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Abstract
This study assessed the potential of enhancing carotenoids and protein accumulation by Desmodesmus subspicatus LC172266 
by urea supplementation and cultivation in a novel flat plate air-lift photobioreactor with broth circulation guides. Addition of 
0.2 g  L−1 urea to BG11 medium significantly increased the cell growth in both flask and photobioreactor cultures. Carotenoid 
accumulation by D. subspicatus was about 5.7 times (15.5 ± 0.1 mgg  cell−1) higher in the photobioreactor with reflective 
broth circulation guide than in the flask culture (2.3 ± 0.1  mgg−1 cell) and about 46% higher than the carotenoid content 
obtained in the photobioreactor without broth circulation guide (control).The cell growth rate was about 2 times higher in 
the photobioreactor with reflective broth circulation guide (0.41 ± 0.005  day−1) than in flask culture (0.20  day−1), and in the 
control photobioreactor (0.28  day−1).Both the protein contents and biomass concentrations were significantly enhanced by 
cultivation in the novel photobioreactor. This research has demonstrated that the flat plate air-lift photobioreactor installed 
with reflective broth circulation guide substantially enhanced carotenoid production by D. subspicatus LC172266.

Keywords Biomass production · Nitrogen source · Mass transfer in photobioreactors · Pigments · Microalgae · Light 
distribution in photobioreactors

Introduction

The increased global demand for carotenoids due to 
increased awareness of their multidimensional bioac-
tivities (Sathasivam and Ki 2018), biological roles in 
humans and animals (Sing et al. 2019) and wide appli-
cations in various industries (Cezare-Gomes et al. 2019) 
can be met with microalgae sources. While the demand 
for the synthetic sources has decreased due to safety and 

environmental concerns (Koyande et al. 2019), most of the 
natural sources of carotenoids such as plants and animals 
(Koyande et al. 2019) have many limitations (Cardoso 
et al. 2017). For instance, production of carotenoids by 
land plants is considered unsustainable due to low produc-
tivity (low content and the long time taken for the plants 
to mature), and the indirect effects on food security due to 
competition for arable land and other agricultural inputs. 
In the case of animals, the productivities are too low to 
compete with other sources (Cardoso et al. 2017). Micro-
organisms are considered the best alternative sources of 
carotenoids due to some obvious reasons which include 
(i) high carotenoid contents in many strains, (ii) easy with 
which the culture conditions can be optimized for high 
productivity, (iii) high growth rates, and thus high pro-
ductivities, and (iv) low cost of substrates (Cardoso et al. 
2017; Mussagy et al. 2018). Amongst the microorgan-
isms, microalgae can store large quantities of carotenoids 
produced from their active carotenogenic pathway (Sing 
et al. 2019) as against yeast and bacteria. Protein is another 
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important product of microalgae used as food/feed supple-
ments. The protein content of microalgae varies from 30 
to70% of dry weight depending on the species of micro-
algae as well as the culture conditions (Ejike et al. 2017; 
Dolganyuk et al. 2020). The concentration of nitrogen in 
the nutrient medium is known to affect protein accumula-
tion in microalgae species. For instance, Xie et al. (2017) 
reported an increase in protein content of Chlorella vul-
garis to 44.3% under optimized culture condition.

Although microalgae are known to be good sources of 
these and other useful metabolites, efficient growth and pro-
duction of useful metabolites by microalgae require efficient 
but cheap photobioreactors. Currently, both open air and 
closed photobioreactors are used for cultivation of various 
species of microalgae (Cezare-Gomes et al. 2019). It is rela-
tively cheap to construct and maintain open air photobiore-
actors but they give lower productivities while the problem 
of contamination limits their application to species with 
selective growth conditions such as Spirulina (alkali), Dune-
liella (high salinity), and Chlorella (very high growth rates). 
In comparison with open air photobioreactors, construction 
and maintenance of closed photobioreactors are expensive 
but they can be used to cultivate any species of microalgae 
without the problem of contamination. They are therefore 
suitable for production of low-volume high-value products 
such as carotenoids without contamination for application in 
the pharmaceutical, cosmetic and food industries (Cezare-
Gomes et al. 2019). However, there is a need to reduce the 
costs of microalgae production in closed photobioreactors 
by designing novel and efficient close photobioreactors with 
high mass transfer and good light distribution (Pal et al. 
2019; Eida et al. 2018).

