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Abstract: Dunaliella salina is a halotolerant, photoautotrophic marine microalga and one of the richest
sources of natural carotenoids but also shows potential as a novel food source with high protein
quality. This study sought to optimise the production of biomass, protein and amino acids from
D. salina, alongside carotenoids using a two-stage cultivation approach based on the use of light
of different intensities and quality, i.e., white, red and blue LED light. In stage 1, four white LED
light intensities were tested. In stage 2, the same four light intensities from either blue or red LEDs
were applied once exponential growth ceased and cells reached the stationary phase under white
LED light in stage 1. Remarkably, both biomass concentration and biomass productivity showed
a 1.3–1.7-fold increase in stage 2, without medium replenishment, while protein concentration
and protein productivity showed an ~1.1-fold increase. The amino acid content and amino acid
index remained unchanged from stage 1 to stage 2, and minimum difference was found across
different light intensities. Overall, D. salina delivered so-called high protein quality, with an essential
amino acid index (EAAI) of 0.99, and red light, which has previously been shown to increase
carotenoid production, boosted further biomass production over and above white light, at all light
intensities tested.

Keywords: microalgae; protein source; photobioreactor; microbial protein; light quality

1. Introduction

Microalgae have been proposed as a sustainable protein source for human food since
the early 1950s, owing to their high protein content and well-balanced protein quality.
They supply essential amino acids (EAA), which cannot be synthesised by humans [1,2].
Many microalgal species and strains have revealed a comparable, or even better, EAA
profile than conventional protein sources (e.g., soybean and egg), which moreover fulfils
human requirements referenced by the FAO/WHO [2,3]. Historically, Dunaliella salina
has been studied and exploited mainly for its high β-carotene content. This alga is one of
the richest sources of β-carotene, which is currently sought after on worldwide markets
as a food colorant [4]. In D. salina, β-carotene accumulates to levels of up to 10% of
the dry biomass, depending on the integrated amount of light, especially red light, to
which the alga is exposed during a cell division cycle [5]. β-carotene, especially 9-cis
β-carotene [5], is also amongst the most potent of carotenoids needed in the human diet to
produce retinoids; these play important roles in cell differentiation, growth and apoptosis
and are critical for controlling vision defects [6,7]. However, the potential of D. salina
to be used as a protein source has gained increased attention in recent years, even after
separation of carotenoids [6,8]. Depending on cultivation conditions, D. salina possesses a
protein content of 57% (dry weight (DW) basis) or up to 80% on an ash-free dry weight
(AFDW) basis [2,9]. The overall protein quality of D. salina, as shown in EAA content and
essential amino acid index (EAAI), also illustrates its suitability as a high-quality protein
source [2,3,10,11]. Nevertheless, several factors such as nutrient limitation, growth stage
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and light intensity significantly impact EAA synthesis in D. salina. For instance, nitrogen
limitation resulted in enhanced production of all EAAs in D. salina CCAP 19/18 [11];
sulphur deprivation resulted in increased valine, leucine and threonine content in D. salina
TG [12]; and phosphorus deprivation also enhanced the content of most EAAs in D. salina
TG [13]. Apart from nutrient levels, higher light intensity seems to favour the production
of most EAAs except for threonine in D. salina CCAP 19/18, yet delivers a different EAA
profile compared with nitrogen limitation [11].

Light-emitting diodes (LEDs) of different wavelengths offer opportunities for deliver-
ing efficient, durable, reliable, economic and controllable light in the cultivation of microal-
gae, and their use has resulted in increased production of biomass and biomolecules [14,15].
In D. salina, different light wavelengths have been studied regarding their effects on
carotenoids’ synthesis [5,16–20]. Red light enhanced the production of total carotenoids
compared to blue, white and mixed red-blue light [20]; a higher content of 9-cis β-carotene,
which holds potential in the treatment of retinal dystrophies and other diseases, was found
under red light [19]; red light increased the production of colourless carotenoids under
conditions favouring their accumulation [5]; and, by using a blue-red light-shifting strategy,
enhanced β-carotene production was achieved in D. salina compared to either blue, red
or white light alone [17]. Nevertheless, the effect of different LED light wavelengths and
intensities on protein and amino acid synthesis in D. salina has not yet been investigated.
To fill this gap, this study applied red, blue and white light using a two-stage cultivation
strategy to evaluate biomass, protein and EAA levels in D. salina.

2. Materials and Methods
2.1. Microalgal Strain and Cultivation Methods

D. salina CCAP 19/41 (PLY DF15) was obtained from the Marine Biological Association
(MBA, Plymouth, UK). Sterilised modified Johnson’s medium at pH 7.5 [21] was used for
cultivation. A two-stage cultivation approach was applied in the experiment (Figure 1
and Table 1). Two sets of four treatments with different white LED light intensities were
used in stage 1. When the cultures reached the stationary phase around day 26, the two
sets of treatments were transferred to blue- and red-light treatments separately in stage
2. For the two stage 2 treatments, blue or red LED light of the same light intensity as
stage 1 treatments, was applied for 24 h. All treatments were performed in triplicates
in 50 mL Erlenmeyer flasks aiming at inoculating concentration of 0.02 optical density
at 740 nm (OD740). Algem® HT24TM and Algem® photobioreactors from Algenuity
(https://www.algenuity.com/, accessed on 15 March 2021) were used in stage 1 and stage
2 cultivations, respectively. The temperature was controlled at 25 ◦C, and the mixing was
provided by 200 rpm orbital shaking.
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Figure 1. Scheme to illustrate the reactor setup of the two-stage experimental design. W = white
LED light; B = blue LED light; R = red LED light. The associated numerical values refer to applied
light intensity (µmol photos m−2 s−1). All stage 1 treatments were transferred to stage 2. The framed
treatments from 400W to 400B and 400R are for demonstration purposes only.
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Table 1. Light regimes of the two-stage experimental design.

