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Abstract
The effect of light wavelengths on the physiological, biochemical and lutein content of the microalgal consortia Chlorella 
variabilis and Scenedesmus obliquus was evaluated using different light sources. Among different light treatments, cool-white 
fluorescent light produced the highest biomass of 673 mg  L−1 with a specific growth rate of 0.75  day−1 followed by blue (500 
mg  L−1; 0.73  day−1). The chlorophyll content was enhanced under blue light (10.7 mg  L−1) followed by cool fluorescent 
light (9.3 mg  L−1), whereas the lutein productivity was enhanced under cool fluorescent light (7.22 mg  g−1). Protein content 
of the microalgal consortia was enhanced under all light treatments with the highest protein accumulation under cool-white 
fluorescent light (~56% of dry mass) closely followed by amber light (52% of dry mass), whereas the carbohydrate content 
was higher under amber light (~35% of dry mass). The results revealed that the consortia could grow well on diluted dairy 
wastewater thereby reducing the cost of algal production when compared with the use of inorganic media and a two-phase 
culture process utilizing cool fluorescent and amber light could be employed for maximizing algal biomass and nutrient 
composition with enhanced lutein production. The study also emphasizes on the economic efficiency of LED lights in terms 
of biomass produced based on the modest electricity consumed and the importance of using amber light for cultivating 
microalgae for its nutrient content which has seldom been studied.
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Introduction

Marginal biomass productivity is one of the fundamental 
constraints that prevent algal technology from reaching 
appreciable commercialization. Various environmental fac-
tors are known to influence microalgal growth and light is 
considered as one of the primary factors [1]. Sunlight is 
the most cost-effective light source and is mainly used for 
outdoor microalgal production (raceway ponds); however, 
electrical lighting is gaining importance owing to the fact 
that it can provide better control of the lighting intensity and 
wavelengths for photobioreactors [2]. Electrical lighting for 

microalgal cultivation is generally derived from three major 
light sources: high-intensity discharge lamps, fluorescent 
lamps and light-emitting diodes (LEDs). Among the sources 
listed, fluorescent lamps are commonly used by research-
ers for microalgal production as they cover a wide range of 
wavelengths. In recent years, LEDs have been gaining popu-
larity because of their compactness, longer lifetime, high 
electrical conversion efficiency and low heat emission [2, 3].

Microalgae, similar to plants, capture light energy (light-
harvesting antennas) and produce electrons in the reaction 
center of the photosystems. For efficient photosynthesis, pre-
serving an excitation balance between the two photosystems 
(PSI and PSII) is of prime importance. To serve the purpose, 
microalgae possess specific light-harvesting antennas for 
expanding the available wavelength of light. Certain groups 
of algae contain accessory pigments which help in effi-
ciently harvesting light for photosynthesis [4]. Green algae, 
in particular, possess a chlorophyll–protein complex which 
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is comprised of chlorophyll a and b and carotenoids for car-
rying out the photosynthesis [5]. Light quality and intensity 
highly influence the photosynthetic process in microalgae 
and also induce modifications in their biochemical composi-
tion [6]. Light quality, in particular, has a strong influence 
on the growth rate in both microalgae and macroalgae [7]. 
Besides this, light quality is also known to induce a sig-
nificantly high amount of mature cells in the culture [8]. 
Red and blue wavelengths in particular are known to induce 
high photosynthetic machinery due to the high absorbances 
of photosystems I and II for these wavelengths. Previous 
studies have also reported that blue/red light highly influ-
ences the algal growth rate and pigment synthesis [9, 10]. 
Apart from photosynthesis, blue light also regulates enzyme 
activation and gene transcription and the cells damaged by 
exposing the algae to red light could be repaired by expos-
ing them to blue light. Therefore, for achieving maximum 
growth and biomass productivity, microalgae require light 
conditions that are ideal and that fall within a narrow band 
of spectrum [11].

Zhong et al. [12] reported that the microalgae Chlorella vul-
garis, Chlorella pyrenoidosa, Scenedesmus quadricauda and 
Scenedesmus obliquus, grown under blue light, have the poten-
tial to be used in the production of nutritional supplements 
for human consumption as well as a biofuel feedstock, due 
to increased biomass productivity and lipid composition. The 
authors from the same study concluded that blue light is the 
best wavelength for enhancing algal growth rates followed by 
red and white lights. Another study put forward by Teoa et al. 
[13] on the algal species Nannochloropsis and Tetraselmis, 
under the mixture of red and blue lights with a 24 h photoper-
iod, revealed that blue wavelength had a positive effect on the 
biomass productivity. Therefore, adequate selection of a light 
wavelength can enhance the growth and biomass productivity 
of microalgal species, but this differs not only from species to 
species but also from one strain to another. This response of 
microalgae to light quality can be attributed to the variation in 
light-harvesting pigments and membranes [4, 6, 14].