Efficient mass cultivation of microalgae in photobioreac-
tors for production of useful metabolites largely dependent 
on three factors; 1. Selection of species with high productiv-
ity (Novoveska et al. 2019); 2. Use of efficient photobioreac-
tors to enhance growth rates and productivities (Huang et al. 
2017); and 3. Manipulation of cultivation conditions, which 
currently involves the use of stressed conditions as widely 
reported in literature (Koyande et al. 2019; Mussagy et al. 
2018; Novoveska et al. 2019; Panahi et al. 2019). In terms 
of selection of species/strains for production of pigments, 
few microalgae species which include but not limited to 
Dunaliella sp., Porphydrium sp., and Spirulina sp. have been 
reported widely (Koyande et al. 2019). However, these spe-
cies grow under selective growth conditions such as high pH 
or high salinity. Reports on the use of freshwater microalgae 
such as Desmodesmus sp. for production of carotenoids have 
been very scanty (Pozzobon et al. 2020). According to Neo-
fotis et al (2016), Desmodesmus genus is still in obscurity 
even though many strains within the genus may be resource-
ful for bioactive molecule production. There is therefore a 
need to explore the potentials of this freshwater alga.

Among the various closed photobioreactors, the advan-
tages of flat plate photobioreactors have been highlighted 
(Cezare-Gomes et al. 2019; Huang et al. 2017). We have 
developed a novel flat plate air-lift photobioreactor with 
broth circulation guides, and showed that it was very effec-
tive in enhancing microalgae growth and lipid accumulation 
(Eze et al. 2017). The present study was aimed at evaluat-
ing the effectiveness of the photobioreactor in enhancing 
accumulation of other bioproducts such as cell biomass, 
protein, and carotenoid byour new isolate, Desmodesmus 
subspicatus LC172266. The results showed that this strain 
has great potentials for carotenoid and protein production 
and that production of these bioproducts was enhanced by 
supplementing the BG 11 with urea and using reflective 
broth circulation guide to enhance mass transfer and light 
distribution inside the photobioreactor.

Materials and methods

Microalgae identification

The microalgae species maintained in the Department of 
Microbiology, University of Nigeria, Nsukka were used. 
Their generic names were based on morphological identi-
fication (Ogbonna and Ogbonna 2015). They were further 
identified based on their total DNA as reported by Eze et al. 
(2017). Construction of the phylogenetic trees and bootstrap 
analysis were done according to Saitou and Nei (1987) and 
Felsenstein (1985), respectively.

Inoculum preparation

The microalgae were sub-cultured in BG-11 medium while 
each inoculum was prepared by inoculating 10% of the cul-
ture into 200 mL of the BG11 medium in a 500 mL Erlen-
meyer flask. It was cultivated on an orbital shaker under 
continuous illumination. The light intensity was 50 μmol 
photons  m−2  s−1 while rotation speed was 100 rpm. The 
cultivation was done at 30 °C (which was the optimum tem-
perature as determined in a preliminary experiment and used 
in our previous studies (Ogbonna and Ogbonna 2015; Eze 
et al. 2017) for 10 days.

