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Abstract: Nannochloris sp. JB17 has been identified as an interesting microalgal species that can
tolerate high salinity and high bicarbonate concentrations. In this study, Nannochloris sp. JB17
was long-term adapted to increased bicarbonate concentrations (10-60 g NaHCOj3 per L) in fresh
or sea-water-based growing media. This study aimed to evaluate its growth performance and
biochemical composition under different cultivation conditions. The highest biomass production
(1.24-1.3 g/L) achieved in the study was obtained in fresh water media supplemented with 40 g/L
and 60 g/L NaHCOs3, respectively. Total protein content fluctuated at similar levels among the
different treatments (32.4-38.5%), displaying good essential amino acids indices of 0.85-1.02, but with
low in vitro protein digestibility (15-20%) rates. Total lipids did not show any significant alteration
among the different NaHCO3 concentrations in both fresh and sea water (12.6-13.3%) but at increased
sodium strength, a significant increase in unsaturated lipids and in particular a-linolenic acid (C18:3)
and linoleic acid (C18:2) was observed. Carbohydrate content also ranged at very similar levels
among the cultures (26-30.9%). The main fraction of carbohydrates was in the type of neutral sugars
ranging from around 72% to 80% (of total carbohydrates), while uronic acids were in negligible
amounts. Moreover, Nannochloris sp. showed that it contained around 8-9% sulfated polysaccharides.
Since the microalgae display good growth patterns at high bicarbonate concentrations, they could be
a potential species for microalgal-based carbon capture and utilization systems.

Keywords: bicarbonate; biochemical composition; carbon capture and utilization; biomass; microalgae
cultivation

1. Introduction

The increasing concentration of anthropogenic greenhouse gas emissions (GHG), in
particular, CO; in the atmosphere is triggering a global ecological emergency, imposing
actions for reductions in GHG emissions. Among the potential technologies, microalgae
have been considered a promising biological technique for CO, capture and utilization
(bio-CCU) [1]. Microalgae are photosynthetic microorganisms that have gained much
interest due to their ability to photosynthetically assimilate CO, and to synthesize a broad
range of high value-added products (proteins, lipids, pigments, etc.), which might be
commercialized in the food or chemical industries [1,2].

Most commonly, CO; is applied by sparging (diffusion) of gaseous CO, into the mi-
croalgal growth medium. This method, however, has several limitations related to low
dissolution efficiency and high outgassing rates where a considerable part of the undis-
solved CO; is lost in the atmosphere [3,4]. To address this limitation, various microalgal
bioreactor configurations or more efficient CO, diffusing techniques have been developed
and proposed [5]. However, each one has its drawbacks and cannot be applied easily in
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commercial-scale installations [5]. A potential alternative approach for utilizing CO, for
microalgae cultivation is to dissolve it first and convert it into bicarbonate ions (HCO3").
The dissolution of CO, could be achieved in an alkaline absorption column (for example in
NaOH solution), where CO; is dissolved at significantly higher rates than in neutral media,
minimizing its losses [6]. Bicarbonate thus might be an advantageous carbon source due
to its potential lower supply costs and the more convenient photobioreactor design and
development [6].

Many microalgal species are sensitive to relatively moderate-to-high bicarbonate
levels. Concentrations (as NaHCO3) higher than 5 g/L negatively impact their growth [6,7].
Therefore, there is a need to screen, isolate, or adapt microalgal strains that can thrive
under higher alkalinity and bicarbonate concentrations to achieve better utilization of CO,.
So far, only a few attempts have been made to screen and isolate microalgal strains that
demonstrate tolerance to relatively high bicarbonate concentrations [7-13]. Nannochloris
sp. BJ17 has been identified as an interesting species due to its high tolerance to high
bicarbonates and high salinity [12,14,15]. Previous studies on Nannochloris sp. BJ17 focused
on the molecular mechanisms that define its bicarbonate and salt tolerance, however, there
is limited information on assessing this species in regard to its biochemical composition
and its potential to be used as a source of biomass for food or feed applications. Thus,
in this work, we report the growth and biochemical composition of the green microalgal
species Nannochloris sp. JB17 subjected to increased NaHCO3 concentrations in fresh
and sea-water-based growing media after a prolonged period of adaptation at the given
cultivation conditions.

2. Materials and Methods
2.1. Microorganism and Cultivation Conditions

The microalgae used in this study was a strain of Nannochloris sp. which was isolated in
the premises of the Institute of Technology of the Agricultural Products (Greece) and more
specifically it was isolated from an Arthrospira platensis culture, where Nannochloris sp. dom-
inated against Arthrospira. Since Arthrospira is thriving in high bicarbonate concentrations
and alkalinity (in Zarrouk medium consisting of 16.8 g/L NaHCO3, 2.5 g/L NaNOs, 1 g/L
K350y, 1 g/L NaCl, 0.04 g/L CaCly, 0.08 g/L Na,EDTA, 0.2 g/L MgSO4-7H,0, 0.01 g/L
FeSO4-7H,0, and 1 mL/L of the trace element stock solution (2.86 g/L H3BOs, 0.02 g/L
(NH4)6Mo07054, 1.8 g/L MnCl,-4H,0, 0.08 g/L CuySOy4, and 0.22 g/L ZnSO4-7H,0), the oc-
currence and domination of Nannochloris sp. raised particular interest as species that could
be cultivated in such high bicarbonate growing media. It is worth noting that high bicar-
bonate concentrations and high salinity could be a way to avoid biological contamination
with other unwanted microalgae enhancing the commercial viability of the microalgae [16].

