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1 Introduction
Microalgae are photosynthetic microorganisms that require 

light energy and carbon dioxide (CD2) for their growth and 
production of high value compounds, such as carotenoids and 
polyunsaturated fatty acids. Microalgae biomasses can also be rich 
in proteins, lipids and carbohydrates (Borowitzka, 1992; Markou 
& Nerantzis, 2013; Metting & Pyne, 1986; Pancha et al., 2014). 
Microalgae lipids contain important polyunsaturated fatty acids, 
such as linoleic acid (LA), α-linolenic acid (ALA), eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA) (Hultberg et al., 2014; 
Markou & Nerantzis, 2013). All-trans-lutein (xanthophyll) and 
all-trans-β-carotene are among the major carotenoids found in 
microalgae biomass (Rodrigues et al., 2014).

The growing demand of natural foods has increased the 
interest on carotenoids as colorants by the food industry 
(Chacón-Lee & González-Mariño, 2010; Jin  et  al., 2003; 
Sahu et al., 2013). In the last decades, several authors have studied 
carotenogenesis in order to improve carotenoid biosynthesis 
efficiency and evaluate microorganisms, such as microalgae, 
bacteria and cyanobacteria (Schroeder & Johnson, 1995), fungi 
and yeast (Aksu & Eren, 2005; Buzzini et al., 2005) to increase 
pigments production on an industrial scale. However, culture 
medium composition, such as carbon and nitrogen sources 
(Aksu & Eren, 2005), and the presence of metals, salts and chemical 
agents (Buzzini et al., 2005) are factors that still need research 
in order to optimize the process of carotenoids production in 
different species of microorganisms. Some investigations have 
shown an increase in carotenoid content of Dunaliella salina 

cultured under several light intensities (Drset & Young, 1999) 
and micronutrient stress, such as, iron, zinc and manganese 
(Saha et al., 2013).

Temperature plays an important role in microalgae metabolism, 
particularly in the lipids synthesis, which affects fatty acid composition 
(Renaud et al., 2002; Sushchik et al., 2003; Venkata Mohan & 
Devi, 2014). Nitrogen is essential for protein and chlorophyll 
synthesis, which is another key factor that affects microalgae 
growth (Cheng et al., 2013). Nitrogen concentration limitation 
during cultivation is responsible for altering cellular metabolism 
and exerting a significant function in lipid synthesis accumulation 
in microalgae biomass, specially saturated and monounsaturated 
fatty acids (Converti et al., 2009; Dlofsson et al., 2014).

In addition to specific factors of cultivation, the selection of 
microalgae is another important factor, because the biochemical 
and physiological responses to changes in the cultivation conditions 
vary according to specific species (Singh et al., 2015). The basic 
knowledge of algal physiology is important, since the success of 
algal biotechnology depends on choosing the right algae with the 
required properties for a specific product or culture conditions 
(Pulz & Gross, 2004).

The microalga specie Chlorella luteoviridis was commercialized 
as food supplement in the European Union market prior to 
1997, so it is not subject to the Novel Food Regulation (EC) 
No. 258/97 (Champenois et al., 2014). After a taxonomic revision, 
C. luteoviridis was recently reclassified as Heterochlorella luteoviridis 
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(Neustupa et al., 2009). Considering that information on the 
metabolic versatility of microalgae Heterochlorella luteoviridis 
(former Chlorella luteoviridis) are few, this study investigated 
the effect of temperature and nitrogen concentration on 
biomass composition of H. luteoviridis, namely, proteins, lipids, 
carbohydrates and carotenoids.

2 Materials and methods
2.1 Microalgae and cultivation condition

The microalgae Heterochlorella luteoviridis BE002 was 
obtained from the culture collection of the Department of 
Marine Biology, Federal University Fluminense (Niterói, Rio 
de Janeiro, RJ, Brazil), where certified stocks are kept and can 
be requested. The cells were maintained in the Bioengineering 
Laboratory (ICTA/UFRGS) in f/2 medium (Guillard, 1975) at 
22 °C in a germination chamber under a 12/12 h (light/dark) 
photoperiod. The inoculum (240 mL) was grown in rotatory 
shaker at the following conditions: 28 °C, 14 days, continuous 
illumination 5.0 klx (equivalent to 70 µE m-2 s-1) and initial pH 8.5.