However, the light wavelengths ranging between 500 and 
600 nm have rarely been studied because of their low electrical 
conversion and radiation efficiencies [2]. The knowledge of 
how microalgae respond to light quality is still a question that 
needs to be addressed. Combination of different LEDs with 
varying wavelengths could promote growth rate and biomass 
productivity by enhancing the process of photosynthesis, but 
the practice requires further studying [9, 10]. In addition, the 
impact of light properties on different strains of algae has not 
been investigated extensively by researchers [6]. To address 
these gaps, the current study aims to provide a clear insight on 
how different wavelengths of light from monochromatic LEDs 
(470, 595, and 655 nm) including cool fluorescent, impact the 
growth rate, biomass productivity, chlorophyll/lutein contents 
and biochemical composition for the microalgal consortia 

composed of Chlorella variabilis and Scenedesmus obliquus 
when cultivated on synthetic dairy wastewater, while keep-
ing the light intensity and temperature at 40 ± 3 µmol m−2 s−1 
and 24 ± 2 °C, respectively, under a 24 h photoperiod agitated 
at 90 rpm on an orbital shaker. The major reason for choos-
ing the algal consortium for this study was to prevent culture 
crashes that may occur when using monocultures. In addi-
tion, algal consortium is considered to be stable and produce 
higher biomass with stronger resistance to contaminants such 
as pathogens and grazers [15]. The above strains were cho-
sen as there has been no study reported till date employing 
this microalgal consortium consisting of the strains Chlorella 
variabilis and Scenedesmus obliquus for enhancing biomass 
productivity, biochemical composition and lutein content using 
varying light treatments. Furthermore, the study on the effect 
of amber light and amber + blue light (mixture of amber + blue 
was used to improve the electrical and radiation efficiency) 
on the biomass growth, chlorophyll/lutein contents, biomass 
productivity and biochemical composition of this microalgal 
consortia will open a new avenue for researchers to focus on. 
The study also reveals the effect of light quality on lutein con-
tent which is considered to be a high value-added product.

Materials and methods

Microalgal strains and culture conditions

Axenic algal strains of Chlorella variabilis and Scenedes-
mus obliquus were obtained from the Culture Collection of 
Algae and Protozoa. The stock cultures were maintained in 
125 mL Erlenmeyer flasks containing culture medium at 
24 ± 2 °C under a 24 h photoperiod. There are several reports 
on the effect of 24 h photoperiod on the growth and biomass 
productivity of the algal species. Specifically, a study on 
Botryococcus braunii KMITL 2 showed that a photoperiod 
of 24 h enhanced the biomass concentration to almost four 
times when compared to the 12:12 photoperiod. Therefore, 
longer duration of light increased the specific growth rate 
and biomass concentration of the algal species and a lin-
ear trend was observed with increasing photoperiods [16]. 
This experiment was accordingly carried out under a 24 h 
photoperiod with continuous illumination. Lower irradiance 
of 40 ± 3 µmol m−2 s−1 was used to reduce the economic 
costs incurred while using continuous illumination. Over-
head lighting for the flasks was provided using cool-white 
fluorescent light (4200 K, F72T8CW, Osram Sylvania, 
MA, US) at a photosynthetic photon flux density (PPFD) of 
40 ± 3 µmol m−2 s−1. The flasks were agitated on an orbital 
shaker at 90 rpm. Sub-culturing was done regularly after 
every 10 days to maintain live algal culture. MN8 medium 
was used for sub-culturing of Chlorella variabilis, while 
Blue Green medium (BG11) was used for sub-culturing 
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of Scenedesmus obliquus. The compositions of the media 
were obtained from Cheng et al. [17] and Rippka et al. [18]. 
The glassware for culturing the algal strains was sterilized 
at 105 °C for 15 min in a hot air oven. Similarly, the media 
for sub-culturing the algal strains was autoclaved at 121 °C 
for 30 min prior to inoculation.