All cultures (stock and experimental) were performed in a controlled room with a
steady temperature of 28 &= 2 °C in closed systems of glass photobioreactors (total volume
1L, diameter 102 mm), whereas the cultivation was applied in a batch mode. As a light
source, a tube fluorescent lamp of 57 Watt was used, with cool white light, placed on one
side of the photobioreactors, while the photoperiod was set to 16/8 light-dark cycle, and
light intensity was set to 150 pmol/m? /s (measured by SpectraPen, PSI, Drasov, Czech
Republic). Agitation through continuous aeration at about 2 L air per L culture per minute
with filtered (0.2 pum filter) atmospheric air was achieved using a membrane air pump
(ACO-308, Guangdong Hailea Group Co. Ltd., Guangdong Province, China).

2.2. Isolation and Adaptation of Microalga

The microalga was isolated through the streak plate technique in Petri dishes with
agar (1%) and Zarrouk medium as a nutrient source. After the conduction of two sequential
streak plate isolations, the microalga was identified by DNA sequencing (see 2.3 Analytical
Methods) as Nannochloris sp. JB17 (100% identity). Nannochloris sp. JB17 was then cultured
for mass production in Zarrouk medium with 20 g/L NaHCOs3. Next, the microalga
was transferred in a modified Zarrouk medium under four different concentrations of
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NaHCO3; (10, 20, 40, and 60 g/L) in fresh as well as in artificial sea water (distilled water
containing 33 g/L natural sea salt) (for more details see supplement material). The cultures
were performed for a prolonged period of time (at least 14 weeks) to the corresponding
bicarbonate concentrations for adaptation purposes before conducting the experiments.
The adaptation of the microalgae to the different conditions was chosen as a strategy to
avoid the stress effects resulting from any sudden change of the bicarbonate and salinity.
For the adaptation of the microalga, the cultures were performed in batches applying
renewals (20% inoculums in freshly prepared media) every 2 weeks. Since the double
time of cells was approximately 2 days, the total amount of generation throughout the
adaptation period was estimated to be more than 45.

Throughout the text, the cultures were abbreviated as Nyg, Nag, Nao, and Ngp for the
experimental series containing 10, 20, 40, and 60 g/L NaHCO3, respectively, and SWyy,
SWop, SWyg, and SW for the experimental series containing 10, 20, 40, and 60 g/L NaHCOs3
and 33 g/L natural sea salt, respectively. Regarding the sodium ion Na*, the cultures Ny,
N0, Nag, and Ngp contained 3.8, 6.5, 12, and 17.5 g-Na* /L, whereas the cultures in sea water
SW1g, SWpo, SWy4g, and SWe¢ contained 16.4, 19.1, 24.6, and 30.1 g-Na* /L, respectively. All
cultures were performed in triplicates and their mean (£standard deviation) were given.

2.3. Analytical Methods

The daily growth of Nannochloris sp. was determined spectrophotometrically by
measuring optical density (OD) at 750 nm. Biomass dry weight was directly measured at
the end of the cultivation period, after repeated cycles of washing the biomass with distilled
water and its subsequent drying at 105 °C until constant weight. All further analyses
were performed afterward on lyophilized biomass through a Freeze Dry System (Thermo
Savant, ModulyoD). Total proteins, carbohydrates, and lipids were assayed according to
the methods of Lowry, et al. [17], Kochert [18], and Mishra, et al. [19], respectively, which
are described in more detail in previous work [20]. Chlorophyll and total carotenoids
(mg/L) were extracted with 90:10 methanol to deionized water ratio (MeOH:DW) at 70 °C
for 10 min and calculated by the formulas given by Lichtenthaler [21]. Ash content was
determined through biomass incineration (overnight) at 550 °C.

The fatty acid profile was determined through Gas Chromatography (Shimadzu Nexis
GC-2030 equipped with a Dielectric Barrier Discharge Ionization Detector). Regarding the
chromatography conditions, a capillary column Mega-10 (0.25 mm/0.25 um, 60 m) was
used. The temperature was set to 60 °C with a step of 2 °C/min, while split temperature
and detector temperature were set to 245 °C. Lipids were initially extracted from 10 mg
biomass using 1.5 mL of CHCl3: MeOH at a ratio of 2:1, then 0.2 mL of saturated water
for phase separation was added and evaporation of the organic phase in nitrogen gas was
followed by the addition of 1 mL hexane. Esterification of lipids was performed through
the addition of 50 uL KOH. The method was calibrated by a solution of FAMEs (Supelco 37
Component FAME Mix).