The cultures were performed in flat-plate airlift 
photobioreactors (PBRs) with 2.4 L working volume 
(Kochem et al., 2014), aerated at 1 L min-1 of CD2-enriched air 
(1% volume fraction) and continuously illuminated at 18.0 klx 
at the riser side by a panel of electronic lamps (24 × 13 W cool 
light, equivalent to 252 µE m-2 s-1). The microalga was grown 
in f/2 medium modified in its NaND3 concentration according 
to a hexagonal experimental design (Doehlert, 1970) using two 
variables: temperature (22, 27 and 32 °C) and NaND3 content 
(75, 150, 225, 300 and 375 mg L-1), which contains 16.4% of nitrogen 
(N-ND3), corresponding to 12, 24, 36, 48 and 60 mg L-1 of N-ND3, 
respectively. These values were chosen based on data previously 
reported (Jarenkow et al., 2015; Singh & Singh, 2015).

During the cultivations, 1 mL L-1 of phosphate solution 
and 1 mL L-1 of trace metals solution, prepared according to 
Chagas et al. (2015), were added daily to the PBRs. All cultures 
were performed 4 times. During the cultures, the biomass 
concentration was measured by optical density at 750 nm (OD750) 
(Chagas et al., 2015) and correlated with dry cell weight (X) by 
the following Equation 1:

( )1
750g L 0.81  X OD− = ×  ( )2 0.979R =  (1)

At the end of 7 days, the biomass content of the PBRs 
was centrifuged (10 000 × g, 10 min), frozen, lyophilized and 
stored (-22 °C) for further analysis. Biomass productivity was 
determined as the biomass difference between the end of the 
growth phase and the beginning of the culture, divided by the 
respective cultivation time.

2.2 Determination of lipids and fatty acid methyl esters 
(FAMEs)

The total lipid content was measured by the method described 
by Bligh & Dyer (1959) using 0.50 g of freeze-dried biomass. 
For FAME identification, the extracted lipids were methylated 
with a 14% BF3-methanol solution at an ebullition temperature 
for 30 min under a N2 atmosphere following the method of 

Joseph et al. (1992). The fatty acids were identified using gas 
chromatography (GC Model 2010, Shimadzu, Kyoto, Japan) 
equipped with automated sampler and injector, flame ionization 
detector and a capillary column of fused silica (SBL 100, Shimadzu, 
30 m × 0.25 mm i.d., 0.25 μm film thickness). The solvent used 
was hexane, and the injector temperature was set at 240 °C. 
The carrier gas was H2 at a constant flow of 1 mL min-1. The flame 
ionization detector (FID) was set at 260 °C with a H2 flow of 
40 mL min-1 and air flow at 400 mL min-1. The oven temperature 
was set at 50 °C for 1 min and then increased to 250 °C at a 
gradient of 10 °C min-1.

The identification of each fatty acid was performed 
comparing the retention time with a standard mixture of 
fatty acid methyl esters (FAME-MIX 37 standard Sigma). 
Moreover, the identification was confirmed by the injection of 
the sample in a gas chromatography with mass spectrometer 
detector (GC-MS Model QP2010, Shimadzu, Kyoto, Japan). 
The quantification of the fatty acids was performed according 
to the ADAC method (American Dil Chemists’ Society, 1997).

2.3 Determination of carbohydrates and proteins

The carbohydrate content was measured after acid hydrolysis 
of the microalgae biomass. The supernatant was used for 
carbohydrate measurement by the phenol-sulfuric acid method 
(DuBois et al., 1956). The protein solution was prepared as described 
by Li et al. (2015) with modifications. Firstly, the biomass was 
hydrated overnight at with 5 mL of distilled water (T < 5 °C). 
The biomass-water suspension was centrifuged (3000 × g, 10 min) 
and 1 mL of NaDH (1 N) was added to the pellet, mixed using 
a vortex, and heated to 95 °C for 20 min. The alkaline lyse was 
neutralized with 0.5 mL of HCl (1.6 N). The samples were 
cooled to room temperature and centrifuged (3000 × g, 10 min). 
The protein content was measured in the supernatant by the 
Lowry method (Lowry et al., 1951). The calibration curve was 
prepared using BSA dissolved in distilled water.