Cultivation of the microalgal consortia with diluted 
dairy wastewater under different light wavelengths

The microalgal consortia (20 mL) were inoculated into 
a 500 mL Erlenmeyer flask containing 180 mL culture 
medium (diluted dairy wastewater). The dilution of the 
dairy wastewater was carried out due to high turbidity and 
determined based on the results obtained from a feasibil-
ity study that was carried out using undiluted, 25% and 
10% wastewater (results not reported here). The simulated 
dairy wastewater was prepared in the laboratory using 
2 g L−1 dried milk powder, 2.8 g L−1  NH4Cl, 0.1 g L−1 
 MgSO4.7H2O, 0.076 g L−1  CaCl2.H2O, 2 g L−1  KH2PO4 
and 4 g L−1  NaHCO3 [19]. Sodium bicarbonate was the car-
bon source for the algal consortia cultivated on simulated 
dairy wastewater. The LED tubes were installed above the 
orbital shaker (~ 0.5 m on a wooden board) and the tem-
perature was maintained at 24 ± 2 °C. The flasks were then 
exposed to different light wavelengths treatments: blue 
(450 nm, VanqLED, Shenzhen, Guangdong, China), amber 
(595 nm, VanqLED), amber + blue (ratio 1:1), red (650 nm, 
VanqLED), and cool-white fluorescent light (Sylvania Cool 
White, USA). The spectra of the electrical lighting systems 

used in this study are presented in Fig. 1 where wavelength 
(nm) is plotted against relative spectral photosynthetic 
photon flux (µmol m−2 s−1). The flasks were illuminated 
at 40 ± 3 µmol m−2 s−1 for 16 days with a 24 h photoperiod 
on an orbital shaker agitated at 90 rpm. The photosynthetic 
photon flux density (PPFD) and spectrum of the lighting 
systems were measured using a spectroradiometer (PS-300, 
Apogee, Logan, UT). The temperature was continuously 
monitored using a temperature sensor (Raytek Minitemp, 
MT6).

Estimation of growth rate and biomass productivity

The growth rate of the microalgal consortia was measured in 
terms of optical density, chlorophyll content and dry mass. 
Optical density was measured using a UV spectrophotometer 
(Ultrospec 2100 pro) at 680 nm [20]. The dry mass was deter-
mined by filtering 5 mL of the culture through a Whatmann 
filter paper followed by drying in an oven at 80 °C for 24 h and 
cooling in a dessicator until a constant weight was achieved 
[21]. Chlorophyll content was measured using a modified pro-
cedure put forward by Parsons and Strickland [22]. In brief, 
5 mL of the algal suspension was taken and centrifuged at 
3500 rpm for 10 min. The supernatant was discarded and the 
pellet was resuspended in 96% methanol followed by vortex-
ing for 2 min. The tubes were then kept on a hot plate for 
30 min at 60 °C. The resulting mixture was centrifuged again 
at 3500 rpm for 10 min and the supernatant was collected 
separately. The steps were repeated until the chlorophyll was 
completely extracted. The absorbance of the supernatant 

Fig. 1  Spectral compositions of the lighting systems used in this study
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was read at 650 nm and 665 nm and the chlorophyll present 
was calculated using modified Eq. (1) [23]. The chlorophyll 
extraction was carried out at 60 ℃ with respect to a study 
that suggested that the highest extraction yield of chlorophyll 
from Nannochloropsis gaditana and Dunaliella salina was 
obtained at 60 ℃ [24]. Similarly, another study by Sartory 
and Grobbelaar [25] found that the chlorophyll extraction from 
Scenedesmus quadricauda, Selenastrum capricornutum and 
Microcystis aeruginosa was maximized by boiling the algae 
in 95% ethanol or methanol at 100 ℃ for 5 min [25, 26]. In this 
study, no chlorophyll degradation for the microalgal mixture 
was observed at temperature of 60 ℃. The variation in pH 
was monitored regularly using a Fischer Scientific pH meter 
(Accumet Basic, AB15). The analyses were carried out every 
alternate day for 2 weeks, except for dry mass which was deter-
mined at the end of the 16-day experiment.

Chlorophyll content (CC) was determined using the fol-
lowing Eq. (1) [23]:

where A represents absorbance.
Specific growth rate (µ) was determined using the follow-

ing Eq. (2):

where X2 represents the dry mass at time t2 and X1 represents 
the dry mass at time t1 [11].

Doubling time (D) was determined using the following 
Eq. (3):

where µ represents specific growth rate [27].

Biochemical analysis

After 16  days, the algal samples were centrifuged at 
5000 rpm for 20 min to assess the biomass yield. This was 
followed by freeze drying of the biomass at − 55 °C for 
2 days which was then utilized for carbohydrate, protein and 
lipid analyses using modified methods described by Wagh-
mare et al. [28], Slocombe et al. [29] and Folch et al. [30].