For the determination of total phenolics and antioxidants, extraction was initially
performed according to Goiris, et al. [22] using EtOH:DW (3:1) as a solvent. Total phe-
nolic content was assayed afterward, through a slightly modified method referred to in
Hajimahmoodi, et al. [23]. Briefly, 0.1 mL of a sample containing the extracted phenols was
mixed with 0.75 mL of 10% Follin-Cioclteu reagent. After 5 min, 0.75 mL of 7.5% sodium
carbonate was added to the mixture, and OD was recorded after 90 min at 750 nm. The
results were expressed as gallic acid equivalent (GAE)/g dry biomass. The antioxidant
capacity of the extracts was determined according to a slightly modified method of ABTS-*
(2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) method referred to in Li, et al. [24].
Shortly, a radical cation was generated through the reaction of 2.45 mM potassium persul-
fate with 7 mM ABTS for 16 h in the dark and the resulting solution was diluted with EtOH
in order to give an absorbance of 0.7 at 734 nm. Afterward, 2 mL of the ABTS-* solution
was mixed with 0.1 mL extract and after 6 min, the OD was measured at 734 nm, while the
results were expressed as Trolox equivalent (TEAC)/g organic matter.
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In vitro protein digestibility was assayed according to the method referred to in
Almeida, et al. [25]. Specifically, in 25 mg of dry biomass, 0.25 mL of 0.1 M HCL containing
1.5 mg/mL pepsin was added, and subsequently, the samples were incubated for 3 h
at 37 °C in order for the hydrolysis to take place. Next, 0.75 mL of 0.5 M NaOH was
added to the mixture and pancreatic digestion was followed with the addition of 1 mL
(0.2 M, pH 8) phosphate buffer containing 10 mg of enzyme pancreatin. Subsequently,
0.1 mL of 0.005 M sodium azide was added (in order to prevent microbial growth), and the
samples were incubated at 37 °C overnight, after which 0.1 mL of 10% TCA was added.
The supernatant was collected after centrifugation (503 x g for 20 min) and was subjected
to analysis according to the Lowry method [17] while free amino acids were determined
according to the EBC-ninhydrin method [26]. Amino acids were analyzed through High-
Performance Liquid Chromatography (HPLC) after biomass hydrolysis with HCl at 120 °C
for 24 h. The employed HPLC system (Shimadzu, HPLC Nexera X3 RF-20AXS, Kyoto,
Japan) was equipped with an RE-20AXS fluorescence detector and SIL-40C Auto Sampler.
Pre-column sample derivatization was performed using 9-fluorenylmethyl chloroformate
(FMOC-CI), o-phthalaldehyde (OPA), and 3-mercaptopropionic acid, all purchased by
Merck (Sigma Aldrich). Mobile phase A contained 10 mM Na, HPO,, 10 mM Na,;B407,
pH 8.2, and 5 mM NaN3. Mobile phase B contained acetonitrile:methanol: water (45:45:10,
v:w:v). The method was calibrated by a solution of 17 amino acids standards (aspartic acid,
glutamic acid, serine, histidine, glycine, threonine, arginine, alanine, tyrosine, cysteine,
valine, methionine, phenylalanine, isoleucine, leucine, lysine, proline; Supelco AAS18
Amino Acid Standard). For the chromatography, an Agilent ZORBAX Eclipse Plus C18
column was used. The flow rate of eluents was 1.5 mL/min and the column temperature
was 40 °C. The essential AAs index was calculated based on Oser [27] using whole egg
protein as the reference.

Colorimetric determination of neutral sugars was performed according to a resorcinol
sulfuric acid method [28], while quantitative analysis of uronic acids was also performed
according to the method referred by [29]. Sulfated polysaccharide content was estimated
after the extraction of polysaccharide sulfate with the addition of 2 M HCI and the subse-
quent placing of the samples at 120 °C overnight [30]. Polysaccharide sulfate content was
then determined with a turbidimetric assay [31]. Briefly, 0.1 mL of the hydrolysate was
mixed with 1.9 mL of 3% TCA and 0.5 mL of BaCl,-gelatin, and OD was recorded after
20 min at 360 nm.

Chlorophyll-a fluorescence analysis (maximum photochemical yield of PSII and
non-photochemical quenching) was performed with the handheld PAM fluorometer
AquaPen (Photon Systems Instruments, Czech Republic) following internal analysis
protocols. Chlorophyll-a fluorescence was performed in dark (20 min) adapted cells [32].

The microalgal genus was identified by sequencing using primer pairs for Eukaryotes.
DNA was extracted (from ~3 pg lyophilized biomass) using a commercial DNA extraction
kit MACHEREY-NAGEL, Diiren, Germany) and was sequenced after Illumina miSeq using
primers specific for Eukaryotes. The sequences were detected, grouped in Operational
Taxonomic Units (OTUs) using a 97% identity threshold and identified using the BLASTN
algorithm of SILVA database (https://www.arb-silva.de/) (accessed 25 April 2022) by
Smallomics. Data analysis and visualization were performed using the package Phyloseq
v. 3.6.1 (Rstudio (2021.09.2+382)) [33].

