the strain recorded the highest specific growth rate (0.096 d−1) at the lowest
CO2 concentration (390 ppm). Olaizola et al. [61] cultivated Tetraselmis chuii with 5% pure
CO2 at different flow rates of 0, 10, 30, 100 and 150 mL min−1. The maximum growth
rate of 0.7 doublings/day was recorded at 150 mL min−1. The effect of CO2 concentration
and flow rate on Tetraselmis subcordiformis growth was studied by Zheng et al. [23] who
observed a maximum biomass productivity of 34.17 mg L−1 h−1 at 5% CO2 and a flow
rate of 0.3 VV−1 m−1. Tetraselmis suecica was also cultured with 0.04, 5, 15 and 30% CO2
and results showed that the strain could grow equally well at 5 and 15% with a maximum
biomass productivity of 111.2 mg L−1 d−1 [21].

Initial nutrient concentrations are given in Table 13 and nutrient reduction rates are
presented in Table 14 (nutrient removals over time are shown in Figures S14–S16). The
highest nutrient removal rates were recorded with the 10 mL min−1 flow rate, while no
nutrient reductions were recorded with the growth inhibitory flow rate of 90 mL min−1.

Effect of CO2 on Biomass Composition

Biomass quality degraded significantly at 90 mL min−1 (Table 15). All intracellular
components showed low rates of accumulation when the high CO2 flow rate was employed
due to biomass collapse. Recorded lipids were lowest at the flow rate of 20 mL min−1 but
increased to 27.3% at the flow rate of 10 mL min−1. A positive effect between CO2 addition
and lipid enhancement has also been observed by other researchers [63]. Carbohydrate con-
tent ranged between 10.3 to 11.5% d.w. and no significant differences between the flow rates
were detected. This trend has also been recorded in other studies employing different CO2
concentrations [21,64]. CO2 supplementation can influence several key enzymes of carbon
metabolism and increased enzymatic activity can enhance photosynthesis and subsequent
growth [64]. Additionally, higher CO2 concentrations may cause stress conditions for cells
and carbohydrate production, thus excess lipid production may occur [65]. Tetraselmis
suecica was cultivated with different CO2 levels and carbohydrate contents of 20% were
recorded, although lipid content further increased at the highest CO2 [21]. In another study
Tetraselmis subcordiformis presented a high lipid content of 58.6% when cultured with 2%
CO2 together with 1 g L−1 NaHCO3 [66] showing that this combination of the different
inorganic C sources can be a promising practice.
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Table 15. Effect of CO2 on biomass biochemical composition.

% d.w. Content

CO2 Flow Rate Proteins Lipids Carbohydrates Total Chlorophylls Total Carotenoids

10 mL min−1 44.6 ± 0.8 27.3 ± 1.5 10.3 ± 2.6 5.2 ± 0.3 1.13 ± 0.3
20 mL min−1 44.5 ± 0.7 22.5 ± 4.5 11.5 ± 1.0 3.5 ± 0.4 0.78 ± 0.1
90 mL min−1 25.4 ± 0.2 19.0 ± 2.6 11.5 ± 0.7 1.4 ± 0.07 0.19 ± 0.1

High protein contents were recorded at the lower CO2 flow rates (Table 15) and
total chlorophylls and carotenoids presented a similar pattern. Pigments showed their
maximum values of 5.2 (chlorophylls) and 1.13% d.w. (carotenoids) at the lowest flow
rate of 10 mL min−1, while the highest flow rate led to the lowest contents. It should be
noted that most research on the effect of CO2 focuses on lipid and carbohydrate contents
rather than pigments and proteins. White et al. [67] found that not only lipids but also
proteins can increase in the presence of an inorganic C source. Kassim and Meng [21]
studied growth of Tetraselmis suecica at different CO2 flow rates (0.04,5,15,30%) and they
found similar protein production (60%) in all cases. Patil and Kaliwal [68] studied the strain
Scenedesmus bajacalifornicus BBKLP-07 at elevated CO2 levels (5–25% v/v) and recorded
the maximum protein content of 30% at 15% v/v CO2 level, while protein content was
significantly reduced at higher CO2 levels. The same pattern was also observed for total
pigments and carotenoids at the higher CO2 levels and their findings are in accordance
with our experimental results.