In brief, for the carbohydrate analysis, 5 mg of the freeze 
dried biomass was taken and hydrolyzed with 5 mL of 2.5 N 
hydrochloric acid at 100 °C for 3 h. After cooling, sodium 
carbonate was added to the solution until effervescence 
ceased and made up to 100 mL with distilled water and cen-
trifuged at 4000 rpm for 10 min. To 1 mL of the above solu-
tion, 4 mL of anthrone-sulphuric acid reagent was added. 

(1)CC = 22.12 × A650 + 2.71 × A665,

(2)
� =

ln
(

X2

X1

)

(t2 − t1)
,

(3)D =
0.693

�
,

The solutions were heated at 100 °C in a hot water bath 
for 10 min. The heated solutions were then cooled to room 
temperature and subjected to spectrophotometric analysis at 
630 nm. The observations were noted and the unknown con-
centration of carbohydrate present was calculated directly 
from the standard curve [28].

For protein analysis, about 5 mg of freeze dried algal 
biomass was taken and 0.2 mL of 24% (w/v) TCA (tri-chlo-
roacetic acid) was added. The samples were then heated at 
95 °C for 15 min followed by cooling to room tempera-
ture. This was followed by addition of 0.6 mL of water and 
the mixture was centrifuged at 10,000 rpm for 10 min. The 
supernatant was discarded and the pellet was resuspended 
in 0.5 mL of Lowry reagent D. The pellet was then heated 
to 55 °C for 60 min and centrifuged again at 10,000 rpm at 
room temperature for 10 min. The pellet was then discarded 
and the supernatant was retained for further analysis using 
Lowry assay. In brief, 0.05 mL of sample was taken and 
0.95 mL of Lowry reagent D was added and incubated for 
10 min at room temperature. A 0.1 mL of Folin’s reagent 
was added and vortexed immediately and the absorbance of 
the sample was read at 600 nm after 30 min. The unknown 
concentration of protein was obtained directly from the 
standard curve [29].

For lipid analysis, 10 mg of freeze dried algae was taken 
and suspended in 5 mL of chloroform and methanol (2:1). 
The mixture was incubated at room temperature after clos-
ing the opening with aluminum foil for 24 h. The mixture 
was then filtered using a Whatmann filter paper. The filtrate 
was collected in a 50 mL pre-weighed beaker which was 
then kept on a hot plate at 50 °C. The chloroform–methanol 
mixture was evaporated to dryness leaving a residue at the 
bottom of the beaker. The total lipid was calculated by sub-
tracting the weight of the beaker with lipid from the weight 
of the empty beaker [30].

Lutein extraction and quantification

Lutein was extracted from the algal consortia by adopting a 
method described by Inbaraj et al. [31]. In short, 10 mg of 
the alga was treated with a 3 mL mixture of hexane–etha-
nol–acetone–toluene (10:6:7:7, v/v) in a 10 mL volumet-
ric flask and shaken for 1 h. To the contents, 2 mL of 40% 
methanolic potassium hydroxide was added for saponifica-
tion at 25 °C in the dark for 16 h. After saponification, 3 mL 
of hexane was added for partitioning, shaken for 1 min and 
10% sodium sulfate solution was added and diluted to vol-
ume. The mixture was allowed to stand until two phases 
separated clearly. The upper layer containing lutein was col-
lected. The extracts of upper layer was evaporated to dry-
ness, re-dissolved in 1 mL methanol–methylene chloride 
(50:50, v/v), and filtered through a 0.2 µm membrane filter 
for HPLC analysis.
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HPLC analysis and identification of peak

The separation, identification, and quantification of lutein 
were made by high-performance liquid chromatography 
analysis. The Agilent HPLC system consists of a quater-
nary pump with a degasser, variable wavelength detector 
equipped with Agilent chromatography computer soft-
ware. For separation of lutein, a Discovery C18 column 
(250 mm × 4.6 mm I.D., 5 μm) was used. The mobile phase 
(A) consisted of methanol–acetonitrile–water (84:14:2, 
v/v/v) and the mobile phase (B) consisted of methylene 
chloride (100%), with a flow rate set as 0.6 mL min−1. A 
gradient solvent system with 100% A and 0% B in the begin-
ning, decreased to 95% A and 5% B in 8 min, 75% A and 
25% B in 25 min, 100% A and 0% B in 25 min was utilized 
for extracting lutein. Extract injection volume was 20 μL 
and the response of the peak was detected at 450 nm. The 
identification of lutein was made by comparing the reten-
tion time of the standard with that of the sample. The lutein 
quantity for each sample was calculated using the following 
equation [32]:

(4)
Lutein quantity (mg/g) =

Lutein concentration
(

mg

L

)

× Volume of solvent (L)

Dry weight (g)
.