Where relevant, statistical analysis was based on one-, and/or two-way analysis of
variance (ANOVA), performed using SigmaPlot 12.0 software (Systat Software, Inc., San
Jose, CA, USA). All data were tested for Normality (Shapiro-Wilk test) and for equal
variance between treatments. Post-hoc statistical analysis was based on Duncan’s pairwise
multiple comparison procedure.
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3. Results and Discussion
3.1. Biomass Growth and Photosynthetic Performance

In Figure 1, the growth kinetics (Figure 1A) of the isolated Nannochloris sp. for a
cultivation period of 16 days after the given conditions and the final produced dry weight
(Figure 1B) are illustrated. Among the different cultures, the best dry weight production
was achieved in Nyg and Ngp (1.3 £ 0.03 and 1.24 £ 0.08 g/L; p > 0.05), while the lowest
growth performance and value of dry weight (0.7 £ 0.06 g/L) was observed in SWy,
while no differences were observed between Ny, Nog, SW1g, SW5g, and SWyy. However,
a two-way ANOVA analysis showed that there was a statistically significant difference
between the cultures in fresh and sea water, meaning that the cultures in sea water had
overall lower biomass production (p < 0.05). This was most probably due to the negative
effect of sodium ions on the growth of the microalga (Figure 1C), especially at the highest
sodium ion concentrations. These findings agree with those of Liu, et al. [31] where an
isolated strain Nannochloris sp. SAE1, which was highly homologous to Nannochloris sp.
BLD-15 had a slower growth rate in the cultures treated with high NaCl than with high
NaHCOj; concentrations (up to1 M, i.e., 84 g/L).
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Figure 1. (A) Biomass growth kinetics, (B) dry weight of Nannochloris sp. JB17 cultivated for 16 days
in different NaHCOj3 concentrations in fresh as well as in sea water, and (C) biomass dry weight of
Nannochloris sp. in relation to the total sodium ions (Na*). The data represent the mean of n = 3, while
error bars represent the standard deviation. Different subscript letters denote statistically significant
differences (p = 0.05).



Bioengineering 2024, 11, 1301 6 of 15

While NaHCOs3 concentration at certain levels can promote the growth of microalgae,
at elevated concentrations inhibition can occur. Although high concentrations of NaHCOj3
are inhibiting for most microalgae, Nannochloris sp. BJ17 is particularly tolerant as was
also demonstrated by other studies [12,14]. According to these studies, the viability of the
cells and the final dry weight of Nannochloris sp. JB17 was higher with the addition of
NaHCOj3 concentration up to 25 g/L compared to control (4.2 g/L NaHCO3). In the study
of Qiao, et al. [15], Nannochloris sp. was isolated from an extreme saline-alkali soil and was
examined for its salt-tolerance abilities in a range of NaHCOj3; and NaCl concentrations.
Results revealed that Nannochloris sp. had an optimal growth at 42 g/L NaHCOj3; and could
survive up to 84 g/L, while it also could survive in the presence of 35 g/L NaCl and at the
simultaneous presence of 17 g/L NaCl and 25 g/L NaHCOj3, respectively.

Chlorophyll-a fluorescence analysis is a tool that allows for a closer examination of
the photosynthetic efficiency of photosynthetic organisms subjected to varied environ-
mental conditions [34]. As shown in Figure 2A, the maximum photochemical yield of
PSII (quantum yield; QY) of dark-adapted cells ranged between 0.77 and 0.8. In healthy
green microalgal cultures, the QY is around 0.8 and its decline represents a situation when
microalgae become stressed [35]. The results obtained in this study suggest that none of the
experimental cultures of the present study was stressed in a way that it could impair the
photosynthetic machinery of the microalgae. However, the non-photochemical quenching
(NPQ) analysis (Figure 2B) shows that the microalgae grown on sea water were less efficient
for photochemistry [36] since they had higher NPQ values, which might explain somehow
the lower biomass production. The NPQ values were positively correlated to the sodium
ion (see Supplementary Matrials) with a relatively strong correlation efficiency (R? = 0.65).
The results suggest that even though the PSII yield (QY) was not impaired, at the increased
sodium strength the cells might have a reduced electron flow at the acceptor side of PSII [36]
leading to lower photochemistry upon the need for higher photoprotection actions [37].
Since the experiments were conducted after long-term adaptation to the given environ-
ments, the QY results could lead to the conclusion that the cells had reached homeostasis,
so any effect on the growth was an outcome of optimal or suboptimal conditions rather
than the result of any stress stimuli [38] caused by a sudden change of the environmental
conditions (i.e., by the increase of NaHCO3; and NaCl concentrations).
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Figure 2. (A) Maximum photochemical yield of PSII (QY), and (B) non-photochemical quenching
(NPQ) of Nannochloris sp. JB17 cultivated for 16 days in different NaHCOj3 concentrations in fresh
as well as in sea water. The data represent the mean of n = 3, while error bars represent the
standard deviation.
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Chlorophyll-a and chlorophyll-b showed a positive correlation with the increase of
sodium ions (g-Na* /L) in the media. Specifically, for chlorophyll-a, the highest value was
obtained in SWgq (30.1 g-Na* /L), while for chlorophyll-b, SWyj gave the highest values. A
two-way ANOVA revealed that the chlorophyll (a and b) content was higher in the group
of the cultures grown in salt water compared to the group of fresh water (p < 0.05). High
content of chlorophyll which is an essential component of the photosynthetic apparatus, is
related to higher photosynthetic activity in microalgae or higher plants [12,39], which is
in line with the unvaried QY values obtained in this study. According to Wang, et al. [12],
NaHCOj3 in the culture of Nannochloris sp. JB17 promotes the synthesis of chlorophyll-a
since it gave up to 1.5-fold higher chlorophyll-a content compared to control (4.2 g/L
NaHCOs3). It was found that numerous genes within Nannochloris sp. JB17 cells operating
in various facets of photosynthesis exhibit a response to NaHCQOj3. This implies that Nan-
nochloris sp. JB17 might enhance their photosynthetic efficiency as an adaptive mechanism
to counteract the high NaHCOj concentrations [14].