2.4 Determination of carotenoids

The extraction was conducted according to the adapted 
method described by Mandelli  et  al. (2012) using 20 mg of 
freeze-dried biomass. To determine the carotenoids’ composition, 
the dry extract was dissolved in MeDH/MTBE (70:30, v/v) and 
analyzed by HPLC-DAD-MS2. The carotenoids were separated 
on a C30 YMC column (5 μm, 250 × 4.6 mm i.d.) (Waters, 
Wilmington, USA) at a flow rate of 0.9 mL min-1 and column 
temperature at 29 °C using a linear gradient mobile phase 
of methanol/MTBE from 95:5 to 70:30 in 30 min, followed 
by 50:50 in 20 min and maintaining this proportion for 15 min 
(Rodrigues et al., 2014). The carotenoids were identified in an 
HPLC (Shimadzu, Kyoto, Japan) equipped with binary pump 
(model LC-20AD) and an online degasser connected in series 
with a diode array detector (DAD) and a mass spectrometer (MS) 
with an iron trap analyzer and atmospheric pressure chemical 
ionization (APCI) source (Bruker Daltonics, Esquire model 6000, 
Bremen, Germany). The HPLC-DAD-MS2 parameters were set 
using the same conditions as previously described by De Rosso & 
Mercadante (2007). The quantification of carotenoids was performed 
using a Waters HPLC 2695 series system (Wilmington, EUA) 
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equipped with a diode array detector (Waters 2998 dual series). 
The carotenoids were quantified using a nine-point analytical 
curve of all-trans-β-carotene (0.13 to 15 mg L-1). The analytical 
curve was linear (R2 = 0.998), the detection limit was 0.9 mg L-1 
and the quantification limit was 2.8 mg L-1.

2.5 Statistical analysis

The effects of variables (temperature and nitrogen) on each 
response were evaluated by multiple linear regression using a 
quadratic model and validated by analysis of variance (ANDVA). 
Fatty acids composition was analysed using principal component 
analysis. The results were also compared using the Tukey test at 
a 5% significance level. All statistical analyses were performed 
using Statistic 12.0 (StatSoft, Inc.).

3 Results and discussion
3.1 Biomass

The biomass concentration was only affected by the nitrogen 
concentration (p = 2.9×10-9, R2 = 0.75). The culture with the 
highest nitrogen concentration presented the highest final 
biomass (3.35 g L-1), which was 2.3-fold higher than the biomass 
of the culture with the lowest nitrogen concentration (1.43 g L-1) 
(Figure 1a). According to Juneja et al. (2013), nitrogen deficiency 
leads to nutritional changes associated with stress conditions, 
causing a decrease on biomass formation.

The biomass concentration of 3.35 g L-1 is considered high 
for autotrophic culture (CD2 as sole carbon source) and was 
achieved in a relatively short time (7 days), biomass productivity 
of 0.48 g L-1 d-1). The high productivity can be attributed to 
the innate characteristics of H. luteoviridis, which have been 
poorly explored up to now, but they can also be attributed to the 
photobioreactor performance, which already allowed high specific 
growth rates using other microalgae species (Kochem et al., 2014). 
Similar biomass concentrations using autotrophic cultures were 

achieved with other Chlorella species, however, with lower 
productivities. Autotrophic culture is the usual condition to grow 
microalgae (Chen et al., 2011; Perez-Garcia & Bashan, 2015), 
although Chlorella vulgaris biomass increased 4.8 times in an 
heterotrophic culture (using organic carbon) when compared 
to an autotrophic culture (Perez-Garcia et al., 2010). However, 
heterotrophic cultures require costly carbon, which raises the 
long-term operation cost of the process (Perez-Garcia & Bashan, 
2015). Autotrophic cultures contribute to a reduction of the 
greenhouse effect by using CD2 as the carbon source, and the 
optimization of nutrients and cultures conditions can increase 
biomass productivity.

3.2 Biomass composition: carbohydrates, proteins and lipids

The composition of H. luteoviridis BE002 biomass was 
affected by growth conditions. Nitrogen concentration and 
temperature affected both the carbohydrate (p = 3.7×10-5, R2 = 0.68) 
and protein (p = 5.8×10-9, R2 = 0.87) contents of the biomass. 
At low temperature, the nitrogen concentration did not 
affect the carbohydrate content, while at high temperatures, 
increases in nitrogen concentration increased carbohydrate 
content (Figure 2a). The protein content also increased with 
the nitrogen concentration; however, this behavior was stronger 
at low temperatures (Figure 2b). The highest protein content 
(138 mg g-1) was found in the culture with the highest nitrogen 
concentration (60 mg L-1 N-ND3). This value was 45% higher 
than that observed in the culture with the lowest nitrogen 
concentration (12 mg L-1 N-ND3) when both were at 27 °C. 
The effect of the temperature was less pronounced and dependent 
of nitrogen concentration. At low nitrogen concentration, the 
protein content increased with temperature, while for high 
nitrogen concentration, the protein content decreased as the 
temperature increased.