Microalgae cultivation

Flask cultivation

The composition of the BG 11 was (in  gL−1):  NaNO3, 0.25; 
 K2HPO4, 0.04;  MgSO4·7H2O, 0.075;  CaCl2·2H2O, 0.027; 
 C6H8O7, 0.006;  C6H8O7.nFe.nNH3, 0.006; EDTA, 0.001; 
 NaCO3, 0.02; and 1.0 mL A5 + Costock solution. The com-
position of the A5 + Co stock solution was distilled water, 
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1.0 L;  H3BO3, 2.860 g;  ZnSO4·7H2O, 0.222 g;  MnCl2.4H20, 
1.81 g;  CuSO4·5H2O, 0.079 g;  Na2MoO4·2H2O, 0.390 g 
and Co(NO3)2.6H20, 0.0494 g. The medium was dispensed 
(200 mL each) into 500 mL Erlenmeyer flasks after adjust-
ing the pH to 7.2 using 0.1 N HCl and NaOH. The flasks 
were plugged with foam corks and then sterilized for 15 min 
at 121 °C. The seed culture (10%) was inoculated in the 
sterile growth medium in four replicates and cultivated at 
30 °C on a rotary shaker at the speed of 100 rpm under 
50 μmol.  m−2  s−1continuous light illuminations for 8 days. 
The microalgae culture broth (5.0 mL) was sampled at 2-day 
intervals to measure the cell concentrations and carotenoid 
contents. At the end of the 8 days, the dry cell weights were 
determined by centrifuging broth samples (5.0 mL each) at 
5000 rpm for 5 min, drying the cell pellet in an oven at 70 °C 
for 24 h and weighing. The dried cell biomass was also used 
for protein content determination.

Urea nitrogen supplementation Urea was optimized in 
200 mL of BG11 medium (pH 7.2) containing 5.0  gL−1 of 
glucose and either 0.1, 0.2, 0.5 or 1.0  gL−1 of urea in 500 mL 
Erlenmeyer flasks. The algal cultures were replicated four 
times and seeded with the 10% inoculum. The microal-
gae cultures were incubated and sampled as described in 
Sect. 2.3.1 to measure the cell growth and carotenoid con-
tents.

Cultivation in the Photobioreactor

Detailed description of the photobioreactor (Fig. 1) has been 
given in our previous paper (Eze et al. 2017). The photobio-
reactor was washed and dried inside the clean bench under 
UV irradiation for 24 h. The BG 11 medium was prepared 

as described in Sect. 2.3.1 without organic carbon source, 
supplemented with 0.2  gL−1 urea and the pH adjusted to 7.2. 
Sterilization was done for 15 min at a temperature of 121 °C. 
The photobioreactor without broth circulation guide served 
as the control while the effects of installation of three types 
of circulation guides (transparent, opaque and reflective) 
were investigated. The angle of inclination of the guides 
was 75° and aluminum foil was used to wrap the photo-
bioreactor around so that illumination was only from the 
top (Eze et al. 2017). The working and inoculum volumes 
were 2.70 L and 300 mL, respectively. The photobioreac-
tor was illuminated from the top by six white fluorescent 
lamps. The light intensity at the surface of the culture was 
100 μmol photons  m−2  s−1. The aeration gas was a mixture 
of air and carbon dioxide gas in a ratio of 20:1  (CO2 concen-
tration = 5%) and the flow rate was 1.5 L  min−1. The culture 
temperature was monitored manually with the aid of a labo-
ratory thermometer inserted in the culture through a small 
opening from the top of PBR. The cultivation was done for 
7 days in three replicates but sampling was done every day. 
The pH of the culture was monitored daily by measuring the 
pH of the sampled culture with the aid of digital pH meter. 
The biomass, carotenoid and protein concentrations were 
determined as described below.

Analytical methods

Cell growth rate

The cell (biomass) concentrations were measured by the 
optical density  (OD680) using a UV/VIS spectrophotometer 
(GENESYS 10S UV–Vis, Thermo Fisher Scientific, MA, 
USA). The biomass concentrations during the cultivation 

Fig. 1  A schematic diagram of 
the novel air-lift flat plate photo-
bioreactor installed with an 
inclined broth circulation guide
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were monitored by measuring the OD and converting to 
dry cell weights from a OD vs dry cell weight calibration 
curve. The specific growth rates μ  (day−1) were calculated 
as 1/t × ln(Xm/X0). Here,  X0 (g  L−1) is the cell concentration 
on day 3;  Xm(g  L−1) is the cell concentration on day 7 while 
t (day) is 4 days.