Stage 1 White (W) Light Stage 2 Blue (B) and Red (R) Light

Treatments 100W 200W 400W 600W
100B 200B 400B 600B
100R 200R 400R 600R

Light intensity
(µmol photos m−2 s−1) 100 200 400 600 100 200 400 600

2.2. Biomass Analyses and Calculations

Cell growth in stage 1 was monitored with built-in optical density data capture
at 740 nm (OD740) from Algem® HT24TM. At the end of both stages, samples were
taken for biomass analysis. Biomass ash-free dry weights (AFDWs) were determined by
filtrating 0.8 to 2.5 mL of algal suspension (depending on the cell density in each treatment)
through pre-cleaned glass fibre filters (Whatman GF/F, Ø 25 mm, pore size 0.7 µm). Filters
containing the samples were dried at 105 ◦C overnight in an oven (Fistreem International
Ltd., Cambridge, UK), and the weights were recorded after cooling down in a desiccator.
The filters were subsequently transferred to a 550 ◦C oven (Vecstar Ltd., Chesterfield,
UK) for 2 h, after which the weight differences were determined gravimetrically. Protein
content was determined using a Thermo Scientific™ Pierce™ modified Lowry protein
assay kit. For full recovery of protein content from D. salina biomass, a 1 h incubation using
0.2 M NaOH at 40 ◦C was performed before protein analysis. Prior to amino acid analysis,
pelletised biomass (5 min at 5000 g) was hydrolysed with 6 M HCl in a vacuum-sealed
ampule glass tube for 24 h at 110 ◦C. The hydrolysed samples were directly prepared for
GC-FID (Agilent 6850, Stockport, UK) separation and detection using the Phenomenex
EZ: faast amino acid analysis kit [22]. Bovine serum albumin (BSA) was used as a control
to calculate the amino acid recovery. Amino acid analysis was performed on one of
the triplicates in each treatment. The essential amino acid index (EAAI) was calculated
using FAO/WHO-established adult indispensable amino acid requirements as a reference
following this equation:

EAAI = n

√
aa1

AA1
× aa2

AA2
× . . . . . . × aan

AAn
(1)

where aan and AAn are the EAA content (mg EAA g−1 protein) in the sample and
FAO/WHO reference, respectively. The protein quality of the sample was categorised as
high (EAAI > 0.95), good (0.86 < EAAI ≤ 0.95), useful (0.75 < EAAI ≤ 0.86) and inadequate
(EAAI ≤ 0.75) [3]. The biomass, protein and EAA productivities (mg L−1 day−1) were
derived from their concentration (g L−1) divided by the time of cultivation (days). Increase
factors of all parameters were calculated as:

Increase f actor =
P2

P1
(2)

where P2 is the parameter value obtained from blue- or red-light treatment in stage 2
(after 24 h LED exposure) and P1 is the parameter value obtained at the end of white-light
treatments (26 days of LED exposure) in stage 1.

2.3. Statistics

The experiment was conducted in biological triplicates, with results expressed as the
mean ± standard deviation in tables and figures (except for EAA results). The values stated
in the main text are without the standard deviation for better readability. An independent
sample t-test (to compare two groups) and one-way ANOVA followed by post hoc Tukey’s
test (to compare multiple groups) were performed using IBM SPSS Statistics 26. Statistical
difference was considered when p < 0.05.
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3. Results
3.1. Biomass Growth

Culture appearance and growth curves representing D. salina biomass accumulation
in stage 1 are shown in Figures 2 and 3. During the 26 days of cultivation in stage 1,
microalgal cells profited initially from higher white-light intensities, resulting in higher
biomass concentrations of 1.49, 1.30 and 1.43 g AFDW L−1 in 200W, 400W and 600W by day
26, respectively, compared with 0.89 g AFDW L−1 in 100W (Figure 3). Light availability
limited the growth rate of the cells because initial growth rates increased with increasing
light intensity, but slowed as cell densities increased and caused shadowing effects so that
the number of photons received per cell was reduced (Figure 3).
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Figure 3. Growth curve at OD740 of D. salina during stage 1 under different light intensities using
white LED light. Cultivation was conducted at 25 ◦C, pH 7.5 and 200 rpm mixing. Data are expressed
as means ± standard deviation (n = 6).