As regards the total carotenoids (Figure 3), there was also a positive correlation with
the increase of sodium ions up to the concentration of Ngg (17.5 g-Na* /L highest value),
while a further increase led to a slight decrease (SWy4 and SWgj). Carotenoids act as
photoreceptors in the photosystems and being good antioxidants, they display protective
effects against photodamage by quenching active oxygen species or triplet excited state
chlorophyll [40,41]. The increased content of carotenoids comes in line with the higher
NPQ values observed in the cultures grown with increased sodium ion concentrations.
Moreover, the total antioxidant capacity (Figure 4) followed also the same trend with the
highest value arising again for treatment SWg (0.02 mmol TEAC/g). As it seems, the total
antioxidant capacity increased with higher NaHCO3 and sodium ion concentrations.
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Figure 3. (A) Pigments concentration of Nannochloris sp. JB17 for the cultures treated with different
NaHCOj3 concentrations in fresh as well as in sea water, and (B) pigments concentration in relation
to the total sodium ions (Na*). The data represent the mean of n = 3, while error bars represent the
standard deviation.

According to Wang, et al. [12], both intracellular MDA (malondialdehyde) levels and
antioxidant enzyme activity showed an increase in response to higher NaHCOj3; concen-
trations and prolonged exposure durations. Lipid peroxidation was notably elevated in
treatments with 25 g/L NaHCO3 and longer durations of treatment. Importantly, height-
ened activity levels of peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD)
suggested that Nannochloris sp. mitigated oxidative injury by enhancing their ability to
neutralize reactive oxygen species (ROS) induced by exposure to NaHCOs5.
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Figure 4. (A) Total phenolic content and antioxidant capacity of Nannochloris sp. JB17 for the cultures
treated with different NaHCOj3 concentrations in fresh as well as in sea water, and (B) in relation to
the total sodium ions (Na*). The data represent the mean of n = 3, while error bars represent the
standard deviation. Different subscript letters denote statistically significant differences (p = 0.05).

3.2. Biochemical Composition

In Figure 5, the biochemical composition, in terms of total protein, total lipids, and total
carbohydrates of Nannochloris sp. JB17, cultivated with different NaHCO3 concentrations
in fresh as well as in sea water is depicted. Total protein content fluctuated at close levels
among the different treatments (32.4-38.5%), however, the highest protein content was
observed in Ngg cultures. Total lipids showed no significant variation among the different
NaHCOj3 concentrations in both fresh and sea water (12.6-13.3%), while carbohydrate
content also ranged at very close levels among the cultures (26-30.9%).
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Figure 5. Biochemical composition of Nannochloris sp. for the cultures treated with different NaHCO3
concentrations in fresh as well as in sea water. The data represent the mean of n = 3, while error bars

represent the standard deviation. Different subscript letters denote statistically significant differences
(p = 0.05).
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3.2.1. Amino Acids and Protein Digestibility

In Table 1, the profile of the amino acids of Nannochloris sp. cultivated with different
NaHCOj3 concentrations in fresh as well as in sea water is shown. In general, the results
suggest that there is a consistency of the profile among the different cultures with the excep-
tion of only a few amino acids (AAs), i.e., lysine and proline, which their content increased
when Nannochloris sp. JB17 was cultivated in sea water. Proline and lysine are referred to
as important osmoregulatory solutes which significantly reduce the accumulation of Na*
and CI". Moreover, another significant strategy for coping with high salinity involves the
efficient uptake and export of ions across cell membranes by the regulation of membrane
transport proteins [42]. The total essential AAs ranged between 36 and 40% of the total AAs,
while the essential AAs index (EAAI) ranged between 0.85 and 1.02. The cultivation of
Nannochloris sp. in sea-water-based growing media resulted in a higher content of essential
AAs and higher EAAI (0.94-1.02). For human or animal consumption, EAA indices higher
than 0.9 are considered of high nutritional value [43].

Table 1. Amino Acid (AA) profile. AA percentage of each AA is expressed in relation to the total
AAs of the isolated Nannochloris sp. JB17 grown on different NaHCO3 concentrations in fresh as well
as in sea water. The data represent the mean of n = 3 & standard deviation. Different subscript letters
denote statistically significant differences (p = 0.05).