Carotenoid and protein contents of the cells

Broth sample (5.0 mL) was centrifuged at 5000 × g for 
5 min and washed two times with distilled water. The carot-
enoid was extracted from the cell pellet by suspending the 
cell in 5.0 mL 90% (v/v) methanol for 24 h and centrifug-
ing at 5000× g for 5 min (Becker 1994). The absorbance 
of the extract (the supernatant) was measured at 470 nm 
and 660 nm using UV–VIS spectrometer. Total carotenoid 
(mg  L−1) was calculated as  (1000A470–44.76A666/221) as 
reported by Lichtenthaler (1987).

Protein was extracted from the dry biomass sample by 
dissolving 0.1 g pulverized sample in 3.0 mL 1 M NaOH, 
and boiling for 20 min according to Rausch, (1981). The 
protein extract was recovered by centrifuging at 5000×g for 
5 min and quantified with Coomassie Brilliant Blue (Brad-
ford, 1976).

Statistical analysis

The data were subjected to Analysis of Variance (ANOVA) 
single classification. The number of replicates was four and 
the data were presented or plotted as mean ± S.E. Least sig-
nificance difference (LSD) was used to evaluate differences 
between mean values.

Results and discussion

Identification of the isolates

These microalgae strains were previously identified and 
ascribed to the genera: Oocystis A1, Chlorella A7, Chlo-
rococcum A9 and Botyrococcus A5 based on their morpho-
logical characteristics under light microscope (Table 1) 

(Ogbonna and Ogbonna 2015). This method of identification 
is not accurate because the media, the general culture condi-
tions and the stage of growth can have significant effects on 
the cell morphology even though it is still frequently used 
to identify microalgae (Cobos et al. 2017). For instance, 
the same strain of microalgae at different age and culture 
condition exhibit morphological variations (Yu et al. 2012). 
Consequently, the use of genetic sequences to identify spe-
cies as in the present study is more appropriate (Kaur et al. 
2012), since the ITS2 rDNA can differentiate closely-related 
organisms with almost identical sequences (Coleman 2009).

The accession numbers of ITS rDNA (730 bp) sequences 
of the microalgae strains published in the NCBI database 
and their previous names is presented in Table 1. Phylo-
genetic analysis of the ITS region (730 bp) showed that 
there are three clusters and each contain different genera of 
microalgae (Fig. 2). The first cluster, for example, consisted 
of Desmodesmus and two other strains (A1 and A7). The 
second cluster consisted of Dictyosphaerium genera and one 
microalga strain A5 while the third cluster consisted of the 
Chlorella genera and microalga strain A9. The strains; A1, 
A5, A7, and A9 had 99% identity with D. armatus, Dicty-
osphaerium sp, D. subspicatus and C. lewinii respectively 
(Fig. 2). Among these genera of microalgae, Chlorella sp are 
already well-studied, having wide report in literature, and 
are currently cultivated for commercial use (Koyande et al. 
2019). However, other genera especially Desmodesmus sp. 
have few reports in literature (Pozzobon et al. 2020) prob-
ably because few studies have been done on them.

Cultivation of microalgae species in flask cultures

BG 11 medium is a basic medium used to cultivate various 
species of microalgae (Covell et al. 2020) which informed 
the authors’ choice in the current study. The growth rates 
and the final biomass concentrations of the four species 
of the microalgae varied significantly in BG 11 medium 
(Fig. 3b). Although the growth rate for D. subspicatus was 
the highest (0.20 ± 0.006  day−1), there was no significant 
difference between the final biomass concentration (0.9 
 gL−1) and that of C. lewinii after 8 days of cultivation. 
This result is consistent with previous reports that culture 

Table 1  GenBank accession numbers of ITS2 sequences, biomass productivity and carotenoid productions by some freshwater microalgae 
strains in batch flask cultures