Remarkably, switching from high-energy white LED light at the end of stage 1 cul-
tivation (cell growth rate limited by light availability due to shadowing) to either blue
or red LED light in stage 2 enhanced cell growth and resulted in a much higher biomass
concentration and biomass productivity (Table 2). On average, in red LED light, biomass
concentrations across four red-light treatments increased 1.69-fold within 24 h. The greatest
increase in biomass concentration occurred under 400R red-light intensity (1.95-fold) and
reached 2.50 g AFDW L−1 (Table 2). Interestingly, the greatest increase in biomass con-
centration for blue-light treatments was also under 400 µmol photons m−2 s−1 blue-light
intensity, and the biomass concentration reached 2.03 g AFDW L−1 (1.59-fold the value
measured at the end of stage 1 cultivation), with an average increase of 1.37-fold across
four treatments compared to stage 1. The increase in biomass productivities in stage 2
reflected similar effects of light limitation, i.e., increased rates of growth with increasing
light intensity, until effects of cell shadowing reduced the light availability and the biomass
productivity fold-increase that could be achieved (Table 2). In stage 2, red LED light deliv-
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ered significantly higher levels of both biomass concentration and biomass productivity
compared to blue LED light (p < 0.05).

Table 2. Increase factors of blue- and red-light treatments in stage 2 (after 24 h LED exposure) compared to values obtained
at the end of white-light treatments (26 days of LED exposure) in stage 1.

100B 200B 400B 600B 100R 200R 400R 600R

AFDW concentration 1.34 ± 0.07 1.37 ± 0.05 1.59 ± 0.20 1.19 ± 0.07 1.60 ± 0.25 1.59 ± 0.08 1.95 ± 0.23 1.61 ± 0.16

Avg *,a 1.37 ± 0.18 1.69 ± 0.25

Protein concentration 0.94 ± 0.05 1.07 ± 0.09 1.23 ± 0.05 1.16 ± 0.03 1.00 ± 0.06 1.12 ± 0.12 1.10 ± 0.02 1.08 ± 0.08

Avg * 1.10 ± 0.12 1.08 ± 0.09

%AFDW Protein 0.70 ± 0.00 0.78 ± 0.07 0.79 ± 0.13 0.98 ± 0.06 0.64 ± 0.07 0.70 ± 0.06 0.57 ± 0.07 0.69 ± 0.12

Avg *,b 0.81 ± 0.13 0.65 ± 0.10

EAA concentration 0.91 1.14 1.12 0.81 1.13 1.14 0.82 0.87

Avg * 1.00 ± 0.14 0.99 ± 0.21

Biomass productivity 1.29 ± 0.07 1.32 ± 0.05 1.53 ± 0.19 1.14 ± 0.07 1.54 ± 0.24 1.53 ± 0.08 1.88 ± 0.22 1.55 ± 0.15

Avg *,c 1.32 ± 0.18 1.62 ± 0.24

Protein productivity 0.90 ± 0.05 1.03 ± 0.09 1.19 ± 0.05 1.11 ± 0.03 0.97 ± 0.06 1.08 ± 0.12 1.06 ± 0.02 1.04 ± 0.07

Avg * 1.06 ± 0.12 1.04 ± 0.09

EAA productivity 0.88 1.10 1.08 0.78 0.99 1.25 0.89 0.69

Avg * 0.96 ± 0.13 0.95 ± 0.20

* Averaged from all four blue- or red-light treatments. a p = 0.002; b p = 0.003; c p = 0.002.

3.2. Protein Content and Protein Concentration Dynamics

In stage 1, protein content relative to the ash-free dry weight decreased with increasing
light intensity from 74% AFDW under 100W to 52% AFDW under 600W after 26 days
(Figure 4). In stage 2, protein content under each of the four different blue-light intensities
remained at around 50% AFDW, while under red light, the protein content (%AFDW)
decreased further with increasing light intensity: protein represented 47% AFDW under
100R and 35% AFDW under 600R (Figure 4). Compared with stage 1, blue- and red-light
treatments in stage 2 reduced the protein content, relative to the ash-free dry weight, 0.81-
and 0.65-fold with the greatest reduction in 100B (from 74% AFDW to 52% AFDW) and 400R
(from 65% AFDW to 37% AFDW), respectively (Table 2). Because of the increased biomass
concentration (g AFDW L−1) and decreased protein content (%AFDW) in stage 2 compared
to stage 1, the protein concentration (g L−1) and protein productivity (mg L−1 day−1)
mostly remained the same across all treatments in stage 2. There was no significant
difference (p < 0.05) between stage 1 white- and stage 2 blue- and red-light treatments
(Figure 4); hence, the increase factors for blue- and red-light treatments were all close to
1 (Table 2). The highest protein productivity among all treatments was achieved under
200R, at 40 mg L−1 day−1; this treatment also delivered the highest protein concentration
of 1.07 g L−1 and a protein content of 45% AFDW (Figure 4).
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expressed as means ± standard deviation (n = 3) except EAA data.

3.3. Amino Acids

The overall protein quality of D. salina, as indicated by the essential amino acid index
(EAAI), from both stage 1 and stage 2 treatments varied from inadequate to high, with
high protein quality achieved under 600W (EAAI = 0.99), good under 100W (EAAI = 0.90)
and 100R (EAAI = 0.89), useful under 100B (EAAI = 0.79) and inadequate under the
rest (EAAI ≤ 0.75) (Figure 5). The EAA content represented roughly 50% over the total
AA content across all treatments (Figure 5). The individual EAA distribution across all
treatments was broadly similar (Figure 5). High levels of methionine + cysteine and
phenylalanine + tyrosine were produced in D. salina, yet the rest of EAAs were limiting
with reference to FAO/WHO requirements (Figure 5). The high quality protein derived
from 600W had a total EAA content of 340.1 mg g−1 protein, which was 1.14-fold higher
than the 271 mg g−1 protein required by the FAO/WHO (Figure 5 and Table 3). In addition,
100W, 100B and 100R delivered a higher total EAA content than FAO/WHO requirements
(Table 3). Nevertheless, some individual EAA contents of D. salina in these treatments were
greatly limiting. Histidine, isoleucine and leucine contents were around half of the required
level, and the lysine content was even around one-fourth of the required level, which
compromised the individual EAA quality in D. salina (Table 3). When looking at variations
of the individual EAA profile and content within each treatment in Table 3, it is difficult
to draw solid conclusions, as statistics showed no significant difference among them
(p > 0.05). For instance, higher phenylalanine + tyrosine at 100R (100.3 mg g−1 protein) was
observed when compared with other red-light treatments (65.8–74.7 mg g−1 protein), yet
was statistically insignificant (Table 3). For both EAA concentration and EAA productivity,