Similar results were found for other microalgae genus, 
such as Chlorella zofingiensis, Isochrysis sp. and Prymnesiophyte 

Figure 1. Kinetics of (a) biomass growth and (b) nitrogen consumption of H. luteoviridis cultured under different temperatures and initial 
NaND3 concentrations. (■) 12 mg L-1 N-ND3, 27 °C; (▲) 24 mg L-1 N-ND3, 22 °C; (▼) 24 mg L-1 N-ND3, 32 °C; (♦) 36  mg L-1 N-ND3, 27 °C; 
(►) 48 mg L-1 N-ND3, 22 °C; (◄) 48 mg L-1 N-ND3, 32 °C; (●) 60 mg L-1 N-ND3, 27 °C. Error bars represent the standard deviation between the 
four repetitions of each culture condition (n = 4).
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(NT19). The reduction in the protein content of Isochrysis sp. 
(T.ISD) and Prymnesiophyte (NT19) biomasses was attributed 
to elevated temperatures (33 °C to 35 °C), and this result 
may be associated to the breakdown of protein structure and 
interference with enzyme regulators (Renaud  et  al., 2002). 
Nitrogen is essential for protein synthesis (Ikaran et al., 2015; 
Juneja et al., 2013; Zhu et al., 2014), so the decrease in protein 
synthesis by microalga cells is a natural response to nitrogen 
starvation (Zhu et al., 2015).

The synthesis of carbohydrates was also affected by nitrogen 
concentration. Similar to protein, the highest carbohydrate 
content (631 mg g-1) was observed in the culture with the highest 
nitrogen concentration (60 mg L-1 N-ND3) at 27 °C. This value 
was 19.3% higher than that observed in the cultivation with 
the lowest nitrogen concentration (529 mg g-1) at the same 
temperature. These results are different than those found 
by other authors, who reported an increase in carbohydrate 
content of microalgae biomass culture under nitrogen starvation 
(Pancha et al., 2014).

Microalgae metabolism under nitrogen starvation decreases 
protein biosynthesis (Zhu et al., 2015) and directs it to lipid and 
carbohydrate biosynthesis (Fan et  al., 2012; Ho et  al., 2012). 
As carbohydrate synthesis requires less energy, carbohydrates are 
synthesized before lipids in a rapid response to environmental 
stress (Zhu et al., 2014). However, after a long period under 
nitrogen starvation, photosynthesis efficiency decreases, and cells 
start to metabolize carbohydrates as energy and carbon sources 
(Wang et al., 2014). This may explain the lower carbohydrate 
content in cultures with low nitrate concentrations, since in 
these cultures, nitrogen reached zero at about 72 h of culture 
(Figure 1b) and persisted longer under nitrogen stress compared 
to cultures with high nitrate concentration, where nitrogen 
reached zero between 96 h and 120 h.

Persisting longer under nitrogen starvation during 
microalgae cultivation can lead to high lipid synthesis. A study 
demonstrated that the lipid synthesis rate started to increase 
after 120 h nitrogen starvation (Zhu et al., 2014). In our study, 
the lipid content of biomass decreased with increased nitrogen 
concentration (p = 0.0016, R2 = 0.70, Figure  3), ranging 
between 82.5 mg g-1 and 99.1 mg g-1 as nitrogen decreased from 
to 60 mg L-1 to 12 mg L-1 N-ND3 (Figure 3). This negative effect 
of nitrogen concentration on lipid synthesis by microalgae is well 
described in the literature (Converti et al., 2009; Juneja et al., 2013; 
Pancha  et  al., 2014). The temperature showed no effect on 
lipid synthesis by H. luteoviridis BE002. However, a study with 
Chlorella vulgaris showed a 40% decrease on lipid content in 
the biomass when temperature increased from 25 to 30 °C 
(Converti et al., 2009).

Figure 2. Response surfaces for (a) total carbohydrate (mg g-1) and (b) protein (mg g-1) contents in the biomass of H. luteoviridis grown under 
different temperatures and nitrogen concentrations.