Source names Strain Genera/Species GeneBank accession 
numbers

Biomass productivity g 
 L−1  day−1

Carotenoid 
productions mg 
 L−1

Oocystis sp. A1 Desmodesmusarmatus LC172263 0.091 ± 0.001 1.095 ± 0.003
Chlorella sp. A7 Desmodesmussubspicatus LC172266 0.109 ± 0.001 2.001 ± 0.004
Chlorococcum sp. A9 Chlorella lewinii LC172265 0.11 ± 0.002 1.848 ± 0.003
Botyrococcus sp. A5 Dictyosphaeriumsp LC172264 0.075 ± 0.003 1.62 ± 0.004
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media affect the growth and biomass productivities of 
microalgae species (Covell et al. 2020; Loganathan et al. 
2020). There were also variations in the pH of the culture 
broth during cultivation. The pH increased from an initial 
value of 7–9.5 for C.lewinii and D. armatus but for C. 
lewinii and Dictyosphaerium, sp, the pH increased to 10 
and 11.25, respectively (Fig. 3d). According to Logana-
than et al. (2020), the pH trend of 7–9 during cultivation 
favored good nutrient assimilation and was appropriate for 
the growth of microalgae species, while higher pH trend 
limits the absorption of trace metals which are essen-
tial in photosynthesis. This view is consistent with the 
present result in that the species whose culture medium 
maintained a pH of 7–9 had the best growth while Dicty-
osphaerium sp whose pH exceeded 11 recorded the least 
growth rate and final biomass concentration (Fig. 3b, d). 
Loganathan et al. (2020) also reported that pH of 10.15 
in MZM medium impacted negatively on the cell growth 
and productivity of Chlorella variabilis. Furthermore, the 
preference to nitrogen sources by some microalgae species 
is probably on the basis of easier assimilation (Minyuk 
et al. 2020), and the nitrogen to phosphorus ratio of the 
culture medium (Loganathan et al. 2020) have been impli-
cated for either high or low growth and productivities. For 
instance, MN8 medium with a ratio of nitrogen to phos-
phorus of 1:3 supported higher growth rate and biomass 
concentration in C. vulgaris culture. These effects might 
be specie-specific as Pandey et al. (2020) reported that BG 
11 medium elicited the highest growth rate (0.32  day−1) 
by Scenedesmus sp ASK22 under heterotrophic condi-
tion among five selected media, some of which the N: P 
ratios were higher. Comparing Pandey et al.’s report, the 
present report on flask culture had higher growth rates 

(0.50  day−1) probably due to difference in the species as 
well as other culture conditions.

Carotenoid accumulation by Dictyosphaerium sp was the 
highest but there was no significant difference between the 
carotenoid contents of C. lewinii and D. subspicatus while 
D armatus had the least carotenoid content. On the other 
hand, there were no significant differences among the pro-
tein contents of Dictyosphaerium sp, D. subspicatus and 
D. armatus while C. lewinii had the least protein content 
(Fig. 3b, c). On the whole, D. subspicatus gave the highest 
carotenoid productivity (0.25013 ± 0.01  mgL−1  day−1) after 
8 days of cultivation. The preference to nitrogen sources 
is known to affect the rate of absorption by different algal 
species (Minyuk et al. 2020), and this affects intracellular 
concentrations of metabolites. The increase in protein and 
carotenoid contents as the biomass concentration increased 
suggests that protein and carotenoid accumulation in these 
microalgae species were growth-dependent. Loganathan 
et al. (2020) also reported that protein content and primary 
carotenoid (lutein) increased with cell growth in C. variabi-
lis under nitrogen sufficient condition. Primary carotenoids 
accumulate under nutrient sufficient condition as obtained 
in the present study which may suggest that the carotenoids 
accumulated by D. subspicatus were primary carotenoids. 
Although protein is generally accumulated in microalgae at 
increased nitrogen concentration, carotenoid accumulation 
could be dependent on nitrogen source concentration or type 
of species (Zhuang et al. 2018).

