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Development of highly effective growth strategies
aiming at improving the content of carotenoids in
Dunaliella salina IFDSAL-JY215+

Vitor Sousa,? Filipe Maciel,®® Anténio A. Vicente, {22 Oscar Dias®®

and Pedro Geada (&) *aP

Dunaliella salina is the most promising natural source of B-carotene, presenting itself as a valid alternative to
traditional chemically synthesized carotenoids. Microalgal pigments present several advantages compared
to their synthetically produced counterparts, revealing, for instance, higher bioaccessibility. In the present
study, a central composite rotatable design and a central composite design were employed to maximize -
carotene production through the optimization of 4 cultivation variables (salinity, airflow, and the nitrogen
and phosphorus concentration in the growth medium). The optimal conditions found for B-carotene
production were 64 PSU of salinity, an airflow of 500 mL min™% and a nitrate and phosphate
concentration of 6 mmol L™ and 0.4 mmol L™} respectively. When compared to the standard
conditions, optimized cultures resulted in an improvement in the B-carotene concentration of around
88%. Concomitantly, a biomass concentration increase of 132% was observed for D. salina, from 0.93 g
L™ — under standard conditions — to 2.16 g L% under the optimal conditions. The microalga's
carotenoid profile was also found to be positively influenced by the optimization process.

The food industry has been looking for more sustainable processes. However, some products are still resulting from non-environmentally friendly practices. For
example, most of the B-carotene - a widely used pigment in the food industry - supplied to the market is obtained by chemical synthesis, though it presents

several disadvantages — lower bioaccessibility, etc. - compared to its natural counterparts, such as that produced by the microalga Dunaliella salina. By assessing
the synergistic effect of 4 growth parameters, we were able to significantly improve microalgal biomass and carotenoid production, which might contribute to

their widespread use in the food industry helping the successful adoption of the UN SDGs 2 (end hunger, achieve food security and improved nutrition and

promote sustainable agriculture) and 12 (ensure sustainable consumption and production patterns).

1. Introduction

Modern society faces exponential population growth and fore-
sees a global food' crisis by 2050, with this being just an
example of the biggest problems of the 21st century. This
context turns even more critical in the search for more
sustainable and efficient ways to meet human nutritional
needs.” A potential bio-based solution to overcome this problem
is the use of microalgal biomass as a source of biocompounds,
namely as an emergent alternative to non-animal protein for
human consumption, contributing to sustainable food
production.> Microalgae are a potential source of high-value
biocompounds - as in the case of carotenoids or proteins -
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which makes them excellent food additives." Moreover, proper
growing conditions and bulk biomass production are easy to
achieve in a wide range of environments, even under extreme
conditions (i.e., temperature, pH, light intensity, and salinity),
avoiding the need for arable land."

Dunaliella salina is a unicellular halophile green microalga
whose cells are egg-shaped, spherical, and spindly or elliptical,
with two flagella.* It is known as salt-tolerant due to its
capacity to live in a wide range of salt concentrations, from 0.5
to 4.5 mmol L' of NaCL**~ In this regard, these microalgae do
not present a rigid cell wall, which makes them easier to disrupt
under high shear stress conditions.*? D. salina is a novel source
of compounds - such as proteins or carotenoids (e.g., lutein,
neoxanthin, violaxanthin, zeaxanthin, and B-carotene) - for
industrial applications, namely in the pharmaceutical,
cosmetics, health, or food sectors.’®**> The main interest in
these microalgae is related to their capacity to accumulate high
amounts of B-carotene, which can reach up to 10% of their dry
weight.**** Indeed, D. salina is known as the most interesting
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source of natural B-carotene. This carotenoid is widely used in
cosmetics - for protection against UV radiation and oxidative
stress, food - as a food colorant or source of pro-vitamin A,
pharmaceuticals - as an antioxidant or in the formulation of
anticancer drugs -, and the nutraceutical industry - as
a preventative supplement against heart disease.»**'*'* The
traditional source of carotenoids for industrial applications is
chemical synthesis. In the case of B-carotene, chemically
synthesized compounds represent approximately 90% of the
products in the market.*'* However, microalgal pigments
present several advantages when compared to those from
traditional sources, revealing, for instance, higher bio-
accessibility and better antioxidant properties. This occurs
because all synthetic compounds exclusively contain the ¢rans-
isomer, while the cis-isomer, found in some strains of D. salina,
is responsible for these interesting properties.*®'* Carotenoids
play an important role in microalgal cells. They are involved in
several vital functions, such as capturing light energy, helping
to form structural apparatus for photosystem assembly, regu-
lating the non-photochemical quenching, or scavenging reac-
tive oxygen species (ROS) from algal cells and preventing
oxidative stress.>'>'® Usually, carotenoids are produced in
higher amounts under metabolic stress conditions. Despite all
the benefits presented by natural B-carotene, its cost (250-2000
USD/kg) is significantly greater when compared to its chemi-
cally synthesized counterparts - 350-750 USD per kg,
evidencing the need to optimize the cultivation step in order to
increase B-carotene productivity and, consequently, decrease
the overall cost of the production process. In this regard, several
studies were conducted aiming to understand which conditions
favour the accumulation of B-carotene in D. salina cells. Most of
the studies link the application of high light intensities, high
salinity, and nitrogen deprivation to higher accumulation of B-
carotene.*'*'>"” In addition, other factors, such as phosphorus
and sulfur content or the aeration rate, have also revealed
relevant impacts on B-carotene accumulation.>****

To the best of our knowledge, there is limited information
regarding the synergetic effect of different parameters involved
in microalgal cultivation, with these mechanisms being poorly
understood. Therefore, the present study aimed at improving
the productivity of carotenoids from D. salina biomass and
assessing the combined effect of the variables under study. For
that purpose, an experimental design was applied to evaluate
the impact of 4 cultivation variables (salinity, airflow, and
nitrogen and phosphorus content) on microalgal biomass
production and accumulation of carotenoids.