Figure 3. Lipid content in biomass of H. luteoviridis grown under 
different of nitrogen concentrations. Error bars represent the standard 
deviation between the four repetitions of each culture condition (n = 4).
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3.3 Identification and quantification of lipid fraction

The lipid fraction was characterized by the identification 
and quantification of carotenoids and fatty acids.

Carotenoids

Eleven carotenoids were identified in H. luteoviridis biomass 
(Table 1, Appendix A: Figure A1). The major carotenoids were 
all-trans-lutein, all-trans-α-carotene, all-trans-β-carotene 
and all-trans-zeaxanthin. Both nitrogen concentration and 
temperature affected the content of carotenoids in the biomass. 
The highest carotenoid content of the biomass (2.47 mg g-1) was 
achieved in culture with the highest nitrogen concentration 
(60 mg L-1 N-ND3 at 27 °C). It was 1.5-fold higher than the carotenoid 
content in the culture with standard medium (12 mg L-1 of N-ND3). 

Nitrogen starvation interferes on carotenoid accumulation. 
There may be a change in the balance of enzymes that leads to a 
change in the synthesis of chlorophyll and, therefore, an increase 
in carotenoids (Christaki et al., 2013; Juneja et al., 2013).

The carotenoids were separated into two groups: xanthophylls 
and carotenes. The content of the xanthophylls increased 
linearly with nitrogen concentration and slightly decreased 
with temperature (p = 3.6 × 10-6, R2 = 0.70, Figure 4a), whereas 
the content of the carotenes was not affected by temperature. 
The content of the carotenes increased with nitrogen concentration 
(p = 6.1 × 10-7, R2 = 0.74), and the highest contents were in the 
range of 36 mg L-1 to 60 mg L-1 N-ND3 (Figure 4b).

The highest values found for all-trans-α-carotene and 
all-trans-β-carotene contents were 0.40 mg g-1 and 0.39 mg 

Table 1. Composition of carotenoids (mg g-1) H. luteoviridis grown under different temperatures and nitrogen concentrations.*

Temperature (°C) 27 27 22 32 32 22 27
Nitrogen (mg L-1) 12 60 24 24 48 48 36

all-trans-violaxanthin 0.03 ± 0.01c 0.11 ± 0.05ab 0.03 ± 0.01c 0.05 ± 0.01bc 0.13 ± 0.04a 0.06 ± 0.02bc 0.08 ± 0.01abc

cis-violaxanthin 0.04 ± 0.00d 0.11 ± 0.01ab 0.10 ± 0.02abc 0.07 ± 0.01cd 0.12 ± 0.03a 0.09 ± 0.02abc 0.08 ± 0.01bc

9-cis-violaxanthin 0.02 ± 0.01a 0.02 ± 0.01a 0.02 ± 0.00a 0.01 ± 0.00a 0.02 ± 0.01a 0.02 ± 0.00a 0.02 ± 0.00a

13-cis-lutein 0.05 ± 0.01b 0.05 ± 0.01b 0.05 ± 0.01b 0.06 ± 0.01b 0.10 ± 0.01a 0.07 ± 0.01b 0.10 ± 0.01a

13’-cis-lutein 0.02 ± 0.00b 0.03 ± 0.00a 0.02 ± 0.00a 0.02 ± 0.00b 0.02 ± 0.00a 0.03 ± 0.00a 0.02 ± 0.00ab

all-trans-lutein 0.44 ± 0.06b 0.76 ± 0.06a 0.71 ± 0.14a 0.61 ± 0.09ab 0.77 ± 0.09a 0.70 ± 0.13a 0.65 ± 0.05a

all-trans-zeaxanthin 0.24 ± 0.02b 0.35 ± 0.02a 0.36 ± 0.04a 0.23 ± 0.02b 0.19 ± 0.01b 0.35 ± 0.01a 0.19 ± 0.02b

cis-zeaxanthin 0.01 ± 0.00c 0.02 ± 0.00ab 0.01 ± 0.00abc 0.01 ± 0.00bc 0.02 ± 0.00bc 0.02 ± 0.00a 0.01 ± 0.00bc

15-cis-β-carotene 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.04 ± 0.01a 0.03 ± 0.00a 0.03 ± 0.00a

all-trans-α-carotene 0.24 ± 0.04d 0.35 ± 0.03ab 0.27 ± 0.08cd 0.30 ± 0.05bcd 0.40 ± 0.04a 0.27 ± 0.03bcd 0.32 ± 0.04bc