Foods 2021, 10, 1018 7 of 11

there was also no significant difference (p > 0.05) among all treatments from stage 1 and
stage 2, showing increase factors close to 1 (Table 2).
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Table 3. Individual and total amino acid content of selected treatments and the FAO/WHO reference.

mg/g Protein Histidine Isoleucine Leucine Lysine Methionine + Cysteine Phenylalanine + Tyrosine Threonine Valine Total EAA

100W 8.3 19.7 37.9 9.7 58.6 101.4 27.9 37.9 309.3

200W 6.7 13.7 28.8 9.2 37.1 68.8 15.3 22.1 206.6

400W 7.1 17.2 32.3 10.4 48.5 78.1 18.7 28.7 247.2

600W 11.1 19.5 34.8 14.1 73.7 118.4 26.9 32.0 340.1

100B 7.8 15.7 31.0 13.7 62.3 87.8 17.6 28.1 271.1

200B 7.0 16.0 30.8 10.6 41.6 80.6 19.9 24.5 236.3

400B 6.7 15.4 27.2 9.0 36.0 75.9 18.6 24.5 218.4

600B 6.8 18.3 31.0 9.2 46.6 77.6 23.0 28.8 247.3

100R 8.1 20.6 40.6 12.2 48.3 100.3 26.9 32.3 295.3

200R 6.9 12.0 23.9 6.6 47.3 74.7 18.1 24.1 219.4

400R 6.5 15.0 25.2 9.7 39.1 71.2 16.3 23.0 211.3

600R 8.0 16.0 28.1 10.8 53.9 65.8 21.8 27.6 239.5

FAO/WHO 15 30 59 45 22 38 23 39 271

Underlined values indicate levels above the FAO/WHO reference.

4. Discussion
4.1. Effect of Light Intensity and Wavelength

Different microalgae show different responses in biochemical composition towards
light intensity. On the one hand, cellular protein in D. salina CCAP 19/30 remained at simi-
lar levels among various light intensities ranging from 50 to 1500 µmol photos m−2 s−1 [23].
Similar protein contents were also found with Chlorella vulgaris across light intensities
from 130 to 520 µmol photos m−2 s−1, despite changes in lipid contents [24]. On the other
hand, with increasing light intensity, some Dunaliella, Chlorella and Scenedesmus species
showed reductions in protein content [25–27], while others showed increased protein and
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carotenoids content [11]. High light intensity generally causes stress in microalgae, inhibit-
ing photosynthesis, and directs carbon and energy flows towards the synthesis of reduced
forms of storage compounds rather than protein [25,26]. Nonetheless, the stress impact
depends on the microalgal species and specific light intensity. In D. salina CCAP 19/30, a
decreased photosynthetic rate was observed for cultures acclimated to light intensities of
200 and 500 µmol photons m−2 s−1 due to photoinhibition, but at higher light intensities,
intracellular glycerol increased and stabilised the photosynthetic apparatus, such that the
photosynthetic rate increased to a maximum level [23].

Red light and blue light have been proven to have various effects on the biomass
growth and biochemical composition of D. salina and other microalgae. Red light was the
most efficient for D. salina growth compared to white and blue light and also resulted in
the highest level of β-carotene accumulation at 25.21 µM [17,20]. Using the same D. salina
DF15 strain, previous studies from our laboratory found no difference in cell density during
7-day cultivation under white, blue, red, red/blue 1/1, red/blue 1/2 and red/blue 2/1
at 1000 µmol photos m−2 s−1, yet red light led to the highest level of total carotenoids,
β-carotene, 9-cis β-carotene, carotenoids/chlorophyll ratio, 9-cis β-carotene/β-carotene
ratio and 9-cis/all-trans β-carotene ratio [19,20]. Higher red-light intensity also resulted
in higher levels of total carotenoids, 9-cis β-carotene, carotenoids/chlorophyll ratio and
9-cis/all-trans β-carotene ratio across 200, 500 and 1000 µmol photos m−2 s−1 [19,20], and
these effects can be visually distinguished in the present study by the brighter-orange
colour at higher/red light in comparison to lower/white and blue light (Figure 2). One-
stage cultivation compared to a two-stage approach based on adoption of different light
wavelengths, as described here, differs in its effects on microalgal growth and its composi-
tion. Han et al. (2019) [17] tested the effect of white, red and blue wavelengths on the cell
growth of D. salina in one-stage growth, as well as a two-stage shift from blue to red light
using normal and blue-light adapted cells. Their two-stage shift approach (6 days blue light
and 5 days red light) enhanced both biomass and the β-carotene concentration compared
with all one-stage approaches, and blue-light-adapted cells had the highest production of
biomass and β-carotene during the 11-day cultivation period [17]. A LED shift strategy
from red to blue wavelength greatly enhanced the astaxanthin production in Haematococcus
pluvialis compared with either continuous red or blue light [28]. Sui et al. (2019) [11] tested
light intensity and nitrogen content in a two-stage approach, where D. salina CCAP 19/18
had enhanced production of protein and carotenoids simultaneously. When nitrogen is
sufficient in stage 1, higher light intensity in stage 2 without medium replenishment also
promotes the cell volume increase in D. salina, which potentially contributes to an increase
in biomass concentration [11]. This is in line with the findings in this study, which high-
lighted the effect of the light spectrum rather than nutrient replenishment. The emission
spectrum of the red LED light used in the present work (625–680 nm) emits photons with
the exact range required by molecules of chlorophyll-a and chlorophyll-b for photosynthe-
sis, whereas mainly chlorophyll-b absorbs blue light (430–465 nm) [7,18,29]. D. salina has a
higher chlorophyll-a content than chlorophyll-b, which is the primary electron donor for
photosynthesis [30]. However, the production of carotenoids under red light is coupled
with oxygen reduction and consequently alleviates the potential for photoinhibition under
red light. By contrast, under blue light, carotenoid over-production coupled with oxygen
reduction is precluded and photoinhibition ensues [5,19,20]. Higher biomass production
under red light compared to under blue light is therefore to be expected, as demonstrated
in this study (Figure 4 and Table 2).