2. Materials and methods
2.1 Microalga strain and cultures’ maintenance

The microalga Dunaliella salina IFDSAL-JY215 was acquired from
the Roscoff Culture Collection, France (https://www.roscoff-
culture-collection.org/). Microalgae were grown in 2 L flat
bottom flasks under autotrophic conditions with a constant
light supply of 100 pmolyhoens M > s~ and airflow of 0.6 vvm
in f/2 medium. The chemical composition of f/2 medium was
as follows: nutrient solution (NaNO;: 10 mmol L7}
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NaH,PO,-H,O: 0.1 mmol L’l), trace metal solution
(Na,EDTA-2H,0: 11.7 umol L™'; FeCl;-6H,0: 11.7 umol L
MnCl,-4H,0: 0.91 pmol L% ZnSO,-7H,0: 0.0765 pmol L%
CoCl,-6H,0: 0.042 pmol L% CuSO,-5H,0: 0.0393 pmol L%,
and Na,Mo00,-2H,0: 0.026 pumol L), and vitamin solution
(thiamine HCL 0.296 pmol L™"; cyanocobalamin: 3.69 x 10~*
pumol L™%; and biotin: 2.05 x 10~* pmol L™). Salinity was set at
35 PSU." The nutrient concentrations used in the maintenance
and inoculum preparation correspond to those used as
standard conditions - central points (CPs) of Table 1.

2.2 Experimental design

The optimization process to achieve maximum microalgal
biomass and B-carotene production was carried out based on
design of experiments methodologies, particularly using the
Protimiza Experimental Design software (http://experimental-
design.protimiza.com.br). To investigate the main,
interaction, and quadratic effects of four independent
variables (nitrogen content (X;), phosphorus content (X,),
salinity (X3), and aeration rate (X,)) on algal biomass and B-
carotene production, the central composite rotational design
(CCRD) and central composite design (CCD) were applied.
The experimental design was performed in 1 L bubble column
reactors (6.5 cm diameter and 43 cm high) under a constant
light supply of 150 pmol,petons M~ > s~ ' and a CO, stream of 6
mL min~". Reactors were continuously aerated with filtered
air (0.2 pm) through an internal glass tube located at the
center of the reactor. At the end of each growth, cultures were
centrifuged for 20 min at 3000g (Centurion, model CR7000,
2/3 L, India) and the pellet was frozen (—20 °C) for later
lyophilization.

The CCRD screening design investigated the impact of the 4
independent variables in the response variables: maximum
biomass concentration (X,a,) and B-carotene production. These
independent variables were studied at 5 different levels (—a, —1,
0, 1, and «), where the values of (—«) and («) were —2 and 2,
respectively — Table S1.1 Regarding the range of aeration rates
tested, it is important to note that 500 mL min " was selected as
a minimum since preliminary tests using the 1 L bubble column
reactors proved that aeration rates below this value would be
insufficient to enable the homogeneous mixing of the growing
culture, resulting in cell sedimentation. Based on such
considerations, an experimental matrix of 24 assays and 4
central points (CPs) was formulated. As mentioned in Section
2.1 the culture conditions of the CPs correspond to the inter-
mediate values (level 0) of each independent variable, repre-
senting the standard growth conditions. All the independent
variables selected to proceed with the optimization process have
shown a significant effect on B-carotene accumulation at
a confidence level higher than 90% and were used to determine
the model equation of the coded variables.

The concentrations of nitrogen (X;) and phosphorus (X,)
were further investigated in more detail in a CCD. These inde-
pendent variables were studied at low (—1) and high (1) levels,
resulting in a total of 4 assays combining the 2 variables under
study simultaneously and 3 additional CPs (Table S2+t). All the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Matrix of the CCRD with coded values of each independent variable and the corresponding Xmax. B-carotene concentration and

B-carotene productivity obtained

Independent variables

X, X, X; X,
N content P content Salinity Aeration rate Xmax B-Carotene B-Carotene productivity