Preparation of standard curve for lutein

Commercial lutein obtained from Sigma-Aldrich was used 
as the analytical standard. Concentrations of lutein vary-
ing from 0.5 to 7.5 µg mL−1 were injected and the standard 
curve was prepared by plotting concentration against area. 
The regression analysis was done using Microsoft Excel and 
a correlation coefficient (R2) of 0.99 was obtained.

Statistical analysis

All the experiments were carried out in triplicates to 
ensure accuracy and consistency. The values obtained were 
expressed as means of triplicate values ± standard devia-
tion. The optical density, chlorophyll content and dry mass 
were analyzed statistically using SAS MANOVA and the 
biochemical characteristics was analyzed using ANOVA fol-
lowed by Tukey’s test. MANOVA was mainly used to reduce 
the type I error which may occur while performing ANOVA 
repetitively. Besides this, MANOVA accounts for both the 
main effect and the interaction effects as specified in Table 1, 

Table 1  MANOVA for overall 
treatment effect (light quality)

MANOVA test criteria and F approximations for the hypothesis of no overall light effect 
H = Type III SSCP matrix for light
E = Error SSCP matrix

Parameter Statistic Value F value Num DF Den DF Pr > F

Growth (optical density) Pillai’s trace 3.53 5.59 32 24  < 0.0001
Chlorophyll content Pillai’s trace 3.82 15.51 32 24  < 0.0001
Biomass productivity (dry mass) Pillai’s trace 3.48 5.06 32 24  < 0.0001

Table 2  MANOVA for days 
effect

MANOVA test criteria and F approximations for the hypothesis of no days effect 
H = Type III SSCP matrix for days
E = Error SSCP matrix

Parameter Statistic Value F value Num DF Den DF Pr > F

Growth (optical density) Pillai’s trace 0.99 575.04 7 4  < 0.0001
Chlorophyll content Pillai’s trace 0.99 1595.88 7 4  < 0.0001
Biomass productivity (dry mass) Pillai’s trace 0.99 1083.59 7 4  < 0.0001

Table 3  MANOVA for 
interaction effect (days*light 
quality)

MANOVA test criteria and F approximations for the hypothesis of no days*light effect 
H = Type III SSCP matrix for days*light
E = Error SSCP matrix

Parameter Statistic Value F value Num DF Den DF Pr > F

Growth (optical density) Pillai’s trace 3.48 6.68 28 28  < 0.0001
Chlorophyll content Pillai’s trace 3.14 3.63 28 28 0.0005
Biomass productivity (dry mass) Pillai’s trace 3.40 5.62 28 28  < 0.0001
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2 and 3, respectively, where light treatments and days are 
the main effects and days*light treatments is the interaction 
term [33]. The statistical analyses revealed that there was 
a significant effect of light treatments on the physiological 
and biochemical properties of the microalgal consortia with 
respect to days of growth at a significance level of p < 0.05.

Results

Effect of LED lights on the growth and biomass 
productivity of the microalgal consortia

The microalgal consortia was cultured on diluted dairy 
wastewater and exposed to varying wavelengths of light for 
a period of 16 days. The culture growth of the microalgal 
consortia differed significantly and was dependent on the 
wavelength of light applied. Continuous illumination was 
provided to stimulate the growth of the microalgal consortia. 
The dry mass of the microalgal consortia under cool-white 
fluorescent light and LED light treatments is presented in 
Fig. 2. A linear correlation was observed between optical 
density and dry mass for different light treatments and is 
presented in the form of equations below.

(5)
For cool fluorescent ∶ y = 390.81x − 3.1825

(

R2 = 0.96
)

,

(6)For blue ∶ y = 332.79x − 8.2146
(

R2 = 0.96
)

,

(7)For red ∶ y = 352.07x − 46.295
(

R2 = 0.96
)

,

(8)
For amber + blue ∶ y = 428.4x − 0.8102

(

R2 = 0.95
)