Amino Acid Nig (%) Nao (%) Ny (%) No (%) SWyg (%) SWay (%) SWyo (%) SWeo (%)
Aspartic acid 6.49 =+ 0.66 2 6.82 +1.282 6.51 + 0512 6.46 + 0.382 5.90 =+ 0.14 2 5.88 4 0.542 5.9140.792 5.61 40422
Glutamic acid 10.90 + 1.042 11.38 +£1.482 11.07 £ 0.86 2 11.03 £ 0492 10.04 +0.322 10.06 + 0.972 9.98 +0.902 9.74 4 0.652
Serine 453 +0.182 45440172 446 +0.152 4.44 +0.052 46340422 470 +0.69 2 41940142 4.04+0.232
Histidine 3.57 +0.822 3.32+0.882 337 +0.242 327 +0432 343+ 0422 3.53 +0.492 3.40+0.822 3.32+0.352
Glycine 12.61 +2.32° 11.74 +2.86 2 11.74 + 0912 11.49 +1.29° 11.32 +0.53 2 11.09 +2.04 2 10.75 =+ 3.00 2 10.34 +1.75°
Threonine 39140522 42240622 41440382 3.95+0.442 3.74 +£0.142 3.72 40402 3.58 4+ 0452 3.55+0.372
A/iglia’;li;? 20.08 +£0.75° 19.60 £ 1232  19.654+0.33%®  19.34+050°® 1850+ 0.81%>  18.08 032 17.49 +1.842 17.57 £ 1.79 %
Tyrosine 3.09 +0.842 217 +1.812 33140242 329 +0.262 263 +1.802 3.62 +1.392 3.45+0.232 33240192
Cysteine 0.32 +£0.022 0.29 +0.022 0.22 4+ 0.042 0.42 +0.082 0.23 +0.042 0.21 +0.06 2 0.35+0.08 0.30 £ 0.102
Valine 5.64 & 0.242 57240422 5.67 4+ 0402 5.8140.152 5.41+0.102 5.3540.272 5.24 4+ 0.252 5.2240.332
Methionine 2,67 +0.802 420 +1.532 42242462 2.88+1.152 1.84 4+ 1.08 33940152 5.59 +2.252 5.46 +2.462
Phenylalanine 6.61 4+ 025" 6.34 + 0.38 % 6.29 + 0.25 2 6.45 + 0.29 2 6.29 +0.12% 5.96 4 0.50 2 5.77 +0.212 5.58 +0.252
Isoleucine 46240102 46340112 4514 0.12° 45540292 4684 0.182 4.6240.102 459 4 0.06 2 44740252
Leucine 10.72 4 0.102 10.47 +0.322 10.32 4+ 0412 10.83 +0.932 11.26 + 0.53 2 10.77 +0.512 10.48 + 0.38 2 10.32 +0.44 2
Lysine 1.77 £ 0532 138 +0.142 14240362 259 42,012 5.50 4 1.47° 428 4 0.05 2 3.89 +0.772 413 40.13%
Proline 247 £1.022 3.18 +£1.902 31140462 467 +1.532 45742392 472 +1.582 5.34 4+ 3.282 4844+ 1.86°
YEAAs* 35.93 +1.33 2 36.90 +2.212 36.53+ 1.322 37.13 +2.152 38.73 +3.04° 38.13 + 1.852 39.13 4+ 1.222 39.53 4+ 2.412
EAAs index 0.85 0.86 0.86 0.89 0.94 0.97 1.01 1.02

*YEAAs = sum of essential amino acids.

However, one of the primary parameters which influence the quality of protein is the
food matrix digestibility. A greater percentage of protein digestibility indicates also that the
proteins are easily accessible to the digestive enzymes and thus the food exhibits elevated
nutritional quality [44]. The results illustrated in Figure 6 show that the in vitro protein
digestibility of Nannochloris sp. JB17 ranged from 15.03 to 20.19% for the different NaHCO3
concentrations in fresh as well as in sea water. Compared to other microalgal species, the
results show that the in vitro protein digestibility of Nannochloris sp. JB17 is significantly
lower. In the study of Wild, et al. [45] where 16 microalgal species were assessed, the
lowest in vitro protein digestibility found was for Nannochloropsis (54%) and the highest
for Chlorella (79%). This low in vitro protein digestibility of Nannochloris sp. JB17 is most
probable due to the rigid cell wall, which is resistant to the enzymatic cell lysis that reduces
protein accessibility [46]. To cope with this, a pre-treatment of biomass to disrupt the cell
wall could be a possible way to increase protein accessibility and digestibility [46].
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Figure 6. Protein digestibility of Nannochloris sp. JB17 according to the different NaHCOj3 concen-
trations in fresh as well as in sea water (n = 3, £5SD). Different subscript letters denote statistically
significant differences (p = 0.05).

