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Yixing Sui, Siegfried E. Vlaeminck”

Research Group of Sustainable Air, Energy and Water Technology Group, Department of Bioscience

Engineering, University of Antwerp, Groenenborgerlaan 171, 2020 Antwerpen, Belgium

*: Corresponding author: siegfried.vlaeminck @uantwerpen.be



mailto:siegfried.vlaeminck@uantwerpen.be

[ I N

10
11
12

13
14
15

16

17
18

19

20

21

22

23

24

25

Abstract

BACKGROUND: Microalgae has been long adopted for the use as human food, animal feed and high-
value products. For carotenogenesis, Dunaliellasalina is one of the most studied microalgae, yet its
protein synthesis has been limitedly reported. In this study, D. salina was cultivated at different NaCl and

pH levels to optimize its protein productivity.

RESULTS: The biomass protein content followed an increase-decrease pattern throughout the growth
phases with a maximum in the exponential phase (60-80% over ash free dry weight). Adversely, the
biomass pigment contents were at relatively stable levels (around 0.5% carotenoids, 1.3% chlorophyll a
and 0.5% chlorophyll b overash free dry weight). Among the tested conditions (1-3 M salinity; pH 7.5-
9.5), the highest protein productivity (43.5 mg/L/d) was achieved at 2M salinity and pH 7.5 during the
exponential phase, which surpassed others by 16-97%. Additionally, table salts were tested to be

equivalent and cost-efficient salt sources for the growth medium.

CONCLUSION: This study highlighted the suitability of D. salina as a protein source, providing
guidelines for 70% cheaper medium formulation in the lab and for maximum protein productivity at

larger scale.
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INTRODUCTION

The world’s population is projected to reach 9.3 billion by 2050, among which 6.4 billion will be urban
population.® The effects of such population and living standard increase are expected to create a high
protein demanding society.2 Specifically, an increase of 102% meat products and 82% dairy products are
foreseen by 2050.2 To cope with this future protein scarcity, novel protein sources, such as microalgae,

have to be considered as an important contribution.3

Due to their high nutritional value, microalgae have been explored as a sustainable source forhuman
food, animal feed and high-value products since the 1950s, and large scale production has been
successfully established in Asia, USA, Australia, Israel and India since the 1980s.* Currently, the most
widely used species for phototrophic cultivation belong to the genera Arthrospira, Chlorella, Dunaliella

and Haematococcus.>

Dunaliellasalinais a unicellular, biflagellate green hypersaline microalga with an ovoid shape varying
from5to 25 um in length 3 to 13 pm in width, respectively .S It is different from most eukaryotic
microalgae by the lack of a rigid cell wall.8 Owing to its high B-carotene content, D. salina was the first
alga commercially produced for high-value compounds.” At the same time, D. salina also displays high
biomass protein content of 57% over dry weight, similar to other two commonly used microalgal species,
i.e. 46-63% for Arthrospira platensis and 51-58% for Chlorellavulgaris, respectively.® Nevertheless, due
to its unique characteristic of carotenogenesis, most research and commercialization have been limited to
the area of 3-carotene production rather than protein production. Indeed only limited studies were found
using Dunaliella species as a protein source.®* In the 1970s, the use of Dunaliella primalecta biomass as
a source of protein (52% protein over dry weight) was proposed by Gibbs and Duffus (1976) for the first
time. Later on, Finney et al. (1984) have tested the usage of commercial Dunaliellasp. biomassas a
proteinsupplement (55% protein over dry weight) in bread. One year later, Dunaliella tertiolecta as
representative marine species also showed high potential as single cell protein, even surpassing some
freshwater species with 54% protein over dry weight.® More recently, a few studies demonstrated that
protein content of D. salina can be affected by their cultivation conditions.12-15 Tavallaie et al. (2015)
concluded that the optimum autotrophic conditions for D. salinawere at pH 8.5 and 1.7M salinity, with
growth inhibition above 5M salinity. Maximum protein productivity of 5.4 mg/L/d was reached, and

changing pH level and salinity resulted in a decreased protein content and productivity.!2 Similarly, in
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two other studies, maximum protein content of 9 and 14% over dry weight were found from standard
autotrophic cultivation of D. salina with protein productivity around 1.7 mg/L/d.1415 Khatoon et al.
(2017) further investigated salinity and growth phase influencing the biochemical composition of
Dunaliellasp. It was concluded that Dunaliella sp. grows best at 0.2M salinity where it also accumulates
the most proteinin the stationary phase (50% over dry weight). Besides expressing protein content based
on dry weight, Dunaliella typically has 20% ash content, consequently giving 1.25 times higher protein
content if expressed as ash free dry weight (AFDW).1%.36 Qverall, scattered dataare available from
different Dunaliella species, and the cultivation conditions leading to the highest protein levels and
productivities are either lacking or inconclusive. Results are contradicting, and hence do not yet allow to

establish the potential of D. salina as a protein producer.

Sodium chloride (NaCl), as a major component of media cultivating hypersaline species like D. salina,
comes from either natural seawater, forming undefined medium for large scale production, or from
analytical grade salt, forming defined medium for lab scale cultivation.!” Even though analytical grade
saltis never usedfor large scale cultivation, it is widely used in the medium for lab scale cultivation, for
researchers to explicitly define and manipulate the medium composition.® However, when using
analytical grade chemicals for D. salina in lab scale, in the case of Modified Johnson’s medium with 2
molar salinity, NaCl composes 96% of the total nutrient ions, and accounts for 71% of the total nutrient
costs (as shown in experiment 1). Alternatively, replacing analytical grade NaCl with more cost-effective
table salt would save cost from salt consumptions while keeping the convenience of defined mediumin
lab scale. Nonetheless, no studies were found exploring the possibility and effect of replacing analytical

grade NaCl with table salt, on the growth of D. salina.