4.2. Amino Acid Dynamics

The amino acid content of microalgae varies significantly across species and strains,
as shown with 38 screened microalgae [31]. Particularly, limited information is available
regarding the amino acid contents in D. salina and the variation in amino acids as affected
by cultivation conditions [8]. Becker (2007) [2] and Kent et al. (2015) [3] demonstrated
generally good protein quality of several microalgal species, including Dunaliella bardawil
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and a Dunaliella sp. For D. salina SAG 184.80, a later growth stage associated with nitrogen
limitation under 24 h continuous light resulted in an increase in all EAA contents, com-
pared to a 12/12 h light/dark regime [10]. A similar result was also observed for D. salina
CCAP 19/18, where both EAA and carotenoid contents were simultaneously enhanced
using a two-phase cultivation strategy based on a combination of nitrogen limitation and
light intensity: in phase 1, nitrogen limitation increased the EAA content, and phase 2,
which comprised higher illumination under nitrogen limitation, boosted carotenoid pro-
duction [11]. Microalgal cells typically respond to nitrogen limitation by redirecting their
metabolism to increase the degradation of certain amino acids and repress the biosynthesis
pathways of others; glutamate levels may decline along with the cellular amino acid pool,
but stress-related amino acids such as proline, lysine and tyrosine may increase [10,32–35].
Carbon and energy flows are typically directed towards TAG accumulation [32]. Under
these conditions, the EAAI will improve. Phosphorus and sulphur limitation also alters
metabolism in D. salina, resulting in increased contents of storage and stress-related com-
pounds, including proline, lysine, polyamines such as cadaverine and antioxidants such as
L-ascorbic acid and L-methionine, which will improve the EAAI [12,13,36].

The effect of light wavelength has been studied on limited microalgal species regard-
ing their amino acid synthesis and has not been tested on D. salina. The concentration
of essential and non-essential free amino acids in Spirulina sp. LEB 18 was higher when
cultivated under green and blue light, while red light positively contributed to the for-
mation of non-essential amino acids [15]. When a shifting light strategy from red light
to blue light was provided to Phaeodactylum tricornutum, the pool of amino acid content
was elevated within 30 min and then decreased after 24 h; when the strategy was from
blue light to red light, all amino acid contents quickly decreased after only 15 min [37].
Jungandreas et al. (2014) [37] related the synthesis of amino acids to the enzymatic activity
of pyruvate kinase (PK), which catalyses the formation of pyruvate as a central metabolite
of the tricarboxylic acid cycle (TCA) cycle. After switching from red light to blue light, the
turnover rate of PK in P. tricornutum increased, while switching from blue light to red light
decreased PK activity. Conversely, in Nannochloropsis gaditana, red filtered light strongly
enhanced the concentration of amino acids, especially asparagine (13-fold increase) [38].
Pyruvate carboxylase activity also increased, consistent with active amino acid biosyn-
thesis under red light and the need to replenish TCA intermediates during this process.
Under blue light, only the stress-related amino acid proline increased. Although detailed
metabolites were not determined in the current study, our preliminary results indicated
that no significant changes in the content of EAA were found in D. salina after 24 h under
either blue or red light alone. However, the effect of light regimes, including light intensity,
light wavelengths and light period, on the biosynthesis of amino acids and other nitrogen
metabolites requires further investigation. Interestingly, when higher-value carotenoids
were separated from D. salina biomass prepared under industrial conditions, the residue
also presented a good essential amino acid and lipid profile to be used for food [6]. This
ties in with Sui et al. (2019) [11] on the potential of co-producing high-value carotenoids
and high-quality protein simultaneously in D. salina in a sustainable and efficient manner.