In conclusion, the flow rate of 10 mL min−1 promoted the highest growth yields, nutrient
removal and biomass quality. Even though the biological cycle decreased significantly in
the presence of CO2, biomass productivity did not surpass that of the optimized growth
conditions with NaHCO3. Additionally, analysis of the biomasses produced using CO2 and
NaHCO3 did not detect significant differences in composition. Therefore, it is possible for
CO2 to be substituted by NaHCO3 in a potential full-scale cultivation scheme. The marine
strain Tetraselmis striata was found to accumulate significant amounts of metabolic compounds
possibly surpassing freshwater stains such as Chlamydomonas reinhardtii, Chlorella and Spirulina
sp. that already prevail in global markets as superfoods [69]. Therefore, cultivating this
marine strain as a renewable biomass feedstock is feasible, and provides the advantage of
using seawater which is almost unlimited (97% of the world’s water is seawater) or even
saline wastewaters, compared to constantly decreasing freshwater reserves.

3.6. Effect of Different Growth Conditions on Fatty Acid Composition
3.6.1. Effect of pH on Fatty Acid Composition

The fatty acid (FA) profile of the total lipids (TL) and the FA distribution in the different
lipid fractions synthesized by T. striata seems to be affected by the pH of the growth medium.
The results showed that in the case of substrates with pH 8.0, the predominant lipid fraction
was glycolipids + sphingolipids (G + S) with a percentage of 47.9% in TL, followed by
that of neutral lipids (NL) (i.e., 37.1% in TL) and phospholipids (PL) (i.e., 15.0% in TL)
(Table S3). In contrast, in substrates with pH 7.0 the predominant lipid fraction was that
of NL (i.e., 48.0% in TL) followed by that of G+S and PL (i.e., 41.8% and 10.2% in TL,
respectively). These results are in agreement with those obtained by Almutairi et al. [70] for
T. suecica, who detected higher NL content at pH 7.0 rather than at pH 8.0. It is commonly
accepted that NL predominantly serve as energy storage and their production is triggered
under various stress factors such as pH [71]. In cultures grown under pH 8.0, TL mainly
comprised unsaturated FAs (i.e., monounsaturated FAs—MUFAs and polyunsaturated
FAs—PUFAs) instead of saturated (SFAs) (Table S3). Specifically, the predominant FA was
eicosapentaenoic acid (EPA, C20:5 n-3) (i.e., 27.6% of total FAs) followed by palmitoleic
(C16:1) (i.e., 24.7% of total FAs) and palmitic acid (C16:0) (i.e., 18.5% of total FAs). Myristic
(C14:0), oleic (C18:1 n-9), linoleic (C18:2) and eicosenoic (C20:1 n-9) acids were also detected
but in lower levels (4.8%, 8.3%, 5.1% and 3.1% in total FAs, respectively). The accumulated
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lipids (NL) were rich in MUFAs (52.0%) and SFAs (27.2%) with C16:1, C18:1 n-9 and C16:0
being the most abundant FAs in this fraction. The amount of PUFAs in this fraction was
relatively low (15.6%), with EPA reaching the levels of 10.1%. The PL fraction consisted
mainly of MUFAs (39.9%), while it also contained high percentages of PUFAs and SFAs (24.0
and 28.9%, respectively). In this fraction, C16:0 presented the highest percentage compared
to other FAs (23.6%), while the monounsaturated FAs C16:1 and C18:1 n-9 also had high
values. On the contrary, the percentage of PUFAs was remarkable in GL (36.6%) and of these
EPA was the most abundant (35.1%). However, the lower pH condition negatively affected
the biosynthesis of PUFAs, especially that of EPA which appeared reduced in both TL and
individual lipid fractions (with the exception of PL). In contrast, TL and the aforementioned
lipid fractions became more saturated and specifically rich in C16:0. A redistribution of the
PL fraction was observed, since the percentage of MUFAs increased by 21.3%, while that
of SFAs decreased by 22.2% compared to the pH 8.0 growth condition. The generation of
lipids with higher saturated compounds as a response to lower pH conditions has been
reported for various microalgal strains. For example, Mandotra et al. [72] showed that
low pH values had a negative effect on PUFA concentration accompanied by a significant
rise in the SFAs of the microalga Scenedesmus abundans. On the contrary, Sakarika and
Kornaros [73] reported that the FA composition of Chlorella vulgaris was unaffected by
the pH values of the growth medium. Since PUFAs and especially EPA are essential for
fish nutrition, the substrate with pH 8.0 was considered the most suitable for producing
microalgal cell mass suitable for fish feed.