,

The wavelengths of light had a crucial effect on the micro-
algal biomass yield (dry biomass obtained after 16 days of 
inoculation) and productivity (dry biomass obtained per 
day with respect to the day zero). Among the wavelengths 
of light used for this study, a maximum biomass yield of 
673 mg L−1 was observed under cool-white fluorescent light 
followed by blue, amber + blue, red and amber light with 
500 mg L−1, 380 mg L−1, 300 mg L−1, 280 mg L−1 and a bio-
mass productivity of 0.042 g L−1 day−1, 0.031 g L−1 day−1, 
0.024 g L−1 day−1, 0.019 g L−1 day−1, 0.018 g L−1 day−1, 
respectively. This suggests that cool-white fluorescent light 
was the best light source for maximal growth and biomass 
productivity of this microalgal consortia followed by blue, 
amber + blue, amber and red. The results for statistical analy-
ses revealed that optical density, chlorophyll content and dry 
mass were significantly different with respect to the light 
treatments (cool fluorescent, blue, red, amber + blue and 
amber) which is considered to be the main effect at p < 0.05 
and can be seen in Table 1. Similarly, the optical density, 
chlorophyll content and dry mass were different with respect 
to days (main effect) as well, at p < 0.05, and the same is pre-
sented in Table 2. The interaction term days*light was also 
significant at p < 0.05 as shown in Table 3 and this reveals 
that the growth rate and dry mass were affected by both the 
main effects (light treatments and days). In addition, it can 
also be seen that all the dependent variables (optical density, 
chlorophyll content and dry mass) contributed to the signifi-
cant overall effect which can be seen in Tables 1, 2 and 3, 
respectively [33].

The specific growth rate under different light treatments 
is presented in Fig. 3. The specific growth rate of the micro-
algal consortia under cool-white fluorescent and blue light 
in the growth phase (up to 4 days) was higher (µ = 0.75 
and 0.73 day−1) than that of amber, amber + blue and red 

(9)For amber ∶ y = 174.37x + 19.829
(

R2 = 0.93
)

.

Fig. 2  Dry mass for microalgal consortia under cool fluorescent 
blue, red, amber + blue, and amber lights. Data are expressed as 
mean ± SD, n = 3

Fig. 3  Specific growth rate of the microalgal consortia under cool flu-
orescent blue, red, amber + blue, and amber lights. Data are expressed 
as mean ± SD, n = 3
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(0.41 day−1, 0.37 day−1 and 0.21 day−1). The results also 
revealed that the biomass doubling time was highly influ-
enced by the wavelength of light under study. The biomass 
doubling time of the microalgal consortia was observed to be 
22.2 h under cool fluorescent light followed by blue (22.8 h), 
amber (40.6 h), amber + blue (45.0 h) and red (79.2 h).

Chlorophyll content of the microalgal consortia 
with respect to light treatments

An increase in chlorophyll content was observed under blue 
LED (10.7 mg L−1), followed by cool-white fluorescent 
(9.3 mg L−1), amber (4.6 mg L−1), red (4.5 mg L−1) and 
amber + blue (4.3 mg L−1). The results thus revealed that 
the microalgal consortia behaved differently under different 
wavelengths of light as presented in Fig. 4 and the statistical 
analyses for chlorophyll content seems to be significant at 
p < 0.05 (data presented in Tables 1, 2 and 3).

Effect of light wavelength on the nutritional 
composition of the microalgal consortia

The effect of varying wavelengths of light on the composi-
tion of the microalgal biomass is presented in Fig. 5. Cool-
white fluorescent light had the best nutritional composi-
tion in term of proteins followed by amber, blue, red and 
amber + blue lights. To the contrary, carbohydrate composi-
tion was higher under amber light, whereas the lipid compo-
sition was higher under red light. The results also revealed 
that the protein composition of the microalgal consortia was 
higher under all wavelengths of light when compared to the 
carbohydrate and lipid composition thereby indicating the 
potential use of the microalgal biomass as a protein source 
for animal feed and/or as an ingredient for the production of 
value-added products.

Economic efficiency of energy consumption related 
to biomass production

The economic efficiencies of different light sources were 
evaluated based on the cost of energy consumption and the 
amount of biomass produced. The equation to assess the 
economic efficiency of energy used to biomass produced 
(Ec) is as follows:

where DMn and DMo are the dry mass at day n and at day 
zero, k is the cost per unit of electricity consumed ($/W), T 
is the time (days) and P is the power supplied by the light 
source based on the information provided by the supplier 
(W) [34]. The results revealed that blue light had the highest 
energy to biomass efficiencies (12.5 g L−1)/($) as compared 
to other light treatments and the efficiencies are presented 
in Fig. 6. The amber light had the lowest energy to biomass 
efficiency (2.26 g L−1)/($) and this can be attributed to the 
lower electrical conversion efficiency of amber light.