According to literature, growth rate and biomass pro-
ductivity are very strong indices that point to the com-
mercial potential of microalgae technology (Loganathan 
et al. 2020). Consequently, D. subspicatus was selected 
for further studies. The impact of urea supplementation 

Fig. 2  Phylogenetic tree of 
microalgae strains using the 
ITS2 sequences. The tree was 
constructed by the neighbor-
joining algorithm and the Boot-
strap values of 1000 replicates 
(%) are shown at the branches
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to BG11 medium on growth rate and biomass concentra-
tion of D. subspicatus was investigated under mixotrophic 
condition as shown in Fig. 4. The results showed that sup-
plementation of urea to sodium nitrate in BG 11 medium 
resulted in higher cell growth and biomass concentrations 
compared to the control 1 (without urea supplementation) 
and control 2 (urea without sodium nitrate). This may be 
due to the impact of urea on nitrate assimilation by D. 
subspicatus (Eze et al. 2020). More importantly, urea-N 
is acknowledged as a cheap nitrogen source for microal-
gae production which has cost-effective advantage during 
commercial production (Zhuang et al. 2018). Hence, the 
choice of urea as nitrogen supplement to BG 11 medium 
in the present study.

Cultivation in the flat plate airlift photobioreactor 
with broth circulation guides.

The results from the flask cultures have demonstrated that 
D. subspicatus has the potentials for carotenoid produc-
tion. However, the full potentials can only be realized 
if cultivated in a good photobioreactor with good mix-
ing and light distribution. The effectiveness of the novel 
photobioreactor equipped with broth circulation guides 
(Eze et al. 2017) in enhancing carotenoid production by 
D. subspicatus was therefore investigated, using BG 11 
medium supplemented with 0.2  gL−1 urea-N at100 μmol 
photons  m−2  s−1 light intensity. Installation of transparent 
or opaque broth circulation guides resulted in better cell 
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growth but had no significant improvement in the carot-
enoid content. However, with reflective broth circulation 
guide, both the biomass concentration and cellular carot-
enoid contents were significantly higher than the values 
obtained without any guide (control), opaque or transpar-
ent broth circulation guides. The carotenoid productivity, 
biomass concentration and protein contents obtained with 
the novel photobioreactor equipped with reflective broth 
circulation guide were about 14 times, 1.5 times and 2.5 
times respectively higher than the values produced in 
flask culture (Figs. 5b, 6, 7). All the three broth circula-
tion guides (opaque, transparent and reflective) improved 
mass transfer as measured by broth circulation time and 
mixing time (Eze et al. 2017). The higher cell growth 
rates obtained in the photobioreactor with transparent and 
opaque broth circulation guides can be partly attributed 

to better mass transfer. However, it is apparent that this 
did not affect the carotenoid content of the cells. The very 
significant effect of reflective broth circulation guide is 
therefore mainly due to improved distribution of light 
inside the photobioreactor (Ogbonna and Tanaka 2000; 
Khan et al. 2018).  

The pH profile of culture medium during cell cultiva-
tion with each of the broth circulation guides were all 
within the range of 7–9 (Fig. 5a) which reflected nutrient 
assimilation as discussed in Sect. 3.2. However, reflec-
tive and opaque broth circulation guides showed more 
favorable pH range of 7–8 with higher cell growth and 
productivities (Figs. 5a, b, 6, and 7). The cell growth rate 
and carotenoid productivity by the microalga in the pho-
tobioreactor equipped with reflective broth circulation 
guide was about twice higher than the value produced in 
photobioreactor installed with either transparent, opaque 
broth circulation guides or control (without broth guide) 
(Figs. 5b and 6).

The effectiveness of the present photobioreactor in 
enhancing bio-lipid accumulation by D. subspicatus, on 
the basis of enhanced mixing and light irradiance in the 
internal regions of the culture has been reported previously 
(Eze et al. 2017). In another study on phototrophic cultiva-
tion of Chlorococcum humicola, the difference in photo-
bioreactor design was highlighted for the higher biomass 
and carotenoid productivity observed in air-lift photobio-
reactor than in stirred-tank photobioreactor (Powtongsook 
and Nootong 2019). The biomass concentration obtained 
in the present study (1.4  gL−1) is much higher than the 
value reported for Chlorococcum humicola when culti-
vated in air-lift photobioreactor (0.9  gL−1) for 14 days. 
This is probably due to differences in the culture opera-
tional conditions (aeration content, aeration rate and light 
intensity) and species of microalgae involved.
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The Impact of nitrogen source concentrations 
and light intensity