It is clear that, insufficientknowledge has been obtained, exploring the potential of D. salina as a protein
source forthe usage as human food and animal feed. It is the goal of this study to fill this knowledge gap
by 1) investigating the effect of using table salt replacing analytical grade NaCl in a defined media, 2)

optimizing the biomass protein productivity through varying salinities and pH levels, and 3) mapping the

biomass proteinand pigment dynamics throughoutthe growth phases.
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MATERIALS AND METHODS

Strain, cultivation medium and conditions

Dunaliellasalina SAG 184.80 was obtained from SAG, Culture Collection of Algae at Géttingen
University, Germany. The microalgal culture was maintained aseptically in Modified Johnson's medium?®
at 2M salinity and pH 7.5, with the following composition (g/L): KH2POa, 0.035; MgSO4-7H-0, 0.5;
CaCl2-2H20,0.2; MgCl2-6H20, 1.5; KCI, 0.2; KNO3z, 1; NaHCO3, 0.043; NaCl, 117; FeClz-6H20,
244-10%; Na2EDTA, 189-10%; H3BO3, 61-10-%; MnCl2-4H20, 4.1-105; ZnCl3, 4.1-10-5; CuSO4-5H:0,
6-10-5; CoCl2-6H-0, 5.1-10%; (NH4)sM07024-4H20, 38-105. Medium was made from corresponding
stock solution and autoclaved for sterilization. Cultures were maintained in a room with controlled
temperature (20°C). Light intensity was provided by fluorescent tubes (Sylvania F58W/GRO) at 55

pmol/m2/s and under continuous illumination.

General cultivation conditions

The general cultivation conditions were as follows, with exceptions specified in section 0: D. salinain all
experiments was cultivated in 500 mL Erlenmeyer flasks filled with 400 mL medium (except experiment
4); temperature, salinity, pH, light intensity and light duration were set at 20°C (except experiment 1), 2M
(except experiment 2), pH 7.5 (except experiment 3), 55 umol/m?/s (exceptexperiment 1) and 24h,
respectively; initial biomass concentration was set at an optical density at 680 nm (ODssgo) 0f £0.03;
mixing of the culture was provided by placing the flasks on a magnetic stirring plate (Thermo
Scientific™ Cimarec™ 1 Poly 15) at 200 rpm; all flasks were aerated (TetraTech®, APS100) with 0.2 um
filtered (Minisart® NML Syringe Filter) air at a rate of 4.17 vvm (except experiment 4); all the flasks
were daily randomly rotated to provide even light distributions on each flask; pH was daily maintained
constant to the set value by 1M NaOH or 1M HCI; each experiment was sampled daily from Monday to
Friday; all chemicals used for culture medium, analysisand pH control were analytical grade except for

the salts listed in Table 1.

Specific experiment variations
In experiment 1, two media treatmentsin duplicate with analytical NaCl and table salt were used (Table
1). All flasks were incubated (Snijders Scientific Economic Delux, ECDO1E) at a constant temperature of

28°Cand light intensity of 70 umol/m?/s. The experiment was ended before reaching stationary phase.
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In experiment 2, three different media with different salinities were prepared, namely 1M, 2M and 3M,

usingtable salt (Table 1). Eachtreatmentwas set up in triplicate.

In experiment 3, the mediawere prepared with table salt (Table 1) reaching three different pH levels at
pH 7.5, pH8.5and pH 8.5-9.5, the later was not controlled to a set value. Treatmentof pH 7.5 was not

repeated in this experiment, but taken from experiment 2 at 2M salinity and pH 7.5.

In experiment 4, five differenttable salts including fine seasalt, raw sea salt, pickle seasalt, raw rock salt
and vacuum rock salt were used in composing the media (Table 1). 100 mL Erlenmeyer flasks were used
in this experimentwith 50 mL medium enriched with 10mM NaHCO3 without aeration. Each treatment

was setup in triplicate.

Biomass growth, protein and pigment measurement

Daily samples from each experimentwere directly analyzed for ODsgo and stored in the freezerat -20°C
for protein and pigments analyses at the end of each experiment. Biomass concentration was estimated
following a calibration curve made between ODeso and ash-free dry weight (AFDW) (R?=0.999):

AFDW (g/L) = 0.5069 X OD¢ggo — 0.0131

To determine AFDW, 10 or 20 mL cell suspension was filtered through a pre-incinerated glass fiber filter
(VWR glass microfibers filter 698) and dried at 75°C (Memmert GmbH UF260) until constant weight.
The filter was then incinerated in a muffle furnace (Nabertherm GmbH Controller B170) at 550°C for 2h.
After cooling, the weight difference over the used volume was recorded as AFDW (g/L). For the growth
rate calculation, GraphPad Prisma software was used fitting the experimental data to the Gompertz

model?® modified by Zwietering etal. (1990) and subsequently used to calculate the growth rate:

N N, X e
Ln (—t) =Ln (—m) X exp[—expum% x(A—1t)+1]
Ny Ny Ln (_m)
No

where Ntand No are the biomass concentrationsat time tand time 0. Nm is the maximum biomass
concentration (at stationary phase). tmax is the maximum specific growth rate, A is the lagtime and e
(2.718) is the exponential constant.