Trial (mmol L") (mmol L) (PSU) (mL min™?) (gL concentration (ug mg ") (mg per L per day)
1 —1(7.5) —1 (0.05) —1(35) —1 (600) 0.66 0.51 0.02
2 1(12.5) —1 (0.05) —1(35) —1 (600) 0.58 0.39 0.02
3 —1(7.5) 1 (0.15) -1 (35) —1 (600) 1.75 0.59 0.05
4 1(12.5) 1(0.15) —1(35) —1 (600) 1.17 0.55 0.04
5 —1 (7.5) —1 (0.05) 1(89) —1 (600) 0.60 0.39 0.01
6 1(12.5) —1 (0.05) 1(89) —1 (600) 0.66 0.31 0.01
7 —1(7.5) 1 (0.15) 1 (89) —1 (600) 1.70 0.70 0.06
8 1(12.5) 1(0.15) 1(89) —1 (600) 1.68 0.49 0.04
9 —1(7.5) —1(0.05) —1(35) 1 (800) 0.62 0.12 0.01
10 1(12.5) —1 (0.05) —1(35) 1 (800) 0.59 0.12 0.01
11 -1 (7.5) 1 (0.15) -1 (35) 1 (800) 1.27 0.43 0.03
12 1(12.5) 1(0.15) —1(35) 1 (800) 1.15 0.26 0.02
13 —1(7.5) —1(0.05) 1 (89) 1 (800) 0.49 0.11 0.01
14 1(12.5) —1 (0.05) 1(89) 1 (800) 0.49 0.14 0.01
15 —1(7.5) 1 (0.15) 1(89) 1 (800) 1.48 0.33 0.02
16 1(12.5) 1(0.15) 1(89) 1 (800) 1.46 0.35 0.02
17 -2 (5) 0 (0.10) 0 (62) 0 (700) 0.82 0.38 0.02
18 2 (15) 0 (0.10) 0 (62) 0 (700) 0.84 0.25 0.01
19 0 (10) -2 (0) 0 (62) 0 (700) 0.18 0.16 0.01
20 0 (10) 2 (0.20) 0 (62) 0 (700) 1.67 0.56 0.04
21 0 (10) 0 (0.10) —2(6) 0 (700) 0.10 0 0.00
22 0 (10) 0 (0.10) 2 (116) 0 (700) 0.87 0.16 0.01
23 0 (10) 0 (0.10) 0 (62) —2 (500) 0.93 0.53 0.03
24 0 (10) 0 (0.10) 0 (62) 2 (900) 0.72 0.34 0.02
CP1 0 (10) 0 (0.10) 0 (62) 0 (700) 0.99 0.41 0.04
CP2 0 (10) 0 (0.10) 0 (62) 0 (700) 0.85 0.40 0.04
CP3 0 (10) 0 (0.10) 0 (62) 0 (700) 0.99 0.40 0.04
CP4 0 (10) 0 (0.10) 0 (62) 0 (700) 1.00 0.42 0.04

independent variables - as well as the respective interactions -
that have shown a significant effect on B-carotene accumulation
at a confidence level higher than 95% were selected to deter-
mine the model equation of the coded variables.

2.2.1 Validation assays. The validation of the CCD results
was accomplished by growing D. salina in triplicate under the
optimal conditions predicted by the model. In parallel, three
independent replicates were carried out using standard condi-
tions - to perform a comparison with optimal cultures.

2.3 Determination of growth kinetics

Microalgal growth was followed by optical density (OD) at
750 nm and used for dry weight estimation (X, g L™") according
to the following calibration curve, eqn (1):

X (g L") = 1.30270D — 0.0872 (1)
Dry cell weight was measured by gravimetric determination,
where 10 mL of culture was filtered through glass filters (VWR,
USA), washed twice with 20 mL of ammonium formate
(0.5 mol L"), and dried at 105 °C for 24 h.
Biomass productivity (P, g per L per day) was obtained
through eqn (2):

© 2024 The Author(s). Published by the Royal Society of Chemistry

P = (X, — Xo)/(t — o) (2)
where X, refers to the biomass concentration (g L™ ') at the end
of the growth (¢, days) and X, is the biomass concentration
(g L") observed at the beginning of growth (t,, days).

B-Carotene productivity (Pgcar, Mggcar Per L per day) was ob-
tained from eqn (3):

Pﬁcar = [Bcar] x P (3)
where [Bcar] refers to B-carotene concentration at the final of
sample time (mgpcar gow) and P is the biomass productivity at
that point (g per L per day).

2.4 Metabolite characterization

2.4.1 Protein content. The total amount of protein was
determined using the Lowry method, as previously described by
Sousa et al. 2022.*° For each sample tested, 1 mL of 1 mol per L
NaOH was added to 10 mg of lyophilized biomass and this
mixture was incubated for 10 min at 100 °C. It was then
centrifuged at 5310g for 10 min (Mikro 120, AndreasHettich
GmbH & Co. KG, Tuttlingen, Germany). Subsequently, 500 pL of
supernatant were added to 1.25 mL of Lowry reagent and

Sustainable Food Technol.,, 2024, 2,1735-1746 | 1737
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incubated in the dark at room temperature for 10 min. After
incubation time, 250 pL of Folin reagent were added and
incubated in the dark for an additional 30 min. After this time,
a sample was collected and its absorbance was measured at
a wavelength of 750 nm using a microplate absorbance reader
Synergy™ HT multi-detection microplate reader (BioTek
Instruments, Inc., USA). A standard curve of bovine serum
albumin in the concentration range of 0 to 100 mg L™ " was
prepared with a determination coefficient of 0.994.

2.4.2 Lipid content. The extraction of lipids from lyophi-
lized biomass was performed following the Bligh and Dyer
method with some modifications.”»*> 1 mL of a mixture of
solvents — dichloromethane/methanol (2 : 1 v/v) - was added to
10 mg of lyophilized biomass. This mixture was vortexed for
2 min and then centrifuged for 10 min at 225g (Hettich Mikro
120, Tuttlingen, Germany). The organic phase was pipetted to
a glass tube and the biomass residue was re-extracted one more
time. After this, the resulting organic phase was dried under
a stream of nitrogen gas. To remove the non-lipid contami-
nants, the initial extract was re-dissolved in a mixture of
dichloromethane, methanol, and water using 2 mL, 1 mL, and
0.75 mL, respectively. The mixture was centrifuged again for
10 min at 225g. The organic phase was pipetted into dark vials
previously dried and weighed. To finish the procedure, the
organic phase was dried under a nitrogen stream and weighed.