(10)Ec =
DMn − Dm0

k × T × P
,

Fig. 4  Chlorophyll content of microalgal consortia under cool fluo-
rescent blue, red, amber + blue, and amber lights. Data are expressed 
as mean ± SD, n = 3

Fig. 5  Nutritional composition of the microalgal consortia under 
cool fluorescent, blue, red, amber + blue and amber lights. Data are 
expressed as mean ± SD, n = 3

Fig. 6  Economic efficiencies for various light sources such as cool 
fluorescent, blue, red, amber + blue and amber
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Effect of light quality on lutein concentration

The effect of light quality on lutein concentration was sig-
nificant and the results revealed that cool fluorescent light 
had the highest lutein content of (7.22 mg g−1) followed 
by amber + blue (6.50 mg g−1), amber (5.96 mg g−1), blue 
(1.82 mg g−1) and red (1.68 mg g−1). The lutein content 
reported in this study is the highest lutein concentration 
reported for any microalgal consortia grown under an auto-
trophic mode of cultivation till date. For optimum separa-
tion of a compound, the k value should be between 1 and 
10 and in case of a complex mixture it should be between 
2 and 10. Since this study has only one compound eluting 
at a retention time of 9.6 as shown in Fig. 7, the k value 
of the lutein peak obtained was calculated to be approxi-
mately 1 indicating that optimum separation of the com-
pound was achieved and the strength of the solvent used 
for preparing mobile phase was acceptable [35]. Figure 7 
represents a chromatogram of crude lutein obtained by 
extraction from the algal biomass grown under cool fluo-
rescent light after saponification, plotted as retention time 
against absorbance with the quantity of lutein calculated 
using Eq. (4).

Discussion

Different wavelengths of light highly influence the synthe-
sis of chlorophyll and pigments in algae [10]. In addition, 
light wavelengths along with light intensity and photo-
period are considered to be the major driving factors in 
enhancing the growth and biomass productivity of algal 
species [11, 36]. Emission of energy by a particular light 
source is dependent on its wavelength. In short, energy is 
inversely proportional to wavelength [37, 38]. Therefore, 
shorter wavelengths of light possess higher energy when 
compared to light of longer wavelengths under the same 
PAR values. This implies that blue light, with its shorter 
wavelength, has more energy and photosynthetic efficiency 

and could enhance biomass production when compared to 
other light wavelengths within the spectrum [39].

However, in this study, a higher growth rate and bio-
mass productivity were observed with cool-white fluores-
cent light followed by blue, amber + blue, amber and red at 
40 µmol m−2 s−1. This implies that the microalgal consortia 
utilized cool-white fluorescent light better than any other 
wavelength treatments and this can be explained by the 
fact that cool-white fluorescent light had a balanced mix of 
blue and red light as shown in Fig. 1. According to Foyer 
[37] and Kommareddy and Anderson [38], the mechanism 
for efficient transfer of energy for photosynthesis occurs 
when the molecule excited is closer to the first singlet 
stage. This implies that the actual photon energy required 
for efficient photosynthetic reaction is provided by light 
wavelengths occurring between 600 and 700 nm without 
any heat loss. Similarly, light wavelengths between 400 
and 500 nm could also be effectively utilized for photo-
synthesis if other pigments like β-carotene, lutein, violax-
anthin or neoxanthin are present. Since this study employs 
green algae, the most important pigments present include 
chlorophyll and lutein. This explains the reason for cool 
fluorescent light to outperform other wavelengths of light 
as chlorophyll absorbs energy in 600–700 nm wavelength 
range and lutein absorbs energy in the 400–500 nm range 
thereby increasing the overall photosynthetic rate, as there 
are more light-harvesting antennas to collect light. Though 
there are several reports of the impact of light wavelengths 
on the productivity and growth rate of Chlorella vulgaris, 
Chlorella pyrenoidosa, Scenedesmus obliquus, Scened-
esmus quadricauda, Nannochloropsis Phaeodactylum 
tricornutum, Isochrysis galbana, Nannochloropsis salina 
and Nannochloropsis oceanica, no study using the con-
sortium of algal strains Chlorella variabilis and Scened-
esmus obliquus has been reported to date [3, 9, 12]. The 
results obtained in this study therefore indicate that the 
microalgal consortia grown under cool-white fluorescent 
light can generate more biomass when compared to other 
wavelengths of light.

Fig. 7  Chromatogram of the 
crude lutein obtained by extrac-
tion after saponification
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The chlorophyll content, however, was higher under blue 
light when compared to other wavelengths of light tested. 
This could be attributed to the increase in the number/size 
of light-harvesting units under light-limiting conditions 
when the consortium was exposed to blue light. The higher 
chlorophyll content obtained under blue light could also be 
associated with a mechanism known as chromatic adaptation 
which helps the algal species to maximize their photosyn-
thetic ability by utilizing the available light efficiently under 
light-limiting conditions [40]. The outcome obtained from 
the study was in accordance with the results put forward 
by Mercado et al. [41], wherein blue light exhibited higher 
chlorophyll content when compared to white light in four 
out of the five strains of algae with no significant effects on 
the growth rates. In addition, the absorption bands of chlo-
rophyll were significantly present in the blue wavelength of 
light favoring photosynthesis [34].