Samples for protein and pigment measurement were analyzed directly without cell pre-disruption due to
the lack of cell wall of D. salina. The protein content was determined using Markwell method, a modified

Lowry method with sodium dodecyl sulfate addition in the alkali reagent and an increase in copper
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tartrate concentration.?2 Total carotenoids, chlorophyll a and chlorophyll b were extracted from the
biomass with 100% acetone after centrifuging the suspended samples at 5000g for 10 minutes. The
extraction took place on a thermo-shaker (Biosan TS-100C) at 1400 rpm at ambient temperature for 10
minutes. The supernatants containing pigments were then measured according to Lichtenthaler, (1987):
Chl a (mg/L) = 11.24 X ODygy ¢ — 2.04 X ODg 4y
Chl b (mg/L) = 20.13 X ODgyy g — 4.19 X 0Dy ¢

Chl (mg/L) =Chla+ Chlb

1000 X 0D, — 1.90 X Chl a — 63.14 X Chl b
214

Total carotenoids (mg/L) =

where ODegs1.6, ODs44.8and ODao refer to the optical densities of the extracted supernatant measured at
661.6 nm, 644.8 nmand 470 nm, respectively.

The biomass protein and pigment contents were expressed as a fraction of the biomass (YAFDW). The
suspension protein and pigment contents (g/L) were the results of multiplying the biomass concentration
AFDW (g/L) with corresponding protein and pigment contents (%AFDW). The biomass productivity was
calculated as the net biomass concentration (g/L) divided by the time of cultivation (mg/L/d) and the
protein productivity was calculated as the net suspension protein content (g/L) divided by the time of

cultivation (mg/L/d) at each sampling point.

Medium salinity determination

The NaCl content of different salts were determined as NaCl% over the saltdry weight. All the saltswere
pre-driedat 105°C (Memmert GmbH UF260) overnight and cooled down to constant weight in a
desiccator before analysis. Known amount of each salt was dissolved in deionized water and the molar
concentrations of both Na*and CI- ions were analyzed using an electrolyte analyzer (AVL 9180).
Whenever the molar concentrations of Na* and CI- were different, the higher one was chosen as the molar
concentration of NaCl. The conductivity of media was measured using an EC/TDS/salinity meter (Hanna

edge® HI2030-01).

Statistical analysis
All experiments were done in triplicate with results expressed as means + standard deviationsin tables
and figures, exceptfor experiment 1, which was done in duplicate with results reported as raw data. SPSS

statistics 24 was used for statistical analysis following the independent samples t-test (two groups
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comparison) or one-way ANOVA test (multiple groups comparison followed by post-hoc Tukey’s test).

A significance level p < 0.05 was considered as statistically different.

RESULTS AND DISCUSSION

Experiment 1: Effect of analytical NaCl vs. table salt

In this experiment, medium composed of table salt (97.8% NaCl) was tested for the growth of D. salina,
in comparison with medium composed of analytical NaCl (99.4% NaCl; Table 1). The growth of D.
salina in both media showed a highly similar pattern without evident lag phase after biomass inoculation
and a linear biomass level increase until theend (day 12; Figure. 1). In Table 2, key growth parameters at
the end of the experiment were summarized. No significant differences were found in the parameters,
except forthe protein productivity, where the biomass level in the table-salt substituted medium was
higher. The difference could be due to experimental variation considering that the NaCl content of the
two salt types differed with only 1.6% (Table 1). Cost-wise, as salt consumption is one main contributor
to the operational costsof cultivating Dunaliellaat large scale, even at lab scale the medium cost could
be significantly reduced by replacing analytical NaCl to table salt.?* As indicated in Table 1, the medium
price can considerably be reduced from 1.65 €/L to 0.5 €/L, saving 70% of the medium cost. Considering
that high salinity, thus high saltusage is required for D. salina cultivation, it can be recommended to use
table salt as a more cost-efficient source of salinity at lab scale. Experiments 2 and 3 were conducted in

the medium with table salt.

Experiment 2: Effect of salinity

The different salinities (1, 2 and 3 M) did not have an impact on the overall growth trends, and biomass
concentration followed the typical growth curve to stationary phase, while other parameters followed an
increase-decrease pattern (Figure. 2). The protein productivity of all treatments developed to its maximum
in the exponential phase, with vast reductions of 50-60% towards the stationary phase (Figure. 2e). This
patternwas composed of similar dynamics of both biomass protein content and suspension protein
content (Figure. 2b and 2c). Typically, the biomass protein content of D. salina in this experiment was
highest at early exponential phase (60-87% AFDW), with a fast drop until the stationary phase, with
reductions of 40-54% (Figure. 2b). For the suspension protein content, the maximum levels for all three

salinitieswere reached in the late exponential phase. This content declined with 15-24% in the stationary
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phase (Figure. 2¢), indicating that the net production of protein stopped during the late exponential phase.
Even though the observed increase-decrease pattern has been described by several studies, especially for
the biomass protein content, it has never been reported for D. salina. Piorreck and Pohl (1984) tested two
green microalgae (Chlorella vulgaris and Scenedesmus obliquus) and two blue-green microalgae
(Anacystis nidulans and Microcystis aeruginosa) for their biochemical composition over the growth
phases, and all showed highest protein content in the exponential phase with a drastic decrease in the
stationary phase. The same pattern was observed with other seven marine species during one growth
phase.?® These findings all correspond well with the pattern observed for D. salina in this study.
Furthermore, similar pattern as with this study was also obtained for marine microalga Isochrysis galbana
regardless of nitrogen sources (nitrate, nitrite and urea) and temperatures (15°C and 30°C).2" 3 |t is
reported that the increase-decrease pattern of biomass protein content is largely related to nitrogen
availability, with loss of protein synthesis resulted from insufficient nitrogen during the stationary
phase.2526:28-30 At this point, the metabolism switches to channeling the excess carbon from
photosynthesis into storage compounds rather than protein.132 This also implies that microalgal biomass
from an exponential phase with sufficient nitrogen generally presents a high protein content.?” Although
nitrogen content was not measured in this experiment, according to the Redfield ratio (C:N:Pis 40:7:10on
mass base) and medium composition (0.14 g N/L), nitrogen became depleted when biomass concentration
reached above 1 g AFDW/L. All in all, the results highlighted that the exponential phase has the highest
protein productivity, and is therefore considered to be a suitable harvesting point when targeting the

production of protein-rich biomass.