2.4.3 Ash content. The ash content was determined using
the weight difference before and after combustion of the
biomass. 50 mg of microalgal biomass were placed in small
ceramic cups with a pre-determined weight and heated for 8 h at
550 °C using a muffle furnace (Nabertherm N3P, Lilienthal,
Germany). The material remaining after combustion was
weighed again.*

2.4.4 Pigment profile. Pigment analysis was conducted by
HPLC as described by Sanz et al. (2015)** and adapted according
to ref. 24. Pigments were extracted from 10 mg of freeze-dried
biomass in a screw cap glass tube with 3 mL of cold 90%
acetone (0.1% butylated hydroxytoluene). Tubes were placed in
ice for 15 min in the dark to initiate the extraction and avoid
pigment degradation. Samples were vortexed for 30 s and then
sonicated for 5 min in an ultrasonic bath (VWR, USC3000TH,
USA) with ice and water. The extracts were centrifuged for
15 min at 225g (Hettich Mikro 120, Tuttlingen, Germany) and
the supernatant was transferred to a new glass tube and placed
in ice. The pellet was re-extracted until no pigmentation was
observed. From the total extract, 1 mL was syringe filtered (0.22
pm PTFE) into a dark vial to remove any particles or debris
present. Before the injection, 0.3 mL of Milli-Q water were
manually added to each sample to avoid peak distortion.?* All
steps were carried out under subdued light. The extracts were
analyzed on a Shimadzu Nexera X2 (Japan) system equipped
with a 30AD liquid chromatograph, a SIL-30AC autosampler,
a CTO-20AC column oven, an SPD-M20A diode array detector,
and a CBM-20A communication bus module using an ACE C18
PFP column 150 mm X 4.6 mm, 3 pm particle size (Advanced
Chromatography Technologies, Aberdeen, Scotland). Identifi-
cation of the extracted pigments was accomplished by
comparison of the retention times and absorption spectra with
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those of pigment standards. Standards for B-carotene, lutein,
chlorophyll a, chlorophyll b, zeaxanthin, violaxanthin, anther-
axanthin, and neoxanthin were obtained from DHI (Institute for
Water and Environment, Horsholm, Denmark).

2.4.5 Carbohydrate content. Total carbohydrate content
was estimated using the difference using eqn (4).

Carbohydrates (%) = 100 — (ash + crude protein + crude lipid) (4)

2.5 Nitrate concentration

To evaluate the amount of nitrate consumption in the growth
medium at the end of the assay, the nitrate concentration was
attained using the ultraviolet spectrophotometric screening
method described by the American Public Health Association.*
For this method, samples were analyzed using an ultraviolet-
visible spectrophotometer (Jasco V-560, Japan) in the ultraviolet
(UV) range at the wavelengths 220 nm and 275 nm. The nitrate
concentration was calculated according to eqn (5). Then, the cor-
rected absorbance was compared to a calibration curve developed
using potassium nitrate standards with known nitrate concen-
trations ranging between 0.009 and 0.286 m L™ (R* = 0.995).

Nitrate concentration = Abs,>g — 2Abs,7s5 (5)

2.6 Statistical analysis

Second-order models of the CCRD and CCD were obtained
using a 90% (p < 0.10) and 95% (p < 0.05) confidence level,
respectively, and the quality of the fitted model was statistically
evaluated by analysis of variance (ANOVA) and using the coef-
ficient of determination (R*). The statistical analysis of the
validation assays (Section 2.2.1) was carried out using GraphPad
Prism 9 (GraphPad Software, La Jolla, USA). Tests were used as
indicated in figure legends: two-tailed unpaired t-test. Data are
represented as mean =+ standard error of the mean (SD).
Statistical significance was set for p < 0.05 and it is indicated by
different superscript letters according to their significance.

3. Results

3.1 Assessment of the synergetic impact of 4 variables on
B-carotene production

Biomass productivity, as well as the accumulation of bio-
compounds, is directly influenced by several factors (e.g.,
abiotic factors). The determination of optimal growth condi-
tions could improve cost-effectiveness of the microalgal culti-
vation process. In this regard, the present work employed
a CCRD to evaluate the impact of four independent variables —
nitrogen content, phosphorus content, salinity, and aeration
rate — on the accumulation of B-carotene, one of the most
important carotenoids produced by D. salina. Table 1 contains
the data resulting from the CCRD assays.

Based on the results from CCRD (Table 1), it was possible to
identify the most suitable conditions for B-carotene production.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Coefficient of determination (R?), calculated F (Fac) value, and tabulated F (Fp) for the responses Xmax, B-carotene concentration, and
B-carotene productivity in the analysis of variance (ANOVA) of both experimental designs — CCRD and CCD - at a 10% and a 5% significance

level, respectively

Response R (%) Feale Feab Equation
CCRD B-Carotene concentration (ug mgfl) 84 30.2 2.21 Y; = 0.41 — 0.03X; + 0.10X, — 0.07X32 — 0.10X,
Xmax (171 85 32.3 2.21 Y, = 1.01 + 0.41X, + 0.10X; — 0.09X5> — 0.07X,
B-Carotene productivity (mg per L per day) 81 25.1 2.21 Y; = 0.030 — 0.003X;” + 0.011X, — 0.006X3> — 0.007X,
CCD B-Carotene concentration (ug mg ™) 95 98.3 6.61 Y, = 0.95 + 0.19X;
Xmax (8L7Y) 97 170.9 6.61 Ys = 1.90 + 0.28X;
B-Carotene productivity (mg per L per day) 99 688.9 6.61 Ys = 0.17 + 0.04X;