The nature and concentrations of nitrogen sources, as well 
as light intensities are important factors affecting pig-
ment and protein accumulation (Benavente-Valdes et al. 
2016; Eze et al. 2020; Schüler et al. 2020), growth and 
biomass productivities (Huo et al. 2018; Zhu et al. 2019) 
by many species of microalgae. The impact of urea sup-
plementation on cell growth in flask cultures has been 
shown (Fig. 4). The supplementation of BG 11 with the 
optimum urea concentration (0.2  gL−1) elicited increased 
growth rate and biomass concentration by about 51% and 
92% respectively when compared to the control (without 

urea supplementation). However, further increases in bio-
mass concentration (1.4  gL−1) and carotenoid contents 
(15.5  mgg−1) were obtained by cultivation in the photo-
bioreactor with reflective broth circulation guide. These 
values were significantly higher (p < 0.05) than the val-
ues obtained in the photobioreactors equipped with either 
transparent (0.58  gL−1 and 8.6  mgg−1) or opaque broth 
circulation guides (0.63  gL−1and 8.9  mgg−1) (Fig. 5b). 
The enhanced productivity is attributed most probably 
to better light distribution by the reflective broth guide 
whose reflection improved light distribution inside the 
photobioreactor (Eze et  al. 2017). The opaque broth 
circulation guide gave slightly higher productivity than 
transparent guide probably due to flashing light effect 
that characterized the photobioreactor with opaque broth 
circulation guide. This is known to enhance light utiliza-
tion, though at very high light intensities (Schulze et al. 
2017). Madhubalaji et al. (2019) observed the highest bio-
mass (1.13  gL−1), growth rate (0.45  day−1), carotenoids 
(7.97  mgg−1) and protein (69.68% w/w) at increased light 
intensity up to 400 μmol   m−2   s−1 by C. vulgaris culti-
vated in airlift photobioreactor. The medium was nitro-
gen-sufficient modified Bold Basal medium. In another 
report, there was increased biomass production of Eus-
tigmatos cf. polyphem at increased light intensity from 
low light intensity (100 μmol photons  m−2  s−1) to high 
light intensity (300 μmol photons  m−2  s−1) with all the 
nitrogen sources tested (Gao et al. 2017). However, Pozzo-
bon et al. (2020) recently reported that during cultivation 
of Desmodesmus sp. in a bubble column photobioreac-
tor with nitrogen-rich BN3 medium, increasing the light 
intensity from 75 to 150 μmol photons  m−2  s−1 gave the 
same growth rate (0.0469  h−1) while increasing from 150 
to 300 μmol photons  m−2  s−1 gave the same lutein content 
(0.251–0.244 ± 0.005%  gg−1DW). Furthermore, Gonclaves 
et  al. (2019) reported that nitrogen concentration did 
not have significant effect on Tetradesmus acuminatus 
(LC192133.1) cultivated in photobioreactor at different 
light intensities. In some earlier studies on Scenedesmus 
spp., nitrogen sufficiency and high light intensity induced 
the greatest carotenoid accumulation (about 7.0  mgg−1) in 
an outdoor thin-layer photobioreactor (Pribyl et al. 2016) 
and fed batch air-lift photobioreactor (11.99  mgg−1) (Gar-
cia-Canedo et al. 2016). Although the carotenoid contents 
were lower than the current report, they were all in agree-
ment in terms of increased productivities under nitrogen-
rich and increased light supply conditions. In another 
study, the carotenoids and protein contents of Chlorella 
vulgaris(a chlorophyll-deficient mutant) were reportedly 
enhanced by light irradiance under mixotrophic condition 
using F2 Guillard medium (Schüler et al. 2020). Although 
the authors attributed the higher protein content in the 
mutant to induction of larger photosynthetic units such as 
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chlorophyll-binding proteins and thylakoid proteins in the 
presence of light, the nitrate nutrient-sufficient F2 Guillard 
medium may have contributed to the same effect.