Table 3 summarized the key growth parameters of D. salina under three different salinities. It is clear
that, D. salina cultivated at 2M salinity performed the best, reaching the highest biomass production,
biomass productivity and protein productivity of 1.4 g/L, 60.7 mg/L/d and 43.5 mg/L/d, respectively. The
optimal salinity for D. salina found in this study is higher comparing with other studies on both D. salina
and other Dunaliellaspecies. When cultivated at 0.5M NaCl salinity mixed with municipal wastewater,
D. salina showed the highest biomass production.33 For Dunaliella sp. isolated from South China Sea, the
optimal salinity for cultivationare 0.5M and 0.9M, while at 0.9M salinity the microalga accumulated the
highest protein content around 50% during the stationary phase.13 Another strain Dunaliellatertiolecta

meanwhile also showed the best biomass production at 0.9M NaCl salinity.34 However as the optimum
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cultivation conditions for microalgae are highly strain-dependent, each strain needsto be tested for its
optimum performance. When focusing on the protein productivity, D. salina cultivated at 2M salinity
outcompeted 1M and 3M salinity with 16% and 97%, correspondingly. Practically, the biomass
productivity for open ponds has been reported to be 2.8-220 mg/L/d for various microalgal species and
farm locations, while for closed photobioreactors the value is typically 200-3800 mg/L/d.3538 The
performance of D. salina in this study is comparable to an outdoor cultivation scenario. If further
considering 50% protein content for microalgae in general, the protein productivity foropen pondis to be
1.4-110 mg/L/d.8 Comparing with the maximum protein productivity of 43 mg/L/d of D. salina resulted
fromthis study, it also represents an outdoor cultivation scenario. Although the results obtained from this
study were derived from continuous lighting, much lower light intensity and different reactor types
comparing with open systems, they positively proved that D. salina can be used as a protein source with
high protein content, and indicatively showed its potential to be applied in scaled-up outdoor cultivation

atgood protein productivity.

Experiment 3: Effect of pH level

Similar to the profiles obtained at different salinities, the different pH levels yielded common biomass
growth curves as well, with most other growth parameters presenting an increase-decrease pattern
(Figure. 3). The maximum protein productivities were obtained in the exponential phase for all
treatments, and reduced by 36-60% towards the stationary phase (Figure. 3¢). Similarly, after reaching
maximum levels of 59-81% in the exponential phase, the biomass protein content showed a decline of 26-
54% (Figure. 3b). The suspension protein content profile at pH 8.5 and pH 8.5-9.5 looked different, with
maximum levels reached only in the stationary phase. However these levels were still both 18% below the
maximum values of pH 7.5 (Figure. 3c). The pH evolution of treatment pH 8.5-9.5 started at pH 8.5, with
a rapid increase to pH 9.5 on day 4 when biomass started to grow exponentially, and maintained the level
until the stationary phase. This possibly contributed to the significantly low starting level of biomass
protein content at pH 8.5-9.5 (Figure. 3b), considering that the optimal pH for D. salina was reported to

be pH 7.5, and higher pH can be detrimental for biomass growth and protein synthesis.16:3%-41

Fromthe three tested pH levels, pH 7.5 is preferred, obtaining the best results in terms of all growth
parameters (Table 3). As suggested, a neutral pH level is essential for the cell growth of Dunaliella.®

Many studiesalso used and proved that pH 7.5 is the optimal pH, thus the findings from this study

10
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coincided with the literatures.*-4! Specifically for protein productivity, the maximum valueatpH 7.5 is
significantly higher, up to 60% and 43% compared to pH 8.5 and 8.5-9.5, respectively (Table 3). As using
free carbon dioxide is one the key actions to minimize production cost of microalgae, if any production
site to be located nextto a free carbon dioxide source, e.g. flue gas, maintaining the mediumto be pH 7.5
can be conveniently achieved.®#2 Together with the results obtained from experiment 2, it is evident that

D. salina cultivation at 2M salinity and pH 7.5 is recommended for optimal protein production.

Experiment 4: Pigment dynamics in different salt-substituted media
Seeing the vast changing protein dynamics of D. salina, in this experiment the pigment dynamics were
studied throughout the growth phases. In addition, more salt types from both rock and sea salt were

included to verify the purity/origin of NaCl had few effects on biomass growth and pigment composition.

The biomass concentration, the biomass and suspension levels of chlorophyll a, b and carotenoids are
shown in Figure. 4. For comparison purposes, more growth parameters are also presented in Table 4. As
can be seen from Figure. 4, D. salina performed equivalently in five different salt mediain terms of
biomass concentration and suspension pigment contents. This is likely due to the highly similar NaCl
contents (only 1.8% difference) and corresponding media conductivities (only 0.3% difference) (Table 1),
indicating that impurities from different origin have no effect. Biomass in raw sea salt medium overall
gave a large standard deviation at the later phase of cultivation, which was also confirmed visually by the
different colors of the suspension. The reason cannot be verified but was suspected to be an error with pH
control. Based on the statistical analysis, from all pigment parameters listed in Table 4, no significant
differences were found, further confirming that salt types in this experiment had no influence on the
pigment composition of D. salina. Together with experiment 1, it is suggested that culture media
composed from different salts with high NaCl content have no effect on cultivating D. salina. Thus, even

only for lab-scale cultivation, cheap salt sources should be preferred.