5. Conclusions

The two-stage cultivation approach using different light intensities and wavelengths
enhanced both biomass concentration and biomass productivity of D. salina, where red
light, which also increased the carotenoid content, was found to be more beneficial than
blue light. In stage 2, the protein concentration and protein productivity increased slightly
under both red and blue light after 24 h, whilst the EAA profile, EAA content and EAAI
mostly remained unchanged without medium replenishment. D. salina delivered high
protein quality under 600W, good protein quality under 100W and 100R and useful protein
quality under 100B. Further studies will aim to combine the nutrient supply regime and
the light regime together to optimise the biomass growth and protein and amino acid
composition in D. salina.



Foods 2021, 10, 1018 10 of 11

Author Contributions: Conceptualisation, Y.S. and P.J.H.; methodology, Y.S. and P.J.H.; software,
Y.S.; validation, Y.S. and P.J.H.; formal analysis, Y.S.; investigation, Y.S.; resources, Y.S. and P.J.H.; data
curation, Y.S.; writing—original draft preparation, Y.S.; writing—review and editing, Y.S. and P.J.H.;
visualisation, Y.S.; supervision, P.J.H.; project administration, P.J.H.; funding acquisition, P.J.H. Both
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Interreg 2 Seas programme 2014–2020 co-funded by the
European Regional Development Fund under subsidy contract. No ValgOrize 2S05017.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vigani, M.; Parisi, C.; Rodríguez-Cerezo, E.; Barbosa, M.J.; Sijtsma, L.; Ploeg, M.; Enzing, C. Food and Feed Products from

Micro-algae: Market Opportunities and Challenges for the EU. Trends Food Sci. Technol. 2015, 42, 81–92. [CrossRef]
2. Becker, E.W. Micro-algae as a Source of Protein. Biotechnol. Adv. 2007, 25, 207–210. [CrossRef] [PubMed]
3. Kent, M.; Welladsen, H.M.; Mangott, A.; Li, Y. Nutritional Evaluation of Australian Microalgae as Potential Human Health

Supplements. PLoS ONE 2015, 10, e0118985. [CrossRef] [PubMed]
4. Sidari, R.; Tofalo, R. A Comprehensive Overview on Microalgal-Fortified/Based Food and Beverages. Food Rev. Int. 2019, 35,

778–805. [CrossRef]
5. Xu, Y.; Harvey, P.J. Phytoene and Phytofluene Overproduction by Dunaliella salina Using the Mitosis Inhibitor Chlorpropham.

Algal Res. 2020, 52, 102126. [CrossRef]
6. Harvey, P.J.; Ben-Amotz, A. Towards a Sustainable Dunaliella salina Microalgal Biorefinery for 9-cis β-carotene Production. Algal

Res. 2020, 50, 102002. [CrossRef]
7. Sher, I.; Tzameret, A.; Peri-Chen, S.; Edelshtain, V.; Ioffe, M.; Sayer, A.; Buzhansky, L.; Gazit, E.; Rotenstreich, Y. Synthetic

9-cis-beta-carotene Inhibits Photoreceptor Degeneration in Cultures of Eye Cups from rpe65rd12 Mouse Model of Retinoid Cycle
Defect. Sci. Rep. 2018, 8, 1–9. [CrossRef]

8. Sui, Y.; Vlaeminck, S.E. Dunaliella Microalgae for Nutritional Protein: An Undervalued Asset. Trends Biotechnol. 2020, 38, 10–12.
[CrossRef]

9. Sui, Y.; Vlaeminck, S.E. Effects of Salinity, pH and Growth Phase on the Protein Productivity by Dunaliella salina. J. Chem. Technol.
Biotechnol. 2019, 94, 1032–1040. [CrossRef]

10. Sui, Y.; Muys, M.; Vermeir, P.; D’Adamo, S.; Vlaeminck, S.E. Light Regime and Growth Phase Affect the Microalgal Production of
Protein Quantity and Quality with Dunaliella salina. Bioresour. Technol. 2019, 275, 145–152. [CrossRef]

11. Sui, Y.; Muys, M.; Van de Waal, D.B.; D’Adamo, S.; Vermeir, P.; Fernandes, T.V.; Vlaeminck, S.E. Enhancement of Co-production of
Nutritional Protein and Carotenoids in Dunaliella salina Using a Two-phase Cultivation Assisted by Nitrogen Level and Light
Intensity. Bioresour. Technol. 2019, 287, 121398. [CrossRef] [PubMed]

12. Lv, H.; Qiao, C.; Zhong, C.; Jia, S. Metabolic Fingerprinting of Dunaliella salina Cultured under Sulfur Deprivation Conditions. J.
Appl. Phycol. 2018, 30, 355–365. [CrossRef]

13. Lv, H.; Cui, X.; Tan, Z.; Jia, S. Analysis of Metabolic Responses of Dunaliella salina to Phosphorus Deprivation. J. Appl. Phycol.
2017, 29, 1251–1260. [CrossRef]

14. Severes, A.; Hegde, S.; D’Souza, L.; Hegde, S. Use of Light Emitting Diodes (LEDs) for Enhanced Lipid Production in Micro-algae
Based Biofuels. J. Photochem. Photobiol. B Biol. 2017, 170, 235–240. [CrossRef]

15. Da Fontoura Prates, D.; Duarte, J.H.; Vendruscolo, R.G.; Wagner, R.; Ballus, C.A.; da Silva Oliveira, W.; Godoy, H.T.; Barcia, M.T.;
de Morais, M.G.; Radmann, E.M.; et al. Role of Light Emitting Diode (LED) Wavelengths on Increase of Protein Productivity and
Free Amino Acid Profile of Spirulina sp. Cultures. Bioresour. Technol. 2020, 306, 123184. [CrossRef] [PubMed]