3.6.2. Effect of Temperature on Fatty Acid Composition

The impact of temperature fluctuation on FA composition is presented in Table S4.
Lipids synthesized at the lowest temperature condition (19 ± 1 ◦C) mainly consisted of
MUFAs (36.5% of the total FAs) and SFAs (32.6% of the total FAs), while PUFAs were
present in lower quantities (25.1% of the total FAs). The majority of FAs in the TL were
C16:0 (26.0%), C16:1 (24.2%) and EPA (20.4%), while C14:0, C18:1 n-9, C18:2 and C20:1 n-9
were also detected, but at relatively low quantities (<9%). At 25 ± 1 ◦C, lipids became more
saturated as a result of the rise in the levels of C16:0 (34.6%), while the amount of PUFAs
decreased (20.7%) due to the reduced biosynthesis of EPA (16.6%). The further increase in
temperature to 28 ± 1 ◦C further inhibited the biosynthesis of PUFAs (16.1%) and especially
that of EPA which decreased to 10.2% accompanied with increased quantities of SFAs
and MUFAs. Consequently, it appears that the cells increased their relative amount of
unsaturated FAs when subjected to lower environmental temperatures. This change in the
degree of unsaturation caused by temperature decrease has been noticed in many strains
of microalgae and is considered an adaptation to extreme environmental conditions [74].
Generally, when growth occurs at low temperatures, cells tend to synthesize more unsat-
urated FAs, which have lower melting points than saturated FAs, in order to maintain
membrane fluidity and activity. Conversely, at high temperatures increased SFA content
is observed as they provide membrane stability [75]. Increasing the ratio of PUFAs as a
response to temperature decrease was observed in T. suecica FIKU032 and Nannochloropsis
sp. by Chaisutyakorn et al. [15] in Chlorella sorokiniana by Wang et al. [76] and in various
other strains by Mai et al. [77]. Our data revealed that the lowest biomass productivity and
PUFA contents were recorded at 28 ± 1 ◦C, therefore this temperature value was considered
as an unsuitable condition for the cultivation of T. striata.

Fractionation of the lipids synthesized by T. striata growing at 19 ± 1 ◦C and
25 ± 1 ◦C was performed (Table S4). The results showed that at the lowest tempera-
ture (19 ± 1 ◦C), NL (42.4% in TL) were predominant over the polar lipids G + S and PL
(38.8 and 18.8% in TL, respectively), while at 25 ± 1 ◦C, cells produced lipids in which G+S
(45.9% in TL) predominated over NL and PL (44.2 and 8.8% in TL, respectively). Tempera-
ture changes slightly affected the NL content which remained almost stable, an observation
made also for Tetraselmis subcordiformis by Wei et al. [54]. In contrast, Nannochloropsis oculata
exhibited reduced levels of NL at the lower temperature condition [54]. Chua et al. [78]
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reported that the cold-treated cells of Nannochloropsis oceanica showed increased chloroplast
size compared to untreated cells. This observation might explain the increased amount of
PL noted in the low temperature growth condition (almost 2.0-fold higher than the highest
temperature), since PL are membrane lipids of various organelles, including chloroplasts.
Decreased temperature imposed an exponential increase in the proportion of PUFAs and re-
duction in C16:0 and C16:1 in all the lipid fractions. Specifically, NL and G contained higher
quantities of EPA (2.0-fold higher) at low temperature compared to the higher temperature
condition, while PL had increased levels of C18:2. To conclude, the FA composition of
membrane and storage lipids responded similarly to the temperature changes and followed
the general trend of increased PUFA levels with decreasing growth temperatures.