B-Carotene content on D. salina varied from 0 to 0.70 pg mg ™"
within the CCRD. Additionally, considering a confidence level
of 90% (p-value < 0.1), one was also able to determine the
significant variables of the process, as well as synergistic
interactions between them, and, consequently, set the models.
According to the R* and calculated F values in Table 2, it is
possible to say that these are adequate to obtain a second-order
model (eqn Y;) for B-carotene production, within the range of
values studied. Also, all the variables in the study showed
a significant effect. The model presents a high value of the
coefficient of determination (R*> = 84%) indicating a good
correlation between the experimental and predicted values. The
highest B-carotene content was achieved in trial 7 (0.70 pg
mg "), which represents an increase of 72.5% when compared
to the standard conditions (CPs) - that reached 0.41 ug mg .
Concomitantly, this increase in B-carotene content also repre-
sented an improvement in B-carotene productivity, from 0.04 to
0.06 mg per L per day. These results reveal a substantial

P content (Xz, mmol.L-1)
Salinity (X3, PSU)

5 6 7 8 9 10 11 12 13 14 15 5 6 7 8 9 10
N content (X, mmol.L-1)

120

100

80

60

650

Salinity (Xs, PSU)

40
600

20
— 05 550

0 =06 500
0 0025 005 0075 04 0125 015 0175 02 0

P content (Xz, mmol.L-1)

0.025 005 0.075 0.1

P content (X2, mmol.L-1)

improvement in B-carotene accumulation and highlight the
importance of optimizing the variables under study. On the
other hand, the minimal content was achieved in trial 21, where
no B-carotene was detected.

The model (Fig. 1) suggests that decreasing the nitrogen
content of the medium until 5 mmol L™" significantly increases
B-carotene production (linear effect). For this reason, nitrogen
content was further evaluated on the CCD and the range of
values was changed from 5-15 mmol L™ to 2-6 mmol L™".

Regarding the model for phosphorus (Fig. 1), it suggests that
higher B-carotene production was promoted with the increment
of phosphorus content (linear effect). Therefore, phosphorus
content was also further evaluated on the CCD, with the new
range under study being 0.2-0.4 mmol L™, instead of 0-
0.2 mmol L.

In terms of salinity, the model indicates that enhancing the
salinity from 8 to 64 PSU significantly increases B-carotene
production. However, salinity above 64 PSU would lead to
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Fig. 1 Surface plots for the B-carotene concentration showing the interactive effects of the tested independent variables on the growth of D.
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a sharp decrease (quadratic effect) (Fig. 1). Therefore, CCRD
trials resulted in the optimal conditions when a salinity of 64
PSU was applied.

Additionally, the model demonstrates that decreasing the
aeration rate of the medium until 500 mL min~" significantly
increases B-carotene production (linear effect) (Fig. 1). Consid-
ering that sufficient mixing is crucial for cultivation of micro-
algae, the aeration rate applied in further CCD experiments was
500 mL min~ ", in order to prevent cell sedimentation and
maintain a homogeneous culture suspension, ensuring that
each cell has access to light, nutrients, and CO,.

3.2 Assessment of the synergetic impact of the 4 variables on
D. salina growth performance

Similar to that observed for f-carotene content, biomass
production was also significantly affected by the growth
conditions tested in the CCRD (Table 1). The biomass concen-
tration varied from 0.10 to 1.75 g L™ ", representing a decrease of
86% and an increase of 82%, respectively, compared to the CPs.
According to the model presented in Table 2 (eqn Y,), the
differences observed were promoted by three out of the four
variables under study: phosphorus content, salinity, and aera-
tion rate. In contrast, nitrogen content did not affect X,,,,x when
ranging from 5 to 15 mmol L™,

According to the model, biomass production observed an
enhancement at a higher phosphorus concentration in the
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culture medium, up to 0.2 mmol L™ (linear effect), and lower
aeration rates (linear effect). In the case of salinity, the model
indicates that the increase in salinity, up to 70 PSU, favors the
growth performance of D. salina (linear effect). Above this
salinity, it exponentially decreases (quadratic effect) (Fig. 2).

3.3 CCD for nitrogen and phosphorus content

Based on the indications from CCRD, a CCD was applied to
assess the impact of new ranges of nitrogen and phosphate
content on B-carotene production. Considering the new ranges
under study, only nitrogen content showed a significant effect,
with a confidence level of 95% (p-value < 0.05). Analysing Table
3, both R* and calculated F values were shown to be adequate to
obtain a second-order model (eqn Y,) for B-carotene production
(Table 2). The model presents a high value for the coefficient of
determination (R* = 95%) and reveals that the enhancement of
nitrogen content, in the range of values studied in the CCD,
contributes to significant increases in B-carotene production
(linear effect).

As mentioned before, phosphorus content was not statisti-
cally significant for B-carotene production within the range of
values of the CCD (0.2 to 0.4 mmol L™'). Consequently, for
further model validation, the phosphorus concentration was
kept at 0.2 mmol L.

Considering the effect of the variables under study on growth
performance, it is important to mention that the model
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0 500
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Fig. 2 Surface plots for Xhax Showing the interactive effects of the tested independent variables on the growth of D. salina. (a) P content vs.
salinity; (b) P content vs. the aeration rate and (c) salinity vs. the aeration rate.