16. Fu, W.; Guomundsson, Ó.; Paglia, G.; Herjólfsson, G.; Andrésson, Ó.S.; Palsson, B.O.; Brynjólfsson, S. Enhancement of Carotenoid
Biosynthesis in the Green Microalga Dunaliella salina with Light-emitting Diodes and Adaptive Laboratory Evolution. Appl.
Microbiol. Biotechnol. 2013, 97, 2395–2403. [CrossRef] [PubMed]

17. Han, S.I.; Kim, S.; Lee, C.; Choi, Y.E. Blue-Red LED Wavelength Shifting Strategy for Enhancing Beta-carotene Production from
Halotolerant Microalga, Dunaliella salina. J. Microbiol. 2019, 57, 101–106. [CrossRef] [PubMed]

18. Li, Y.; Li, L.; Liu, J.; Qin, R. Light Absorption and Growth Response of Dunaliella under Different Light Qualities. J. Appl. Phycol.
2020, 32, 1041–1052. [CrossRef]

19. Xu, Y.; Harvey, P.J. Red Light Control of β-Carotene Isomerisation to 9-cis β-Carotene and Carotenoid Accumulation in Dunaliella
salina. Antioxidants 2019, 8, 148. [CrossRef]

20. Xu, Y.; Harvey, P.J. Carotenoid Production by Dunaliella salina under Red Light. Antioxidants 2019, 8, 123. [CrossRef]
21. Borowitzka, M.A. Algal Growth Media and Sources of Cultures. In Micro-Algal Biotechnology; Cambridge University Press:

Cambridge, UK, 1988; pp. 456–465, ISBN 0-521-32349-5.
22. Phenomenex Phenomenex EZ: Faast Amino Acid Analysis. U.S. Patent 90501–1430, 2003. Available online: https://phenomenex.

blob.core.windows.net/documents/9562ede9-23a7-4852-9ead-8fdd1d221de7.pdf (accessed on 7 May 2021).
23. Xu, Y.; Ibrahim, I.M.; Harvey, P.J. The Influence of Photoperiod and Light Intensity on the Growth and Photosynthesis of

Dunaliella salina (Chlorophyta) CCAP 19/30. Plant Physiol. Biochem. 2016, 106, 305–315. [CrossRef]

http://doi.org/10.1016/j.tifs.2014.12.004
http://doi.org/10.1016/j.biotechadv.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17196357
http://doi.org/10.1371/journal.pone.0118985
http://www.ncbi.nlm.nih.gov/pubmed/25723496
http://doi.org/10.1080/87559129.2019.1608557
http://doi.org/10.1016/j.algal.2020.102126
http://doi.org/10.1016/j.algal.2020.102002
http://doi.org/10.1038/s41598-018-24439-3
http://doi.org/10.1016/j.tibtech.2019.07.011
http://doi.org/10.1002/jctb.5850
http://doi.org/10.1016/j.biortech.2018.12.046
http://doi.org/10.1016/j.biortech.2019.121398
http://www.ncbi.nlm.nih.gov/pubmed/31078812
http://doi.org/10.1007/s10811-017-1230-3
http://doi.org/10.1007/s10811-017-1059-9
http://doi.org/10.1016/j.jphotobiol.2017.04.023
http://doi.org/10.1016/j.biortech.2020.123184
http://www.ncbi.nlm.nih.gov/pubmed/32238318
http://doi.org/10.1007/s00253-012-4502-5
http://www.ncbi.nlm.nih.gov/pubmed/23095941
http://doi.org/10.1007/s12275-019-8420-4
http://www.ncbi.nlm.nih.gov/pubmed/30556108
http://doi.org/10.1007/s10811-020-02057-9
http://doi.org/10.3390/antiox8050148
http://doi.org/10.3390/antiox8050123
https://phenomenex.blob.core.windows.net/documents/9562ede9-23a7-4852-9ead-8fdd1d221de7.pdf
https://phenomenex.blob.core.windows.net/documents/9562ede9-23a7-4852-9ead-8fdd1d221de7.pdf
http://doi.org/10.1016/j.plaphy.2016.05.021


Foods 2021, 10, 1018 11 of 11

24. Metsoviti, M.N.; Papapolymerou, G.; Karapanagiotidis, I.T.; Katsoulas, N. Effect of Light Intensity and Quality on Growth Rate
and Composition of Chlorella vulgaris. Plants 2020, 9, 31. [CrossRef]

25. He, Q.; Yang, H.; Wu, L.; Hu, C. Effect of Light Intensity on Physiological Changes, Carbon Allocation and Neutral Lipid
Accumulation in Oleaginous Microalgae. Bioresour. Technol. 2015, 191, 219–228. [CrossRef]

26. Nzayisenga, J.C.; Farge, X.; Groll, S.L.; Sellstedt, A. Effects of Light Intensity on Growth and Lipid Production in Microalgae
Grown in Wastewater. Biotechnol. Biofuels 2020, 13, 4. [CrossRef]

27. Cuhel, R.L.; Ortner, P.B.; Lean, D.R.S. Night Synthesis of Protein by Algae. Limnol. Oceanogr. 1984, 29, 731–744. [CrossRef]
28. Xi, T.; Kim, D.G.; Roh, S.W.; Choi, J.S.; Choi, Y.E. Enhancement of Astaxanthin Production Using Haematococcus pluvialis with

Novel LED Wavelength Shift Strategy. Appl. Microbiol. Biotechnol. 2016, 100, 6231–6238. [CrossRef] [PubMed]
29. Jahns, P.; Holzwarth, A.R. The Role of the Xanthophyll Cycle and of Lutein in Photoprotection of Photosystem II. Biochim. Biophys.