From another perspective, the variations of biomass pigment content in different growth phases also
remained insignificant. As indicated in Table 4, for all pigment parameters, there were no significant
differences between the exponential phase and the stationary phase. More specifically, Figure. 5
illustrated the relation of both biomass proteinand pigmentcontent of D. salina as a function of the

biomass level throughout the growth phases. It is worth mentioning that all presented results were from

11
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samples before nitrogen depletion (below 1 g AFDWY/L), as estimated based on Redfield ratio. Instead of
an increase-decrease pattern of biomass protein content, biomass pigment content remained stable. As
explained before, nitrogen availability in different growth phases has a big impact on the microalgal
biomass composition, especially on the nitrogen-rich compounds such as protein (16%), chlorophyll a
(6.3%) and chlorophyll b (6.2%).26:28-3043 |t has been reported that chlorophyll can be used as nitrogen
pool once the nitrogen in the medium becomes depleted.28:4445> However, differently from protein content
reduction, chlorophyll content only starts reducing after the complete depletion of nitrogen in the
medium.*4*5 As the nitrogen in the medium has notbeen depleted at this stage, no decrease of chlorophyll
content was observed yet (Figure. 5, Table 4). Regarding the total carotenoids content, as many studies
have addressed the dynamics of carotenoids of D. salina at carotenogenic conditions, such as high light
intensity, nutrient deprivation, high salinity, the carotenoids evolution pattern at non-carotenogenic
conditions is notclear.* In the present study, with using a non-carotenogenic D. salinastrain, no
significantchanges were found throughout the growth phases, which is similar with two strains of

Chlorellaminutissima cultured for 12 days.*’

CONCLUSIONS

Microalga D. salina is suitable to produce highly proteinaceous biomass and the importance of the
exponential growth phase with the highest biomass protein content and productivity is highlighted. The
optimal cultivating conditions were 2M NaCl and pH 7.5 obtaining the highest protein productivity of
43.5 mg/L/d and biomass protein content of 81%. Additionally, cost-efficient table salts were found
perfectly suitable for cultivating D. salina. Compared to the dynamic biomass protein content, the
biomass pigment content was rather stable throughout the growth phases. These findings hence provided

insights for cheaper cultivation at lab scale, and improved protein productivity at larger scale.

ACKNOWLEDGEMENTS

The authorswould like to acknowledge: 1. the China Scholarship Council for financially supporting Y.
Sui (File No. 201507650015); 2. the MIP i-Cleantech Flanders (Milieu-innovatieplatform; Environment
innovation platform) project Microbial Nutrients on Demand (MicroNOD) for additional financial
support; 3. Donja Baetens, Eline Cauwenberghs, Gynaika De Coster, Arne Janssens and Michiel

Peersman for contributions to the experimental work; 4. research group of systemic physiological &

12



w

a v b

10

11
12

13
14
15

16
17
18

19
20
21
22

23
24

25

26

ecotoxicological research (SPHERE) and prof. Ronny Blustfrom University of Antwerp for the use of the
electrolyte analyzer; 5. dr. Erik Van Eynde and Paolo Di Lonardo for the feedbacks on the written

manuscript; 6. Esco Benelux and Christophe Vermote from ZOUTMAN for providing salt samples.

REFERENCES
1 CorcoranE, Nellemann C, Baker E, Bos R, Osborn D, Savelli H, Wastewater and global change,
in Sick water? The central role of wastewater management in sustainable development, United

Nations Environment Programme, UN-HABITAT, GRID-Arendal pp 49-51 (2010).

2 Boland MJ, Rae AN, Vereijken JM, Meuwissen MPM, Fischer ARH, van Boekel MAJS et al.,
The future supply of animal-derived protein for human consumption, Trends Food Sci Technol

29:62-73(2013).

3 Anupama, RavindraP, Value-added food: Single cell protein, Biotechnol Adv 18: 459-479

(2000).

4 Vigani M, Parisi C, Rodriguez-Cerezo E, Barbosa MJ, Sijtsma L, Ploeg M et al., Food and feed
products from micro-algae: Market opportunities and challenges for the EU, Trends Food Sci

Technol 42: 81-92 (2015).

5 Enzing C, Ploeg M, Barbosa M, Sijtsma L, Micro-algal production systems, in Microalgae-based
products for the food and feed sector: an outlook for Europe, ed by Vigani M, Parisi C,

Rodriguez Cerezo E. Publications Office of the European Union pp 9-18 (2014).

6 Polle JEW, Tran D, Ben-Amotz A, History, distribution, and habitats of algae of the genus
Dunaliella Teodoresco (Chlorophyceae), in The alga Dunaliella: biodiversity, physiology,
genomics and biotechnology, ed by Ben-Amotz A, Polle JEW, Subba Rao D V. Science

Publishers: Enfield, NH, USA, pp 1-14 (2009).

7 Borowitzka MA, High-value products from microalgae-their development and commercialisation,

J Appl Phycol. 25: 743-756 (2013).

8 Becker EW, Micro-algae as a source of protein, Biotechnol Adv 25: 207210 (2007).

9 Fabregas J, Herrero C, Marine microalgae as a potential source of single cell protein (SCP), Appl

13



10
11

12
13
14

15
16
17

18

19
20

21
22

23
24

25

10

11

12

13

14

15

16

17

18

19

20

Microbiol Biotechnol 23: 110-113 (1985).