3.6.3. Effect of Photoperiod on Fatty Acid Composition

The FA composition of the lipids synthesized by T. striata growing on different light
and dark cycles (20:4, 18:4 and 12:12 h L:D) is presented in Table S5. The experiment that
was previously conducted at 25 ± 1 ◦C under continuous illumination (Section 3.6.2) was
selected as the control condition. In all the evaluated photoperiods, the predominant FAs
of TL were: EPA (26.4 to 34.3% in total FAs), followed by C16:0 (18.6 to 20.9% in total FAs)
and C16:1 (18.4 to 21.0% in total FAs). Moreover, the FAs C14:0, C18:0, C18:1 n-9, C18:2 and
C20:1 n-9 were also detected at lower quantities (<9%). In all cases, TL contained higher
amounts of PUFAs and lower amounts of MUFAs and SFAs compared to the cultures under
full illumination. Specifically, in continuous illumination conditions PUFAs contributed to
the total FAs with 20.7%, while for the photoperiod 20:4 h L:D their percentage increased to
37.9% and reached the maximum value of 41.6% under the photoperiod 12:12 h L:D. This
increase was mainly a result of the rise in EPA and not in C18:2 which remained almost
constant in all conditions. Polyunsaturation of FAs often occurs in algal cells as a response to
decreasing illumination since PUFAs are essential for the maintenance of the photosynthetic
membrane and play an important role in adaptation in low light conditions. For example,
higher amounts of PUFAs were observed in the microalgae Chaetoceros calcitrans, Chlorella
sp. and Nannochloropsis sp. under extended dark periods [79]. Similar results were obtained
for Scenedesmus sp. [80] and Scenedesmus obliquus [81]. Since the productivity and the lipid
content of the biomass decreased as the dark period was prolonged, recording minimum
values in the photoperiod 12:12 h L:D, this illumination condition was considered as
unsuitable for full-scale application. Hence, the lipids produced by T. striata growing under
this condition were not further analyzed. As shown in Table S5, the prolonged dark periods
in the light/dark cycle favored the biosynthesis of membrane lipids, especially that of PL
which exhibited the highest percentage at the photoperiod 20:4 h L:D (20.5% compared
to 9.9% in TL under continuous illumination). Our results are in agreement with those of
Srirangan et al. [82] who reported that cells grown under continuous illumination contained
25% less membrane lipids (mainly chloroplast membrane lipids) than cells grown under
the 12:12 h L:D photoperiod.

Regarding NL, their percentage was lower in both photoperiods (20:4 and 18:6 h
L:D) compared to the continuous illumination mode, while G + S remained almost stable
(46.9 ± 0.9% in TL). Along with decreased light periods in the light/dark cycle, the propor-
tion of PUFAs (especially of EPA) in NL and G increased, while that of the SFA (especially
C16:0) declined. Specifically, the sum of PUFAs in NL increased by 75.5% and 107.8% in
photoperiods 20:4 and 18:6 h L:D, respectively, compared to the continuous illumination
condition. Similarly, G exhibited a rise of over 100% in PUFA content in both photoperiods
as a result of the remarkable increase in EPA levels.

3.6.4. Effect of CO2 Supply on Fatty Acid Composition

The FA profiles of the lipids produced by the T. striata culture supplied with CO2 at flow
rates of 10 mL min−1 and 20 mL min−1 are presented in Table S6. For the high flow rate (i.e.,
20 mL min−1), the FA composition of the TL did not present any significant differences compared
to that produced from cells without a CO2 supply. Specifically, the major fatty acids recorded
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were C16:0, C16:1 and EPA which were found in slightly lower quantities. However, supplying
the culture with CO2 at a flow rate of 10 mL min−1 induced the biosynthesis of PUFAs, since
the amounts of EPA and C18:2 in TL increased at the expense of C16:0 which reduced. In the
microalga Parachlorella kessleri higher CO2 concentrations were seen to favor the production
of SFAs and MUFAs, while PUFAs were reduced [83]. Since the highest growth yields and
lipid production were achieved by supplementing the culture with CO2 at a flow rate of
10 mL min−1, only this condition was further analyzed (i.e., fractionation of the lipids and FA
profiles of the lipid classes). Enriching the culture with CO2 at a flow rate of 10 mL min−1

enhanced the biosynthesis of polar lipids, while the accumulation of NL was inhibited. The
FA profile of NL and PL did not present any significant differences compared to the control
condition (i.e., without CO2 supply). In contrast, the G fraction showed significantly higher
PUFA content as a result of the higher content of EPA.