13-cis-β-caroteno 0.07 ± 0.01d 0.14 ± 0.01a 0.12 ± 0.04ab 0.07 ± 0.01cd 0.10 ± 0.00bc 0.12 ± 0.01ab 0.13 ± 0.02ab

all-trans-β-carotene 0.30 ± 0.03b 0.36 ± 0.03ab 0.35 ± 0.06ab 0.33 ± 0.04ab 0.39 ± 0.02a 0.35 ± 0.03ab 0.39 ± 0.02a

9-cis-β-carotene 0.13 ± 0.02c 0.18 ± 0.00ab 0.18 ± 0.05ab 0.14 ± 0.02bc 0.15 ± 0.00abc 0.18 ± 0.04ab 0.19 ± 0.03a

Total xantophylls 0.84 ± 0.09c 1.44 ± 0.11a 1.29 ± 0.15ab 1.06 ± 0.11bc 1.38 ± 0.06ab 1.33 ± 0.08ab 1.16 ± 0.09abc

Total carotenes 0.76 ± 0.09a 1.06 ± 0.04a 0.94 ± 0.20a 0.87 ± 0.09a 1.08 ± 0.05a 0.95 ± 0.07a 1.06 ± 0.04a

Total carotenoids 1.59 ± 0,17b 2.50 ± 0.10a 2.23 ± 0.35a 1.93 ± 0.18ab 2.46 ± 0.10a 2.28 ± 0.15a 2.22 ± 0.06 ab

*Mean ± standard deviation; means with the same letter in the same line does not present significant difference by Tukey test at a significance level of 5%.

Figure 4. Response surfaces for (a) xanthophyll (mg g-1) and (b) carotene (mg g-1) contents in the biomass of H. luteoviridis grown under different 
temperatures and nitrogen concentrations.
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g-1 of biomass, respectively. The all-trans-β-carotene content 
showed little variation among the tested conditions, while 
the all-trans-α-carotene increased with nitrogen concentration.

The highest values found for all-trans-lutein and 
all-trans-zeaxanthin were 0.77 mg g-1 and 0.39 mg g-1, respectively. 
The results indicate a strong negative effect of temperature on 
all-trans-zeaxanthin than on all-trans-lutein contents. Porphyridium 
purpureum biomass also showed high zeaxanthin content when 
cultured between 20 °C and 22 °C (Guihéneuf & Stengel, 2015).

The positive effect of nitrogen on xanthophyll accumulation 
by H. luteoviridis could be linked to the positive effect of nitrogen 
on biomass growth, i.e., high xanthophylls content helps to keep 
protein synthesis in optimal growth conditions (Cordero et al., 2011). 
The results showed the possibility of increasing levels of lutein 
in the biomass by increasing the concentration of nitrogen in 
optimal growth conditions.

Total fatty acids

The qualitative profile of fatty acids of the microalgae 
H. luteoviridis was similar in all growth conditions (Table 2). 
The same fatty acids were also identified in other microalga 
species (Praveenkumar  et  al., 2012; Zhukova & Aizdaicher, 
1995). The changes in fatty acid composition were statistically 

analysed Tukey test. The saturated fatty acids (SFA) were about 
50% of the total fatty acids, i.e., the hexadecanoic acid (C16:0) 
the major SFA identified in all culture conditions, followed by 
octadecanoic acid (C18:0); C16:0 content was higher at high 
temperatures and low nitrogen concentration, while C18:0 content 
increased at low temperatures and high nitrogen.

The monounsaturated fatty acids (MUFA) content ranged 
from 9.6% to 14.7% of the total fatty acids. The major MUFA was 
C18:1n-6, followed by C16:1n-9 and C18:1n9. The two formers 
were favoured at high temperatures, while C18:1n9 increased 
in the biomass cultured at low temperature.