Finney KF, Pomeranz Y, BruinsmaBL, Use of algae Dunaliella as a protein supplement in bread,

Cereal Chem 61: 402406 (1984).

Gibbs N, Duffus CM, Natural protoplast Dunaliellaas a source of protein, Appl Environ

Microbiol 31: 602604 (1976).

Tavallaie S, Emtyazjoo M, Rostami K, Kosari H, Assadi MM, Comparative studies of B-carotene
and protein production from Dunaliella salina isolated from lake Hoze-soltan, Iran, J Aquat Food

Prod Technol 24: 79-90 (2015).

Khatoon H, Haris N, Banerjee S, Rahman NA, Begum H, Mian S et al., Effects of different
salinities on the growth and proximate composition of Dunaliellasp. isolated from South China

Sea at different growth phases, Process Saf Environ Prot 112: 280287 (2017).

Wan M, Liu P, Xia J, Rosenberg JN, Oyler GA, Betenbaugh MJ et al., The effect of mixotrophy
on microalgal growth, lipid content, and expression levels of three pathway genes in Chlorella

sorokiniana, Appl Microbiol Biotechnol 91: 835-844 (2011).

Yingying S, Changhai W, Jing C, Growth inhibition of the eight species of microalgae by growth
inhibitor from the culture of Isochrysis galbana and its isolation and identification, J Appl Phycol

20: 315-321 (2008).

Lamers PP, Metabolomics of carotenoid accumulation in Dunaliellasalina, (2011).

Harrison PJ, Waters RE, Taylor FJR, A broad spectrum artificial sea water medium for coastal

and open ocean phytoplankton, J Phycol 16: 28-35 (1980).

Berges JA, Franklin DJ, Harrison PJ, Evolution of an artificial seawater medium: Improvements

in enriched seawater, artificial water over the last two decades, J Phycol 37: 1138-1145 (2001).

Borowitzka MA, Algal growth mediaand sources of cultures, in Micro-algal Biotechnology,

Cambridge University Press: Cambridge, pp 456-465 (1988).

Gompertz B, On the nature of the function expressive of the law of human mortality, and on a

14



10
11

12
13

14
15

16

17
18

19
20
21

22
23
24

25
26

21

22

23

24

25

26

27

28

29

30

new mode of determining the value of life contingencies, Philos Trans R Soc London 115: 513—

583 (1825).

Zwietering MH, Jongenburger I, Rombouts FM, Van’t Riet K, Modeling of the bacter ial growth

curve, Appl Environ Microbiol 56: 1875-1881 (1990).

Markwell MAK, Haas SM, Bieber LL, Tolbert NE, A modification of the Lowry procedure to
simplify protein determination in membrane and lipoprotein samples, Anal Biochem 87:206-210

(1978).

Lichtenthaler HK, Chlorophylls and carotenoids: pigments of photosynthetic biomembranes,

Methods Enzymol 148: 350-382 (1987).

Thomassen G, Egiguren Vila U, Van Dael M, Lemmens B, Van Passel S, A techno-economic

assessment of an algal-based biorefinery, Clean Technol Environ Policy 18:1849-1862 (2016).

Piorreck M, Pohl P, Formation of biomass, total protein, chlorophylls, lipids and fatty acids in

green and blue-green algae during one growth phase., Phytochemistry 23: 217-223 (1984).

Fern&ndez-Reiriz MJ, Perez-Camacho A, Ferreiro MJ, Blanco J, Planas M, Campos MJ et al.,
Biomass production and variation in the biochemical profile (total protein, carbohydrates, RNA,

lipids and fatty acids) of seven species of marine microalgae, Aquaculture 83: 17-37 (1989).

Zhu CJ, Lee YK, Chao TM, Effects of temperature and growth phase on lipid and biochemical

composition of Isochrysis galbana TK1, J Appl Phycol 9: 451-457 (1997).

Fidalgo JP, Cid A, Torres E, Sukenik A, Herrero C, Effects of nitrogen source and growth phase
on proximate biochemical composition, lipid classes and fatty acid profile of the marine

microalga Isochrysisgalbana, Aquaculture 166: 105-116 (1998).

Uriarte I, Farias A, Hawkins AJS, Bayne BL, Cell characteristics and biochemical composition of
Dunaliellaprimolecta Butcher conditioned at different concentrations of dissolved nitrogen, J

Appl Phycol 5: 447-453 (1993).

Brown MR, Garland CD, Jeffrey SW, Jameson ID, Leroi JM, The gross and amino acid

compositions of batch and semi-continuous cultures of Isochrysissp. (clone T.ISO), Pavlova

15



10
11
12
13
14

15
16

17
18

19
20

21
22
23

24
25

26

31

32

33

34

35

36

37

38

39

40

lutheri and Nannochloropsis oculata, J Appl Phycol 5: 285-296 (1993).

Scott SA, Davey MP, Dennis JS, Horst I, Howe CJ, Lea-Smith DJ et al., Biodiesel from algae:

challengesand prospects, Curr Opin Biotechnol 21: 277-286 (2010).

Chen H, Zheng Y, Zhan J, He C, Wang Q, Comparative metabolic profiling of the lipid-
producing green microalga Chlorella reveals that nitrogen and carbon metabolic pathways

contribute to lipid metabolism, Biotechnol Biofuels 1 (2017). do0i:10.1186/s13068-017-0839-4.