3.7. Effect of Different Growth Conditions on the Amino Acid Profile of T. striata

All samples presented identical essential to non-essential ratio of amino acids (0.96–1.02).
Among the essential amino acids (EAA), lysine (2.54–4.06 g/100 g dry microalgae biomass)
and leucine (2.83–4.66 g/100 g) showed the highest concentrations, while amidst the non-
essential (NEAA), the most noticeable contents were those of glutamic acid and glutamine
(3.72–5.76 g/100 g) and acid aspartic acid and asparagine (3.12–4.98 g/100 g). These data
are in accordance with the published literature on other Tetraselmis species [84,85] where
lysine, leucine, aspartic acid and glutamic acid were the main amino acids found. The
T. striata cultivated in photoperiodic system of 12:12 h L:D presented the highest concentration
of essential amino acids, with lysine and leucine presenting 4.06 and 4.45 g/100 g dry biomass,
respectively. Similarly, in another trial, when Scenedesmus obliquus was cultivated under
12:12 h L:D photoperiod at different stages of its cell growth, it exhibited an increased content
of lysine, leucine, aspartic acid and glutamic acid compared to the same strain that cultured
at 24:0 h L:D [81]. In line with their crude protein, the sum of EAA (14.90–18.44 g/100 g) and
NEAA (14.94–18.09 g/100 g) amino acids in T. striata cultivated under different temperatures
showed a noticeable decrease. The variation in the protein and amino acid content of microalgae
cultivated at different temperature varies from species to species. According to the published
literature several microalgal strains showed different protein and amino acid content when
cultured at elevated or reduced temperatures [86].

3.8. Effect of Different Growth Conditions on Carotenoid Profile of T. striata

Almost all the analyzed carotenoids were detected and quantified in T. striata grown on
a laboratory scale except lycopene, where β-carotene and lutein and zeaxanthin exhibited
the highest concentrations. More specifically, T. striata cultivated under photoperiod of 20:4,
12:12 and 18:6 h L:D presented the highest concentrations of β-carotene (12,395.39, 8639.2 and
7644.58 mg/kg dry microalgae biomass, respectively), while at the same time those samples
had apparently low content of lutein and zeaxanthin. The highest concentrations of lutein and
zeaxanthin were quantified in T. striata cultivated at 25 ± 1 ◦C (2026 mg/kg), followed by
T. striata pH = 7 (1454 mg/kg), T. Striata CO2 20 mL min−1 (1153.93 mg/kg) and T. striata
pH = 8 (916 mg/kg). Likewise, lutein and b-carotene were the major carotenoids that were found
in Tetraselmis sp. [87]. Even though astaxanthin was observed in all the cultivation conditions,
an increase (28 ± 1 ◦C) and decrease (19 ± 1 ◦C) in temperature, as well as a decreased pH at
value 7, led to increased contents of 428.69, 336.81 and 324.15 mg/kg dry microalgae biomass,
respectively. An increase in astaxanthin content was observed when Haematococcus pluvialis
was cultivated in temperatures that were ranged between 20–27 ◦C, especially when these were
combined with other stress conditions [88]. Similar trials performed by Domınguez-Bocanegra
et al. [89] indicated that the optimum temperature for astaxanthin production was at 28 ◦C,
for H. pluvialis, whereas others have indicated the 25 ◦C [90]. Echinenone content amongst the
different cultures ranged between 135.42 and 497.32 mg/kg, where the highest concentration
was recorded when the strain was cultivated at pH = 7. Beta-cryptoxanthin concentration
ranged between 21.46 and 100.58 mg/kg dry biomass. When CO2 flowed at the rates of 10 and
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20 mL min−1, b-cryptoxanthin production was promoted, reaching the highest concentration
(99.15–100.58 mg/kg). Lastly, canthaxanthin (3.63–43.54 mg/kg) had the lowest concentration
among the analyzed carotenoids, where controlled temperature at 25 ± 1 ◦C, pH = 8 and
continuous illumination presented the highest value.