Table 3 Matrix of the CCD with coded values of each independent variable and the corresponding Xmax. B-carotene concentration and

B-carotene productivity obtained

Independent variables

X, X, X, X,
N content P content Salinity Aeration rate Ximax B-Carotene B-Carotene productivity

Trial (mmol L) (mmol L) (PSU) (mL min™) (g™ concentration (ug mg ") (mg per L per day)

1 -1(2) —1(0.2) 64 500 1.61 0.74 0.13

2 1(6) —1(0.2) 2.14 1.14 0.21

3 -1(2) 1(0.4) 1.57 0.76 0.12

4 1(6) 1 (0.4) 2.16 1.12 0.21

CP1 0(4) 0 (0.3) 1.94 1.02 0.17

CP2 0 (4) 0 (0.3) 1.95 0.94 0.17

CP3 0 (4) 0 (0.3) 1.92 0.91 0.17
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obtained (eqn Ys) showed similar tendencies to those found for
B-carotene production.

Regarding the results obtained in the CCD, when compared
to the CCRD (Sections 3.1 and 3.2), the increase reported in both
dependent variables under study is notable. Taking into
account the trials that presented the best performances in each
of the experimental designs, there is an increase of 23.43%,
62.86% and 23.53% for biomass, f-carotene production, and -
carotene productivity, respectively. These results are in line with
the expected outcomes — with a more pronounced increase in -
carotene — since the CCD was designed to enhance the accu-
mulation of B-carotene in D. salina IFDSAL-JY21 biomass.

3.4 Validation of the model

3.4.1 Impact on the production of B-carotene and other
carotenoids. The model obtained and described by the eqn Y,
was utilized as an optimization response. Maximum f-carotene
production was determined under the following growth condi-
tions: a nitrogen content of 6 mmol L™, a phosphorus content
of 0.2 mmol L™, a salinity of 64 PSU, and an aeration rate of 500
mL min~'. In order to confirm the validity of the model's -
carotene production prediction, an additional experiment was
performed using these optimal operation conditions. B-Caro-
tene production obtained experimentally was 0.99 £ 0.02 ng
mg !, which was very similar to the predicted value of 1.14 +
0.02 ug mg~ . This supports the validity of eqn Y, within the
range of tested values and the existence of an optimal
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production point for B-carotene in the studied microalgal
strain. Considering the results presented in Fig. 3, B-carotene
production using the optimal conditions showed an increase of
88% compared to the standard conditions. Similarly to B-caro-
tene production, the results of this study demonstrated an
enhancement of the remaining analyzed pigments as well
(Fig. 3). Compared to standard conditions, optimal cultures
(OCs) experienced an increase in lutein, chlorophyll a, chloro-
phyll b, violaxanthin, neoxanthin, zeaxanthin, and antherax-
anthin contents (Fig. S17).

3.4.2 Impact on growth performance and biochemical
composition. Model validation was carried out by assessing the
impact of optimal conditions both on the growth performance
and biochemical composition of D. salina, as shown in Fig. 4.

Regarding the growth performance (Fig. 4a), and compared
to standard conditions, optimal conditions led to an increase of
132% in Xpax, yielding 0.93 g L', Based on nitrate variation
throughout the growth process (Fig. 4b), it was possible to
realize that the nitrates supplied to the culture (6 mmol) were
completely consumed under optimal conditions. In contrast,
cultures grown under standard conditions consumed 7.5 out of
the 10 mmol L' of nitrates provided. The biochemical
composition of D. salina biomass grown under both conditions
was analyzed in terms of proteins, lipids, and carbohydrates. As
demonstrated in Fig. 4c, protein content in D. salina cells
decreased under optimal conditions whereas carbohydrate
content increased. No significant differences were observed in
lipid content.
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do not differ significantly (e« = 0.05).
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differ significantly (e« = 0.05).

4. Discussion

This study was carried out to understand the combined effect of
nitrogen, phosphorus, salinity, and aeration rate both on -
carotene production and growth performance of D. salina. The
whole study was divided into two experimental phases. The first
experimental phase (CCRD) allowed an initial screening of the
four variables under study, enabling the determination the
optimal values for salinity and the aeration rate as well as trends
for nitrogen and phosphorus content. Subsequently, these
trends were the starting point of the second experimental phase
(CDD), meant to determine the optimal conditions regarding
nitrogen and phosphate content.

The nitrogen content in the culture medium has direct
interference with pB-carotene accumulation. Based on the results
from DCCR, presented in Table 1, higher amounts of B-carotene
were achieved at lower concentrations of nitrogen. Indeed,
these results are in agreement with the information reported in
previous studies. A low nitrogen concentration is considered
one of the most stimulant conditions to promote B-carotene
synthesis."***** As happened in the present study, when
testing a wide range of nitrogen concentrations (from 1.4 mgy
L' to 716 mgy L), Sui et al. (2019) reached maximum carot-
enoid accumulation (16 pg per cell) using the lowest amount of
nitrogen.” Despite the carotenoid increase reported by the
authors, cell growth was almost inexistent under this condition.
In contrast, the present study shows an increase in B-carotene
production combined with significant biomass yields, which
makes this biotechnological process profitable in industrial
terms. In the absence of a suitable nitrogen concentration, cells
promote the synthesis of non-nitrogen-induced pigments - as
in the case of B-carotene - in order to maintain their normal
metabolic activity."® However, the results of DCC presented in
Table 3 demonstrate that, below a certain threshold, lower
availability of nitrogen does not contribute to a positive effect
on B-carotene production. Since the accumulation of B-carotene
occurs mainly in the B-carotene globules,>'"" it is possible to
hypothesize that, below a certain nitrogen level, the impact of

1742 | Sustainable Food Technol, 2024, 2, 1735-1746

nitrogen starvation on B-carotene production becomes negative.
This might be explained by the decreasing production of
carotenoids' globule proteins under unsuitable conditions of
nitrogen, which 1is responsible for B-carotene globule
stability."*® Consequently, without a proper amount of such
proteins, a decrease can possibly occur in B-carotene content, as
observed in the present work.