Liu Y, Yildiz I, The effect of salinity concentration on algal biomass production and nutrient
removal from municipal wastewater by Dunaliellasalina, Int J Energy Res 42: 2997-3006

(2018).

Kumar A, Guria C, Pathak AK, Optimal cultivation towards enhanced algae-biomass and lipid
production using Dunaliella tertiolecta for biofuel application and potential CO 2 bio -fixation:
Effect of nitrogen deficient fertilizer, light intensity, salinity and carbon supply strategy fertilizer
Algae-biomass and lipid production CO 2 sequestration Multi-objective optimization, Energy

148:1069-1086 (2018).

Acién FG, Fernandez JM, Magan JJ, Molina E, Production cost of a real microalgae production

plant and strategies to reduce it, Biotechnol Adv 30: 13441353 (2012).

Borowitzka MA, Microalgae for aquaculture: Opportunites and constraints, J Appl Phycol 9:

393-401 (1997).

Borowitzka MA, Techno-economic modeling for biofuels from microalgae, in Algae for biofuels

and energy, ed by Borowitzka MA, Mohemani N. Springer Netherlands pp 255-264 (2012).

Brennan L, Owende P, Biofuels from microalgae—A review of technologies for production,
processing, and extractions of biofuels and co-products, Renew Sustain Energy Rev 14: 557-577

(2010).

Ben-Amotz A, New mode of Dunaliella biotechnology: two-phase growth for 3-carotene

production, J Appl Phycol 7: 65-68 (1995).

Garcia-Gonzalez M, Moreno J, Manzano JC, Florencio FJ, Guerrero MG, Production of

16



10
11
12

13
14
15

16
17
18

19
20
21

22

23

41

42

43

44

45

46

47

Dunaliellasalinabiomass rich in 9-cis-B-carotene and lutein in a closed tubular photobioreactor,

J Biotechnol 115: 81-90 (2005).

Xu'Y, Ibrahim IM, Harvey PJ, The influence of photoperiod and light intensity on the growth and
photosynthesis of Dunaliella salina (chlorophyta) CCAP 19/30, Plant Physiol Biochem 106: 305—

315 (2016).

Norsker N-H, Barbosa MJ, Vermué MH, Wijffels RH, Microalgal production-a close look at the

economics., Biotechnol Adv 29: 24-7 (2011).

Mariotti F, Tomé D, Mirand PP, Converting nitrogen into protein-beyond 6.25 and Jones’ factors,

Crit Rev Food Sci Nutr 48: 177-184 (2008).

Li Y, Horsman M, Wang B, Wu N, Lan CQ, Effects of nitrogen sourceson cell growth and lipid
accumulation of green alga Neochloris oleoabundans, Appl Microbiol Biotechnol 81:629-636

(2008).

Benavente-Valdés JR, Aguilar C, Contreras-Esquivel JC, Méndez-Zavala A, Montafiez J,
Strategies to enhance the production of photosynthetic pigments and lipids in chlorophycae

species, Biotechnol Reports 10: 117-125 (2016).

Lamers PP, Janssen M, De VVos RCH, Bino RJ, Wijffels RH, Exploring and exploiting carotenoid
accumulation in Dunaliella salina for cell-factory applications, Trends Biotechnol 26: 631-638

(2008).

Ordég V, Stirk WA, Balint P, van Staden J, Lovasz C, Changes in lipid, protein and pigment
concentrations in nitrogen-stressed Chlorella minutissima cultures, J Appl Phycol 24: 907-914

(2012).

17



1

coNOYUIhWw

Table 1 Salts used in this study: properties and allocation to the experiment number

Salt Source Grain size NaCl content Conductivity Experiment Priceb Medium pricec
at 2m? number
(mm) (NaCl%) (mS/cm) (€/kg) (/L)
Analytical NaCl CarlRoth Art. Nr. 9265.1 extra-fine 99.4 +0.8 n.d. 1 9.99 1.65
Table salt Everyday, Colruyt Group, Belgium extra-fine 97.8 £1.6 n.d. 1,23 0.24 0.50
Seasalt_fine MARSEL® 0-1, ZOUTMAN, Belgium <1 99.2 + 0.4 156.1 4
Seasalt_raw MARSEL® 4-15, ZOUTMAN, Belgium <15 99.0 £ 0.4 156.2 4
Sea salt_pickle JAMONSAL, ZOUTMAN, Belgium <0.63 99.6 + 0.4 156.4 4 n.a
Rock salt_raw Esco Benelux, Belgium <32 99.2 £+ 0.4 156.0 4
Rock salt_vacuum Esco Benelux, Belgium extra-fine 98.7 +1.1 156.2 4

a: conductivity measured in Modified Johnson’s medium at a salinity of 117 g salt/L (2M).

b: 1 kg pack.

< price calculated based on analytical grade chemicals obtained from Sigma-Aldrich composing Modified Johnson’s medium 19 at 2M salinity.

n.d., not determined
n.a., not applicable
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Table 2 Key growth parameters from day 12 of D. salina cultivated (in duplicate as _1 and _2) in media with analytical NaCl and table salt (experiment 1)

Endpoint biomass Suspension protein Biomass protein  Biomass Protein

level content content productivity productivity Hmax
Unit g AFDW/L g protein/L %AFDW mg AFDW/L/d mg protein/L/d  d?
NaCl_1 0.47 0.27 57.8 38.9 22.5° 0.51
NaCl_2 0.50 0.28 55.7 41.9 23.3" 0.45
Tablesalt_1 0.51 0.33 64.8 42.5 27.5 0.48
Tablesalt_2 0.55 0.33 60.7 45.9 27.9" 0.45

All presented data are from day 12 except for tmax
AFDW: ash-free dry weight.