4. Conclusions

Tetraselmis striata was cultivated in drilling waters obtained from the Greek com-
mercial fish farm of PLAGTON S.A. The effects of salinity, substrate formulation, pH,
temperature, photoperiod and CO2 flow rate on growth and biomass composition were
studied. A salinity of 2.8 ± 0.1% with the commercial fertilizer Nutri-Leaf (30%-TN, 10%-P,
10%-K) and NaHCO3 was found to be the most efficient growth substrate. pH experiments
showed that pH 8 significantly increased biomass production. The results also showed a
high dependence between illumination and growth, while the most suitable cultivation
temperature for the strain was 25 ◦C. When the growth medium was supplemented with
CO2, T. striata could not tolerate the highest flow rate of 90 mL.min−1, and the highest
biomass productivity was observed with the flow rate of 10 mL.min−1. Biomass quality
evaluation showed that the strain is capable of accumulating high protein and amino
acid concentrations. High lipid accumulation was also recorded in the biomass and fatty
acid analysis showed that this microalga is an important producer of EPA and PUFA.
To conclude, under the optimized growth conditions obtained from the laboratory-scale
experiments, T. striata produced high quality biomass rich in nutrients important for fish
growth. Thus, the strain can be considered as a promising ingredient for incorporation into
conventional aquafeeds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14193162/s1, Table S1: physicochemical characterization of the
drilling waters; Table S2: nutrient composition of all tested growth substrates; Table S3: fatty acid
composition (%) of total lipids (TL), neutral lipids (NL), glycolipids (GL) and phospholipids (PL)
synthesized by T. striata growing under different pH conditions; Table S4: fatty acid composition
(%) of total lipids (TL), neutral lipids (NL), glycolipids (GL) and phospholipids (PL) synthesized
by T. striata growing under different temperature conditions; Table S5: fatty acid composition (%)
of total lipids (TL), neutral lipids (NL), glycolipids (GL) and phospholipids (PL) synthesized by
T. striata growing under different photoperiods; Table S6: fatty acid composition (%) of total lipids
(TL), neutral lipids (NL), glycolipids (GL) and phospholipids (PL) synthesized by T. striata supplied
with CO2 at different flow rates; carotenoid analysis; Figure S1: NH4

+-N removal over time from the
different growth substrates. Experimental sets: A (salinity 3.9 ± 0.1%, N:P≈5), B (salinity 3.9 ± 0.1%,
N:P≈12), C (salinity 2.8 ± 0.1%, N:P≈12), D: (salinity 2.8 ± 0.1%, modified F/2), E (salinity 2.8 ± 0.1%,
Nutri-Leaf 30-10-10 without NaHCO3), and F (salinity 2.8 ± 0.1%, Nutri-Leaf 30-10-10 with NaHCO3);
Figure S2: PO4

3− removal over time from the different growth substrates. Experimental sets: A
(salinity 3.9 ± 0.1%, N:P≈5), B (salinity 3.9 ± 0.1%, N:P≈12), C (salinity 2.8 ± 0.1%, N:P≈12), D:
(salinity 2.8 ± 0.1%, modified F/2), E (salinity 2.8 ± 0.1%, Nutri-Leaf 30-10-10 without NaHCO3),
and F (salinity 2.8 ± 0.1%, Nutri-Leaf 30-10-10 with NaHCO3); Figure S3: total sugar production
over time from the different growth substrates. Experimental sets: A (salinity 3.9 ± 0.1%, N:P≈5), B
(salinity 3.9 ± 0.1%, N:P≈12), C (salinity 2.8 ± 0.1%, N:P≈12), D: (salinity 2.8 ± 0.1%, modified F/2),
E (salinity 2.8 ± 0.1%, Nutri-Leaf 30-10-10 without NaHCO3), and F (salinity 2.8 ± 0.1%, Nutri-Leaf
30-10-10 with NaHCO3); Figure S4: NH4

+-N removal over time applying different initial fertilizer
quantities; Figure S5: NH4

+-N removal over time during the pH experiments; Figure S6: PO4
3−

removal over time during the pH experiments; Figure S7: total sugar production over time during
the pH experiments; Figure S8: NH4

+-N removal over time during the temperature experiments;
Figure S9: PO4

3− removal over time during the temperature experiments; Figure S10: total sugar
production over time during the temperature experiments; Figure S11: NH4

+-N removal over time
during the photoperiod experiments; Figure S12: PO4

3− removal over time during the photoperiod
experiments; Figure S13: total sugar production over time during the photoperiod experiments;
Figure S14: NH4

+-N removal over time during the CO2 experiments; Figure S15: PO4
3− removal

over time during the CO2 experiments; Figure S16: total sugar production over time during the CO2
experiments. References [91,92] are cited in the “Supplementary Materials”.
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