3.2.2. Lipids and Fatty Acid Methyl Esters (FAMEs)

Total lipids did not show any significant alteration among the different NaHCOj3
concentrations in both fresh and sea water (12.6-13.3%; Figure 5). In Table 2, the fatty acid
methyl esters (FAMESs) profile of the isolated Nannochloris sp. JB17 cultured in different
NaHCOs concentrations in fresh as well as in sea water is presented. There is a significant
decrease regarding the saturated fatty acid, stearic acid (C18:0), as NaHCOj3 concentration
increased in fresh water, where also a further decrease is observed with the simultaneous
presence of salt (from 31.50 to 21.07%), indicating that the overall Na* concentration is a
critical parameter. Nervonic acid (C24:1) is also decreased as NaHCO3 concentration is
increased, while there is no further decrease with the simultaneous presence of salt. a-
linolenic acid (C18:3) is significantly increased with the increase of total Na* concentration
(1.43 to 4.27%). Although linoleic acid (C18:2) is increased with the increase of total
Na* concentration, the highest value is observed for SWy treatment (8.49 to 19.20%)
while also myristoleic acid (C14:1), pentadecanoic acid (C15:0), homo-gamma-linolenic
acid (C20:3), and behenic acid (C22:0) are significantly increased with the increase of
overall Na* concentration. Regarding the fatty acids—myristic acid (C14:0), palmitic acid
(C16:0), palmitoleic acid (C16:1), heptadecenoic acid (C17:1), and arachidic acid (C20:0)—
no significant differences are observed between the different treatments, while for EPA,
EPA, Cis-3 methyl ester (C20:5), heptadecanoic acid (C17:0), and oleic acid Cis-9 (C18:1),
no clear trend is observed. Figure 7 depicts the total saturated (XSFA) and unsaturated
(XUFA) fatty acids and their ratio of XSFA />~ UFA according to the different sodium ions
concentrations (g-Na* /L in fresh as well as in sea water). As shown, there is a positive
correlation between the total unsaturated fatty acids and sodium ions. These findings
come in agreement with previous studies, which report that under increased NaHCOs3
concentration (up to 25 g/L), there is a significant increase in total unsaturated lipids,
where a-linolenic acid (C18:3) and linoleic acid (C18:2) were significantly increased, with a
decrease in total saturated lipids [12]. By altering membrane fatty acid saturation levels,
membrane fluidity is influenced which might represent a potential candidate for mitigating
the effects of salt stress. The process of fatty acid desaturation might be associated with the
activation of a salt-tolerant Na* /H" antiporter that is crucial for the removal of Na* [47].
In a prior investigation, it was highlighted that polyunsaturated fatty acids (PUFA) actively
contribute to the maintenance of the photosynthetic function. Long-chain PUFA includes
essential fatty acids such as linoleic acid and «-linolenic acid, which are crucial for the
growth and development of humans. Consequently, Nannochloris sp. JB17 holds promise as
a raw material for the production of edible oil or health care products [12,48].



Bioengineering 2024, 11, 1301 11 of 15

Table 2. Fatty Acid Methyl Esters (FAMESs). Fatty Acid Methyl Esters of the isolated Nannochloris sp. grown on different NaHCO3 concentrations in fresh as well
as in sea water. The data represent the mean of n = 3, while error bars represent the standard deviation. Different subscript letters denote statistically significant

differences (p = 0.05).

Fresh Water Sea water
Fatty Acid Methyl Esters (FAMEs)
10 g/L NaHCO; 20 g/L NaHCO; 40 g/L NaHCO; 60 g/L NaHCO; 10 g/L NaHCO; 20 /L NaHCO; 40 g/L NaHCOj3 60 g/L NaHCO;
C14:0 Myristic acid methy] ester 1.43 4 0.34 2 1.22 +0.392 133 4+ 0.182 1.30 + 0.072 1324 0.152 1.13 4 0.14 2 1.37 4 0.36 2 1.19 4+ 0.11 2
Cl4:1 Myristoleic acid, 0.52 +0.092 0.85 +0.27° 0.52 + 0.03 0.61 +0.032b 0.70 + 0.08 2P 1.44 +0.16 ¢ 2,04+ 0.24°¢ 1.96 4 0.28
Cis-9 methyl ester
C15:0 Pentadecanoic acid 0.07 +0.022 0.05 + 0.022 0.27 +0.042 0.37 +0.01° 0.07 £ 0.012 1.17 £0.11 b¢ 1.56 £0.16 1.43 £029b¢
methyl ester
C16:0 Palmitic acid methyl ester 51.61 +2.752 4954 +3.722 50.59 + 1.47 2 48.86 +1.21°2 4924 +1.63°2 4794 +2.022 46.38 +0.89 @ 47.72 + 1532
C16:1 Palmitoleic acid methy] ester 0.45 + 0.06 051+ 0.152 0.36 & 0.06 2 042 4+ 0.022 041 +0.032 043 +0.052 0.53 +0.022 0.55 + 0.09 2
C17:0 Heptadecanoic acid 0.51 4 0.042b 0.57 4+ 0.153b 0.33 £ 0.152 0.45 + 0.06 2P 0.42 £ 0.09 2 0.60 4 0.04 b 0.72 4+ 0.07° 0.48 4+ 0.153b
methyl ester
C17:1 Heptadecenoic acid 0.15 4 0.072 0.24 +0.00° 0.15 4 0.04 @ 0.14 4+ 0.02° 0.19 4 0.03 2 0.20 4 0.09 0.23 +0.10° 0.14 4 0.072
methyl ester
C18:0 Stearic acid methyl ester 31.50 + 5.68 ¢ 30.12 £2.97b¢ 30.01 £ 1.16b¢ 26.36 £ 0.902b¢ 28.36 &+ 3.002b¢ 21.07 £ 0472 22.98 +2.092b 2342 +2.052b¢
C18:1 Oleic acid, Cis-9 methyl ester 226 +0.382P 1.90 £ 0512 1.89 +£0.282 254 4+ 0.16 2P 2.34 4+ 0.46 2P 3.624+0.92P 2.36 + 0.53 2P 249 +0.262P
C18:2 Linoleic acid, Cis-9 methyl ester 8.49 +£2432 11.51 4+ 3.26ab¢ 11.16 + 1.472b 14.53 + 0.59 b ¢ 12.70 4 0.51 2b¢ 19.204+2.80°¢ 14.67 +1.89bc 13.94 + 1.56 2b¢
C20:0 Arachidic acid methyl ester 0.31 4 0.042 031 4 0.072 0.32 4 0.062 0.32 4+ 0.032 0.34 4+ 0.042 0.30 + 0.09 2 0.23 4 0.09 2 0.17 4 0.042
C18:3 a-Linolenic acid, 1.43 4 0.44 2 211 +0.722b 2.3 +0.412b 297 +0.182b¢ 2.71 +0.37bcd 3.83 + 0.36 <d 348 4+ 0.54bcd 427 +£0924
Cis-3 methyl ester
€20:3 Homo-gamma-Linolenic acid, - ; 0.15 + 0.06 2 0.20 + 0.012 0.21 + 0.042 0.50 + 0.13b 0.52 +0.16" 0.49 +0.10"
Cis-6 methyl ester
C22:0 Behenic acid methyl ester 0.23 4+ 0.062b¢ 0.25 + 0.092b 0.30 4+ 0.072b¢ 018 +0.122 031 4+ 0.012b¢ 0.59 + 0.21b¢ 0.63 +0.14°¢ 0.51 +0.082b¢
C20:5 EPA, Cis-3 methyl ester 0.39 +0.09 ¢4 0.48 +0.13¢de 0.17 £ 0.07 2b¢ 0.10 £ 0.022P 0.07 £0.01° 0.98 +0.354¢ 1.14 £ 047°¢ 0.32 +0.06°¢
C24:1 Nervonic acid, 0.63 4+ 0.102b 0.51 4 0.012b 0.45+0.102 0.51 4 0.072b 0.82 +£0.03b 0.55 4+ 0.022b 0.48 + 0.06 2 0.52 4+ 0.202b