Numerous studies have reported that the response of algae 
to varying light wavelengths is species dependent or more spe-
cifically strain dependent due to the variation in their light-
harvesting mechanisms/membranes. As a result, manipulating 
light wavelengths can alter the biochemical composition of 
algae [4]. Based on the results obtained here, it can be seen 
that the protein content of the algal consortia was higher under 
all wavelengths of light with white light exhibiting the high-
est concentration. This increase in protein content could be 
attributed to the enhancement of the structural protein of PS-II 
(has not been demonstrated conclusively) and the amount of 
nitrogen present in the wastewater. Availability of nitrogen, 
in excess, results in higher protein content and vice versa [42, 
43]. The lipid content was enhanced under red light and this 
could be explained by the increase in enzyme activity of car-
bonic anhydrase, Rubisco and respiratory enzymes. The accu-
mulation of triglycerides is highly dependent on the activity 
of enzymes, i.e., the higher the enzyme activity, the higher 
the amount of triglycerides produced and vice versa. The car-
bohydrate content was enhanced under the amber wavelength 
of light and this could signify a decrease in enzyme activity 
as the concentration and activity of enzymes is directly pro-
portional to the rate of breakdown of carbohydrates. In this 
study, the microalgal consortia grown under all the other light 
wavelengths (red, amber + blue, blue and cool fluorescent) 
except amber had a reduction in carbohydrate content owing 
to the increase in enzyme activity (more catabolism of carbo-
hydrates) [4, 11].

Taking into consideration the amount of biomass pro-
duced per unit of electricity consumed, it can be clearly seen 
that blue light had a biomass production (500 mg L−1) with 
higher economic efficiency of 12.5 (g L−1) $−1 when com-
pared to the other light treatments after 16 days of inocu-
lation. Though cool fluorescent light had the highest bio-
mass productivity, it was found to have the least economic 

efficiency owing to the needed increased electricity con-
sumption to produce the required intensity of light [34].

Some microalgae have been known in recent years for 
producing interesting quantities of lutein. For instance, the 
optimal conditions for producing lutein from Scenedesmus 
almeriensis have been studied and were considered to pro-
duce much higher lutein content (~ 5 mg g−1) than the tra-
ditional source from marigold flowers (~ 1 mg g−1), thereby 
making microalgae a potential source for the extraction of 
lutein [44]. Similarly, another strain of microalga Chlo-
rella vulgaris produced approximately 0.7 mg g−1 of lutein 
[32]. In the current study, it was revealed that the micro-
algal consortia of Chlorella variabilis and Scenedesmus 
obliquus had a maximal lutein productivity of 7.22 mg g−1 
as compared to around 5 mg g−1 for Scenedesmus almerien-
sis and 0.7 mg g−1 for Chlorella variabilis, thereby making 
it a promising consortium for biotechnological purposes. 
Finally, based on our results, tailoring light quality can sig-
nificantly alter the biomass productivity and biochemical 
composition including lutein content.

Conclusion

Light wavelengths have a profound impact on the growth, 
biomass productivity, chlorophyll/lutein and nutrient con-
tents of the microalgal consortia composed of Chlorella 
variabilis and Scenedesmus obliquus and the data obtained 
from this study support this claim. This work clearly states 
that the microalgal consortia could grow well on diluted 
(10%) dairy effluent and the most effective light for enhanc-
ing the growth and biomass productivity is white light 
(380–700 nm). However, blue light had the highest energy 
to biomass conversion (highest economic efficiency) as com-
pared to white light which could mean that blue light can 
also serve as a light source for enhancing growth rate and 
biomass productivity. On the other hand, the most effec-
tive light for enhancing chlorophyll content is blue light 
(470 nm), while for optimized nutrient content, amber light 
(595 nm) is the best. Thus, a two-phase culture process of 
cultivating the microalgal consortia under cool-white fluo-
rescent light, followed by exposure to amber light could 
maximize the benefits in terms of enhancing biomass pro-
ductivity and nutrient content with higher lutein productivity 
within 16 days of growth. The biomass produced could be 
either used as animal feed or as a feedstock for bio-ethanol 
production due to its high protein and carbohydrate con-
tent. Furthermore, this study also opens up a new avenue 
of research for the targeted cultivation of algae for nutra-
ceutical production (lutein) under amber light wavelength 
(500–630 nm) which has long been neglected by researchers.
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