The polyunsaturated fatty acids (PUFA) content ranged from 
34.4% to 40.7% of total fatty acids. The essential fatty acids linoleic 
acid (LA, C18:2n-6) and α-linolenic acid (ALA, C18:3n-3) constitute 
the major components of PUFAs. Dther important PUFAs as 
eicosapentaenoic acid (EPA, C20:5n3) and docosahexaenoic acid 
(DHA 22:6n3) were also present among H. luteoviridis PUFAs. 
ALA and DHA synthesis were favored when cells grew at low 
temperatures, while LA was synthesized at high temperatures. 
The relationship between temperature and the contents of MUFAs 
and PUFAs may be explained by changes in the fluidity of the 
phospholipids of the cellular membrane layers, which depends 
on the unsaturation degree of the fatty acids. EPA content was 

Table 2. Fatty acids composition of H. luteoviridis grown under different temperatures and nitrogen concentrations.*

Temperature (°C) 27 27 22 32 32 22 27
Nitrogen (mg L-1) 12 60 24 24 48 48 36

Saturated fatty acids (% of total fatty acids)
14:0 1.4 ± 0.1ab 1.5 ± 0.1 ab 2.0 ± 0.0 a 0.7 ± 0.1 ab 0.8 ± 0.1 b 1.7 ± 0.0 ab 1.4 ± 0.1 ab

16:0 47.6 ± 0.9a 42.6 ± 0.2 cd 44.1 ± 0.0 bc 46.6 ± 0.2 ab 44.2 ± 0.7 bc 40.9 ± 1.4 d 44.7 ± 1.8 bc

18:0 2.7 ± 0.3 bc 4.8 ± 0.4 a 4.3 ± 0.4 ab 2.0 ± 0.4 c 2.7 ± 0.8 bc 4.8 ± 0.4 a 4.0 ± 1.0 ab

20:0 0.1 ± 0.0 ab 0.1 ± 0.0 ab 0.2 ± 0.1 a 0.1 ± 0.0 ab 0.1 ± 0.0 b 0.1 ± 0.0 b 0.1 ± 0.0 ab

22:0 0.5 ± 0.0 ab 0.6 ± 0.0 ab 0.7 ± 0.1 a 0.3 ± 0.0 b 0.3 ± 0.1 b 0.5 ± 0.2 ab 0.5 ± 0.2 ab

24:0 0.7 ± 0.0 bc 0.5 ± 0.0 c 1.1 ± 0.0 a 0.4 ± 0.0 d 0.3 ± 0.0 d 1.0 ± 0.3 a 0.8 ± 0.1 b

Total 52.9 ± 1.2 a 50.0 ± 0.7bc 52.2 ± 0.5 ab 50.2 ± 0.7 bc 48.5 ± 0.6 c 49.0 ± 1.2 c 51.4 ± 0.7 ab

Monounsaturated fatty acids (% of total fatty acids)
14:1 0.3 ± 0.0ab 0.4 ± 0.0ab 0.4 ± 0.0 ab 0.4 ± 0.0 ab 0.4 ± 0.0 a 0.3 ± 0.1 b 0.3 ± 0.1 ab

16:1n-9 2.2 ± 0.5 bc 2.6 ± 0.6 bc 1.6 ± 0.2 c 3.1 ± 0.5 ab 3.8 ± 0.4 a 1.7 ± 0.8 c 2.6 ± 0.9 abc

16:1n-7 0.2 ± 0.0 b 0.3 ± 0.0 ab 0.3 ± 0.0 ab 0.3 ± 0.0 ab 0.4 ± 0.0 a 0.4 ± 0.2 ab 0.2 ± 0.0 ab

18:1n-6 7.2 ± 0.6 ab 5.4 ± 1.1 bcd 4.0 ± 0.2 cd 8.8 ± 0.4 a 7.2 ± 1.6 ab 3.3 ± 0.8 d 6.0 ± 1.2 bc

18:1n-9 2.7 ± 0.0 b 3.2 ± 0.1 b 3.3 ± 0.1 b 2.7 ± 0.1 b 3.0 ± 0.0 b 4.6 ± 0.7 a 2.8 ± 0.2 b

Total 12.5 ± 0.1 abc 11.7 ± 1.6 abc 9.6 ± 0.5c 15.2 ± 0.9 a 14.7 ± 2.1 ab 10.3 ± 2.7 bc 12.0 ± 2.0abc

Polyunsaturated fatty acids (% of total fatty acids)
18:2n-6 20.6 ± 0.9 b 21.0 ± 0.2 b 18.8 ± 0.4 c 23.8 ± 0.4 a 25.3 ± 0.2 a 18.5 ± 0.2 c 20.4 ± 0.8 b

18:3n-6 0.4 ± 0.0 cd 0.8 ± 0.2 b 0.7 ± 0.1 bc 0.4 ± 0.0 d 0.6 ± 0.2 bcd 1.1 ± 0.1 a 0.6 ± 0.2 bcd