It is noteworthy that this trend in carotenoid accumulation 
differs from the widely reported stress-induced accumulation 
by many microalgae species (Koyande et al. 2019; Novo-
veska et al. 2019; Panahi et al. 2019). A possible explana-
tion to this trend of carotenoid accumulation might be that 
different regulatory mechanisms of carotenoid biosynthesis 
function in these species (Pribyl et al. 2016). This trend in 
carotenoid accumulation is very important because the fea-
ture suggests a potential for production of carotenoid-rich 
biomass which offers cost effective advantage at commercial 
production. In fact, by way of comparison, the carotenoid 
production in the present report is higher than some recent 
reports by other species (Table 2). The importance of this 
outcome is that Desmodesmus spp. which hitherto has few 
reports compared to Chlorella spp in literature (Pozzobon 
et al. 2020), should attract more attention for more research 
to establish its potential commercial value. For instance, the 
simultaneous increase in protein and carotenoids concen-
trations by D. subspicatus in the present work indicates a 
potential as food/feed supplement.

The recent reports on the potential of Dunaliella salina 
for human food due to co-production of quality protein and 
carotenoid in a two-phase culture system for 20 days (Sui 
et al. 2019), and production of Chlorella vulgaris biomass 

with enhanced pigment (52.18 ± 1.30% of DW) and protein 
(23.98 ± 1.57 mg  g−1 DW) contents in a two-phase hetero-
trophic-phototrophic culture system for 14 days (Barros et al. 
2019) highlights more the potentials of the present report. 
For instance, the single-phase culture system of the present 
report which supported increased simultaneous production 
of protein and carotenoids holds more cost effective advan-
tage than the two-phase system reported. The higher protein 
and carotenoid concentrations reported by Sui et al. (2019) 
may be specie-specific or due to length of cultivation. How-
ever, the protein content reported by Barros et al. (2019) was 
significantly lower than the current report probably due to 
differences in species and culture conditions.

Conclusions

The data obtained in this work have demonstrated the poten-
tials of D. subspicatus LC172266 as a source of carotenoids, 
and that its growth and carotenoid productivities can be 
improved by urea supplementation as well as improvement 
in mass transfer and light distribution inside the bioreac-
tors. These were achieved by cultivation in the novel flat 
plate airlift photobioreactor with reflective broth circulation 
guide. Simultaneous accumulation of protein and carotenoid 
by D. subspicatus indicates that it has a potential as a food/
feed supplement.

Table 2  Comparison of carotenoids production by some species of microalgae

np not provided

Microalgae species Carotenoid 
content (mg 
 g−1)

Carotenoid 
productivity (mg 
 L−1  day−1)

Culture conditions References

DesmodesmussubspicatusLC172266 15.5 3.43214 BG II medium, 0.2  gL−1 Urea-N 
supplement,  300C; light: 100 μmol.
m−2  s−1, 7 day

Present study

C. zofingiensis 21.805 1.36281 Bold Basal medium, Bipha-
sic: photo-mixotrophy:, 120–
240 μmol m − 2 s − 1, 20–25 °C, 32 
day

Minyuk et al. (2020)

Asterarcysquadricellu-
larePUMCC5.1.1

118 8.85 Bold Basal medium, 10 mM,
nitrate, 3.5 mM phosphate, 0.17 mM 

salinity, light intensity: 60 
μmolm−2  s−1 photon flux. 36 day

Singh et al. (2019)

Desmodesmus. subspicatusMB.23 4.6 0.27804 BBM, NPK fertilizer supplemented, 
light: 39 μmol  m−2  s−1, L-D cycle, 
45 day

Abdulsamad et al. (2019)

Chlorella sorokinianaMB-1-M12 4.98 6.61 BG-11medium, 6  gL−1 sodium 
acetate, 75% medium replacement, 
light: 150 μmolm−2·s−1, 28 °C 15–21 
day

Chen et al. (2019)

Dunaliellaparva (D-PSY) 7.0 Np Johnsosns medium, 25 ± 1 °C light: 
50 μmol m − 2 s − 1, 30 ppm polyeth-
ylene glycol stress, 16 day

Ismaiel et al. (2018)
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