Cis-9 methyl ester
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Figure 7. Total saturated (XSFA) and unsaturated (ZUFA) fatty acids and their ratios in Nannochloris
sp. JB17 according to the different sodium ions concentrations (g-Na* /L in fresh as well as in sea
water). The data represent the mean of n = 3, while error bars represent the standard deviation.
Different subscript letters denote statistically significant differences (p = 0.05).

3.2.3. Carbohydrates

A further characterization of the carbohydrates of Nannochloris sp. JB17 cultivated with
different NaHCOj3 concentrations in fresh as well as in sea water is shown in Figure 8. The
main fraction of carbohydrates was in the type of neutral sugars ranging from around 72%
to 80% (of total carbohydrates), while uronic acids were in negligible amounts. Moreover,
Nannochloris sp. JB17 showed that it contains around 8-9% sulfated polysaccharides, which
is an interesting fraction of carbohydrates since sulfated polysaccharides exert significant
biological properties, such as immunity, anti-virus, and anti-oxidation activities [49]. In
general, the carbohydrate types in Nannochloris sp. JB17 did show consistency and the
changes in their cultivation conditions did not affect their content, with the exception of Npq
where neutral sugars were the highest (statistically significant difference) compared to all
other cultures. Nevertheless, as it was shown in Figure 5, Nannochloris sp. JB17 contained
carbohydrates in the range of 26-31%. This relatively high carbohydrate content along with
the integrity of the cell wall in Nannochloris sp. JB17 possibly relates to its salt tolerance.
Under high salt conditions, numerous carbohydrates are synthesized and accumulated
in the chloroplasts and may maintain cellular osmotic balance or be preserved as energy
storage compounds to cover cell metabolic energy demands [42].
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Figure 8. Selected types of sugars (uronic acid and neutral) and sulfated polysaccharides of Nan-
nochloris sp. for the cultures treated with different NaHCO3 concentrations in fresh as well as in
sea water. Percentages are expressed as % of total carbohydrates. The data represent the mean of
n = 3, while error bars represent the standard deviation. Different subscript letters denote statistically
significant differences (p = 0.05).
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4. Conclusions

In conclusion, Nannochloris sp. JB17 displayed a robust growth pattern in both fresh
and sea-water-based media with increased bicarbonate concentrations. Only at the higher
sodium strength (sea water supplemented with 60 g/L bicarbonates) was the biomass
concentration significantly lower, while the best performance was obtained in fresh water
media supplemented with 40 g/L and 60 g/L NaHCOj;. The biochemical composition did
not significantly differ between treatments, where total protein content ranged between
32.4 and 38.5%, total lipids between 12.6 and 13.3%, and carbohydrates between 26% and
30.9%. The microalga had a good essential amino acids index of 0.85-1.02 but displayed
significantly low in vitro protein digestibility (15-20%). The ratio of the saturated to
unsaturated fatty acids ranged between 6 and 3, while the increased sodium strength
improved the content of a-linolenic acid (C18:3) and linoleic acid (C18:2). The microalga
contained around 8-9% sulfated polysaccharides. The results indicate that Nannochloris sp.
JB17 is a potential candidate to be used for carbon capture and utilization of biosystems
using bicarbonates as the carbon source. However, more research is needed to assess the
applicability of the Nannochloris sp. JB17 in scaled-up facilities and for further exploration
of the produced biomass as food or feed applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bioengineering11121301/s1, Section S1: Adaptation protocol,
Section S2: detailed statistical analyses of the results.
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