Concerning the impact of phosphorus content on -carotene
accumulation, higher values were achieved at higher concen-
trations of this element in the growth medium (Table 1).
Therefore, the metabolic response of D. salina to the phos-
phorus concentration was more deeply investigated on the DCC
(Table 3), which pointed out its direct effect on B-carotene
accumulation up to 0.2 mmol L~ ". Phosphorus is an essential
macronutrient for all organisms. Previous studies about the
induction of B-carotene synthesis by nutrient deprivation were
mainly focused on nitrogen. The few studies dealing with the
impact of phosphorus on p-carotene accumulation report
different trends.”'®*” Some authors concluded that phos-
phorus limitation favour B-carotene accumulation, as demon-
strated by Lv et al. (2016). In this case, B-carotene increased -
from 2 to 8 pg per cell - in cells subjected to phosphorus
deprivation.’ In contrast, other authors reported results similar
to those observed in the present study, where elevating the
phosphate concentration contributes to increasing the amount
of B-carotene, until a certain level.*® The inconsistency between
the results reported in other studies and the results of the
present study may be related to the different physiological
pathways presented by different D. salina strains. It is reported
that some D. salina strains present intracellular pools of phos-
phorus,*>*® which gives them the capacity to store phosphorus
and better react to stressful conditions. Dunaliella salina
IFDSAL-JY215 may not be able to accumulate phosphorus in
phosphorus pools, consequently, hindering the production of
B-carotene under limited phosphorus growth conditions.

The results obtained regarding the aeration rate showed that
the D. salina species under study has a greater tendency to
accumulate B-carotene at low aeration rates. Nevertheless, at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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higher surface gas velocities, a faster alternation of cells would
be expected between dark and light zones of the reactor and,
consequently, a greater accumulation of B-carotene.” This
would happen since, with greater exposure to light, higher
generation of ROS is expected inside the cells, thus triggering
the production of pigments with antioxidant capacity - such as
B-carotene - as a response.*>>'® As shear stress forces have also
been shown to influence the growth rate of D. salina (Table 1),
with a clear negative impact on its cellular metabolism, it might
explain the reported results.®**

D. salina is a microalgal species well-known for its capacity to
live in a wide range of salt concentrations. Different strains of D.
salina present different optimal salinity ranges for B-carotene
accumulation. However, all of them present the same tendency:
higher salinities contribute to a higher accumulation of -
carotene.®*" Our results are in agreement with these findings.
High salinities result in stressful conditions for cells due to the
generation of ROS. The high accumulation of ROS on the
photosynthetic machinery of cells can damage their normal
metabolic functions."**® Therefore, the overexpression of
carotenoids, as in the case of B-carotene, occurs to protect the
cells."®” As evidenced by the present study, salinity was posi-
tively correlated with B-carotene production until a certain level.
Similar results were reported by Lou et al. (2020),° obtaining an
increase in B-carotene content from 44.90 mg g~ *, under control
conditions (0.5 mol L™ of salinity and 50 pmol,petons M~ > 8™ ),
to 305.63 mg g ', under high light and salinity treatment -
2.5 mol L™ " and 400 pmolypocons M > 8 .

Nitrogen and phosphorus play an important role in micro-
algal cells, being essential components of biological macro-
molecules such as proteins, DNA, RNA, ATP, and
phospholipids, constituents of microalgal biomembranes.
Therefore, below a certain amount of these elements, D. salina
growth performance is compromised.” On the other hand, as
previously observed for B-carotene production, lower aeration
rates also contribute to higher biomass accumulation. Similar
findings were found in the literature, where increasing super-
ficial gas velocity - from 0.029 to 0.052 m s~ ' - enhanced the
death rate constant of D. salina by approximately 4.76-fold.’ The
fact that D. salina does not have a cell wall makes this microalga
particularly sensitive to shear forces.® The lack of a cell wall also
plays an important role in the ability of this microalga to adapt
to high salinities. This halophilic microalga requires high
salinities to enhance its growth.*>'* Consistent with these facts,
the growth performance of D. salina at higher salinities
increases almost concomitantly with B-carotene production.
The results obtained in the presented work indicate that the
optimal salinity for P-carotene accumulation and biomass
production was 64 and 70 PSU, respectively. Salinity directly
interferes with biomass productivity, contributing to the inhi-
bition of photosynthetic activity. This is compensated for by the
increase of B-carotene, protecting cells against the negative
impact induced by salt stress and allowing them to enhance
growth efficiency.*** This protective mechanism works while
photoprotection promoted by B-carotene and other carotenoids
outcompetes the impact of salt stress. With the optimization
process developed in this study, one was capable of significantly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increasing biomass production of D. salina, showing clear
increases when compared with similar studies in the literature.
Morowvat et al. (2016) also used a response surface method-
ology for the optimization of medium composition aiming for
better biomass production of D. salina. The authors reported
a maximum biomass concentration of 0.997 g L' under
optimal conditions,'® which is quite below the value reached in
the present work: 2.16 g L™".