*: significant difference (p < 0.05).

Mmax: Maximum specific growth rate.



Table 3 Key growth parameters of D. salina cultivated at different salinities and pH levels (experiment 2 and 3). Data are expressed as means + standard deviation (n

Max. protein Max. biomass  Endpoint biomass

oo

10
11

13

14
15

productivity productivity  level Hmax
Unit mg protein/L/d  mgAFDW/L/d g AFDW/L d?
im 37.5+0.8 60.1+1.3 1.1 +£0.05 0.67 £ 0.03
Experiment2 2M 435 +1.8" 60.7 £ 0.8 1.4+0.04 0.52 £ 0.02
3mM 22.1+04 423 4.1 1.3+0.11 0.44 £ 0.02
pH 7.5 435 +1.8" 60.7 £ 0.8 1.4+0.04 0.52 £0.02
Experiment3 pH 8.5 27.2 £3.2 54.4 £3.2 1.1+0.04 0.55 £ 0.06
30.4+£2.6 55.7 £3.6 1.1 £0.07 0.53 £0.02

AFDW: ash-free dry weight.
*: significant difference (p < 0.05) with other treatments with the same experiment.
Mmax: Maximum specific growth rate.
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Table 4 Key growth parameters of D. salina cultivated with different table salts (experiment 4). Data are expressed as means * standard deviation

Endpoint biomass . Chlorophyll :
Leveld Hmax Chlorophylla Chlorophyllb  Carotenoids Carotenoids
Unit g AFDW/L d? %AFDW %AFDW %AFDW -
EP 13zx0.1 0.45 £ 0.08 0.51 £0.07 3.5+04
Sea salt_fine 0.9+0.09 0.32 £0.02
-1 P 13%0.1 051£0.05  0.52 +0.09 35405
EP 1.2+0.2 0.41 £0.11 0.48 £ 0.10 34+03
Seasalt_ra 0.9+0.12 0.30 £0.03
—raw SP 11z%04 0.45 £ 0.16 0.44 +0.15 3.5+0.3
. EP 13%0.2 0.48 £0.12 0.51 £0.10 3.6+0.4
Seasalt_pickle 1.0+ 0.09 0.33 £0.01
SP 14+0.2 0.54 £ 0.06 0.59 £ 0.05 3.2+0.2
EP 1205 0.47 £0.14 0.50 £0.13 35104
Rock salt_raw 0.8+0.07 0.27 £ 0.02
SP 14+0.1 0.56 £ 0.05 0.55 £ 0.09 3.6+0.6
EP 1.4%03 0.51+0.14 0.57 £0.14 34+04
Rock salt_vacuum 1.1+0.02 0.32 +0.01
SP 1.3%0.2 0.57 £ 0.06 0.55 £ 0.09 3.5+0.2

a: data from day 21 with triplicates (n=3).

EP: exponential phase. Presented data are averaged from day 7, 11,13, 14 and 18 with triplicates (n=15).
SP: stationary phase. Presented data are averaged from day 19, 20 and 21 with triplicates (n=9).

Mmax: Maximum specific growth rate.
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Figure captions:
Figure. 1 Growth of D. salina in mediawith NaCl and table salt, each in duplicate, under the conditions

of 28°C,pH7.5and light intensity at 70 umol/m2/s (experiment 1)

Figure. 2 Key growth profiles of D. salina cultivated at different salinities: a) biomass concentration; b)
biomass protein content; ¢) suspension protein content; d) biomass productivity and e) protein
productivity. Other cultivation conditions were 20°C, pH 7.5, light intensity of 55 umol/m?%'s and table

salt composed medium (experiment2). Data are expressed as means + standard deviation (n = 3)

Figure. 3 Key growth profiles of D. salina cultivated at different pH levels: a) biomass concentration; b)
biomass protein content; ¢) suspension protein content; d) biomass productivity and e) protein
productivity. Other cultivation conditions were 20°C, 2M salinity, light intensity of 55 pmol/m?/s and

table salt composed medium (experiment no. 3). Data are expressed as means + standard deviation (n = 3)

Figure. 4 Growth profile and pigment content of D. salina cultivated in mediawith differenttable salts: a)
biomass concentration; b) biomass chlorophyll a content; ¢) suspension chlorophyll a content; d) biomass
chlorophyll b content; ) suspension chlorophyll b content; f) biomass carotenoids content and g)
suspension carotenoids content. Other cultivation conditions were 20°C, 2M salinity, pH 7.5 and light

intensity of 55 umol/m?/s (experiment no. 4). Data are expressed as means + standard deviation (n = 3)

Figure. 5 Biomass protein and pigment content of D. salina as a function of the biomass concentration, as
exemplified forthe 2M salinity treatmentusing table salt from experiment 2 (protein) and the fine seasalt
treatment at 2M salinity from experiment4 (pigment). Data are expressed as means + standard deviation

(n=3)
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Figure 3.

1

25

15 20 25 30 35

Cultivation time (day)

10

=
3
© ko] L L L L
035 o o ° ]
(o2
=]
LV §
M~ o -
ITIS
Qoo
T T T T T T T T T T T T T T T
© N @ < o o o o o o © < N o o o o o o o o o
- - o =) o © © < N o =) o o © < N < (] N —

(1/Ma4v B) uonenuasuod ssewolg (MA4V%) Waluod uoid ssewolg  (7/6) uaxuod uiold uoisuadsns  (p/1/Mady Bw) Anponpoud ssewolg (p/1/6w) Awnnonpoud uislold




Figure 4.
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Figure5.
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