Acta Bioenerg. 2012, 1817, 182–193. [CrossRef] [PubMed]
30. Guenther, J.E.; Nemson, J.A.; Melis, A. Photosystem Stoichiometry and Chlorophyll Antenna Size in Dunaliella salina (Green

Algae). BBA Bioenerg. 1988, 934, 108–117. [CrossRef]
31. Hempel, N.; Petrick, I.; Behrendt, F. Biomass Productivity and Productivity of Fatty Acids and Amino Acids of Microalgae Strains

as Key Characteristics of Suitability for Biodiesel Production. J. Appl. Phycol. 2012, 24, 1407–1418. [CrossRef]
32. Alipanah, L.; Rohloff, J.; Winge, P.; Bones, A.M.; Brembu, T. Whole-cell Response to Nitrogen Deprivation in the Diatom

Phaeodactylum tricornutum. J. Exp. Bot. 2015, 66, 6281–6296. [CrossRef] [PubMed]
33. Kiyota, H.; Hirai, M.; Ikeuchi, M. NblA1/A2-Dependent Homeostasis of Amino Acid Pools during Nitrogen Starvation in

Synechocystis sp. PCC 6803. Metabolites 2014, 4, 517–531. [CrossRef] [PubMed]
34. Van de Waal, D.B.; Ferreruela, G.; Van Donk, E.; Huisman, J.; Visser, P.M.; Tonk, L.; Matthijs, H.C.P. Pulsed Nitrogen Supply

Induces Dynamic Changes in the Amino Acid Composition and Microcystin Production of the Harmful Cyanobacterium
Planktothrix agardhii. FEMS Microbiol. Ecol. 2010, 74, 430–438. [CrossRef] [PubMed]

35. Zhang, Y.; Liu, Y.; Cao, X.; Gao, P.; Liu, X.; Wang, X.; Zhang, J.; Zhou, J.; Xue, S.; Xu, G.; et al. Free Amino Acids and Small
Molecular Acids Profiling of Marine Microalga Isochrysis zhangjiangensis under Nitrogen Deficiency. Algal Res. 2016, 13, 207–217.
[CrossRef]

36. Giordano, M.; Pezzoni, V.; Hell, R. Strategies for the Allocation of Resources under Sulfur Limitation in the Green Alga Dunaliella
salina. Plant Physiol. 2000, 124, 857–864. [CrossRef]

37. Jungandreas, A.; Costa, B.S.; Jakob, T.; Von Bergen, M.; Baumann, S.; Wilhelm, C. The Acclimation of Phaeodactylum tricornutum
to Blue and Red Light Does Not Influence the Photosynthetic Light Reaction but Strongly Disturbs the Carbon Allocation Pattern.
PLoS ONE 2014, 9, e99727. [CrossRef] [PubMed]

38. Patelou, M.; Infante, C.; Dardelle, F.; Randewig, D.; Kouri, E.D.; Udvardi, M.K.; Tsiplakou, E.; Mantecón, L.; Flemetakis, E.
Transcriptomic and Metabolomic Adaptation of Nannochloropsis gaditana Grown under Different Light Regimes. Algal Res.
2020, 45, 101735. [CrossRef]

http://doi.org/10.3390/plants9010031
http://doi.org/10.1016/j.biortech.2015.05.021
http://doi.org/10.1186/s13068-019-1646-x
http://doi.org/10.4319/lo.1984.29.4.0731
http://doi.org/10.1007/s00253-016-7301-6
http://www.ncbi.nlm.nih.gov/pubmed/26860938
http://doi.org/10.1016/j.bbabio.2011.04.012
http://www.ncbi.nlm.nih.gov/pubmed/21565154
http://doi.org/10.1016/0005-2728(88)90125-9
http://doi.org/10.1007/s10811-012-9795-3
http://doi.org/10.1093/jxb/erv340
http://www.ncbi.nlm.nih.gov/pubmed/26163699
http://doi.org/10.3390/metabo4030517
http://www.ncbi.nlm.nih.gov/pubmed/24983765
http://doi.org/10.1111/j.1574-6941.2010.00958.x
http://www.ncbi.nlm.nih.gov/pubmed/20735475
http://doi.org/10.1016/j.algal.2015.12.001
http://doi.org/10.1104/pp.124.2.857
http://doi.org/10.1371/journal.pone.0099727
http://www.ncbi.nlm.nih.gov/pubmed/25111046
http://doi.org/10.1016/j.algal.2019.101735

	Introduction 
	Materials and Methods 
	Microalgal Strain and Cultivation Methods 
	Biomass Analyses and Calculations 
	Statistics 

	Results 
	Biomass Growth 
	Protein Content and Protein Concentration Dynamics 
	Amino Acids 

	Discussion 
	Effect of Light Intensity and Wavelength 
	Amino Acid Dynamics 

	Conclusions 
	References