18:3n-3 8.3 ± 0.2 b 9.5 ± 0.1 b 11.2 ± 0.5 a 5.1 ± 0.5 c 5.5 ± 0.7 c 12.4 ± 1.1 a 8.8 ± 0.7 b

20:4n-6 1.4 ± 0.1 cd 2.3 ± 0.2 bc 2.8 ± 0.1 ab 1.1 ± 0.1 d 1.3 ± 0.2 d 3.8 ± 0.6 a 2.6 ± 0.9 b

20:3n-3 0.2 ± 0.0 a 0.1 ± 0.0 b 0.2 ± 0.0 a 0.1 ± 0.0 ab 0.1 ± 0.0 b 0.2 ± 0.0 ab 0.1 ± 0.0 ab

20:5n-3 1.6 ± 0.0 d 2.7 ± 0.0 ab 1.9 ± 0.0 cd 2.4 ± 0.0 abc 2.7 ± 0.4 a 2.6 ± 0.1 ab 2.2 ± 0.3 bc

22:4n-3 1.2 ± 0.1 a 1.4 ± 0.0 a 1.5 ± 0.1 a 1.3 ± 0.1 a 1.2 ± 0.1 a 1.3 ± 0.2 a 1.3 ± 0.4 a

22:6n-3 0.8 ± 0.1 c 0.5 ± 0.0 d 1.2 ± 0.0 a 0.3 ± 0.0 e 0.2 ± 0.0 e 1.0 ± 0.0 b 0.6 ± 0.0 d

Total 34.4 ± 1.31c 38.3 ± 0.9ab 38.2 ± 0.5 ab 34.6 ± 0.3 c 36.8 ± 1.7bc 40. 7 ± 1.7a 36.8 ± 1.5bc

LA:ALA (ω6:ω3) 1.87 1.71 1.40 2.74 2.79 1.35 1.81
*Mean ± standard deviation; means with the same letter in the same line does not present significant difference by Tukey test at a significance level of 5%.
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independent of the temperature and favoured when cells are 
cultured at high nitrogen concentrations.

The ingestion of omega 3 fatty acids (ω3) such as ALA, EPA and 
DHA are associated with low incidence of myocardial infarction, 
chronic inflammation and autoimmune disorders and in high 
doses to cardiovascular diseases (Calder, 2008; Von Schacky, 2000; 
Simopoulos, 2002). LA is an essential omega 6 fatty acid (ω6). 
Besides being rich in ω3 fatty acids, H. luteoviridis also showed a 
low ω6:ω3 ratio LA:ALA, (Table 2) around 2:1. A low ω6:ω3 ratio 
in diet was associated with a reduction of 45% in deaths from 
heart diseases, while the high ω6:ω3 ratio may increase the risk 
of inflammatory diseases (Russo, 2009; Simopoulos, 2002). 
Simopoulos (2004) reported an increase in ω6 consumption in 
recent decades, with an actual ω6:ω3 ratio ranging from 10:1 to 
20:1. This increase in ω6 consumption is mainly linked to the 
use of vegetable oils (Bhattacharya et al., 2007; Calder, 2008).

4 Conclusion
In summary, Heterochlorella luteoviridis proved to be an 

important source of bioactive compounds such as xanthophylls, 
carotenes and polyunsaturated fatty acids. Dur results show that 
it was possible to improve the growth conditions and, at the same 
time, induce the biosynthesis of these compounds of interest. 
High nitrogen concentration in culture medium induces biomass 
growth along with proteins, carotenoids and EPA biosynthesis. 
Although temperature did not affect biomass growth, low 
temperature induced ω3 fatty acids biosynthesis, such as ALA 
and DHA, and lowered ω6:ω3 ratio. As large-scale microalgae 
production shifts towards the use of photobioreactors instead 
of open systems, the careful control of growth conditions can 
be used to optimize microalgae production as well to enrich 
microalgae biomass with the target compounds.
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Appendix A. Supplemental figure.

Figure A1. Chromatogram obtained by HPLC-MS of carotenoids from 
H. luteoviridis.*1all-trans-violaxantin, 2cis-violaxanthin, 313-cis-lutein, 
413’-cis-lutein, 5all-trans-lutein, 6all-trans-zeaxanthin, 715-cis-β-caroteno, 
8all- trans-α-caroteno, 913-cis-β-caroteno, 10all-trans-β-carotene, 
119-cis-β-caroteno.