The Dunaliella genus can be divided into two groups,
depending on the protection mechanism they adopt when
subjected to stress conditions.>” Carotenogenic Dunaliella
species are characterized by producing large amounts of B-
carotene under stress conditions™"” (Fig. 5). On the other hand,
non-carotenegenic Dunaliella, instead of producing large
amounts of B-carotene, carries out other protection mecha-
nisms in similar environments, such as the xanthophyll cycle>*”
(Fig. 5). The vast majority of Dunaliella salina are carotenogenic;
however, some strains may be non-carotenogenic.>'” Contrary
to our expectations, the carotenoid with the highest amounts in
D. salina IFDSAL-JY215 is lutein, suggesting that this is a non-
carotenogenic strain. Lutein is a xanthophyll that acts as
protection against photodamage, as happens with p-caro-
tene.”*>*® Its most important function is believed to be in
quenching triplet chlorophyll (*Chl*), to prevent energy transfer
to molecular oxygen and consequent formation of singlet
oxygen (102). Lutein also quenches excited 1Chl* (NPQ) to
prevent the formation of ROS under high-light conditions.*
This carotenoid has been previously reported as having a strong
correlation with photosynthesis and respiration."** This can
explain the concomitant increase of carotenoid content and
biomass production, observed in our data. Non-carotenogenic
Dunaliella species demonstrate a resourceful and flexible
mechanism to deal with stress conditions, not depending on
massive B-carotene accumulation but on a different energy
dissipation mechanism reflected in a clear increase of non-
photochemical quenching, where the xanthophyll cycle carot-
enoids play a major role."” Lv et al. (2016) showed that, under
nutrient deprivation conditions, D. salina increases its tran-
script levels of B-carotene hydroxylase.*” This is a key regulatory
enzyme in the beta-beta-branch of carotenoid biosynthesis,
which catalyzes the hydroxylation of B-carotene for the
xanthophyll cycle.’**® This metabolic pathway may be respon-
sible for a potential decrease in B-carotene content (Fig. 5).

Based on these assumptions and considering our results, D.
salina IFDSAL-JY215 appears to adopt mechanisms of protec-
tion and accumulation of carotenoids similar to those reported
for non-carotenogenic Dunaliella. Therefore, phylogenetically,
D. salina IFDSAL-JY21 may be closer to non-carotenogenic
Dunaliella. There is a huge diversity of D. salina strains, each
one with a specific response to unfavourable conditions. The
effectiveness of these mechanisms varies greatly between
strains, as does the potential for f-carotene production.

In addition to the increase in B-carotene content that resul-
ted from this optimisation process, there was also an increase in
other carotenoids (Fig. 3). Among these carotenoids, lutein
stands out because it is the carotenoid that is produced in the
greatest quantity, as well as for its industrial relevance. As
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a result of this optimization process for B-carotene, a 48%
increase in lutein content was observed under the optimized
conditions, compared to the standard conditions. These results
can be explained by the fact that certain key parameters in the
production optimization of these carotenoids show the same
trend, as in the case of salinity. In the current study, as well as in
the literature, it is clear that higher salinities favour the
production of B-carotene and similar trends were observed in
the case of lutein. According to Bermejo et al. (2018), a concen-
tration increase in NaCl, from 0 to 500 mmol L™, enhanced C.
onubensis lutein content (from 5.3 to 7.8 mg g ').** However,
other factors display opposite tendencies for both carotenoids,
such as the N content. In the present work (and in the litera-
ture), it is shown that lower N content contributes to a higher B-
carotene content. In contrast, studies devoted to lutein indi-
cated that a higher N content leads to a higher lutein content, as
demonstrated by Xie et al (2013). The mentioned work
demonstrated an increase in the lutein content of Desmodesmus
sp. - from 3.76 mg g~ ' to 4.97 mg g~ - by increasing the nitrate
concentration from 4.4 mmol L' to 13.2 mmol.*? These indi-
cations regarding lutein content show promising signs, opening
the possibility of improving the lutein value. In the present
study, a lutein yield of 1.63 mg g~ " was reported, which makes
D. salina IFDSAL-JY21 a promising alternative to the traditional
sources of this carotenoid, as in the case of marigold flowers
(which have a lutein yield between 0.17 and 5.7 mg g~ ").*

5. Conclusion

B-Carotene content, as well as the content of the remaining
carotenoids of D. salina IFDSAL-JY21, could be significantly
enhanced using a response surface methodology. This showed
that all the independent variables under study (nitrogen,

1744 | Sustainable Food Technol., 2024, 2, 1735-1746

phosphorus, salinity, and aeration rate) have a significant effect
on B-carotene and biomass production, contributing to an
increase of 88% and 132%, respectively, after the optimization
process. Concomitantly, an increase in all carotenoids was also
observed as a result of this optimisation process targeting B-
carotene, especially lutein which increased by 48%. The lutein
content presented makes D. salina IFDSAL-JY21 a promising
alternative to traditional sources of this carotenoid (marigold
flowers). Although the strain under study in the present study is
considered a D. salina, it showed mechanisms of protection and
accumulation of carotenoids similar to those reported to non-
carotenogenic Dunaliella.
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