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ABSTRACT 

This article investigates the induction of lipid synthesis in unicellular green algae Scenedesmus quadricauda 
UT4, Scenedesmus armatus UT39, Ankistrodesmus falcatus UT20, and Chlorococcum macrostigmatum 
UT4 under the influence of various stress factors, such as nitrogen starvation, salt, and pH. In this study, the 
accumulation of neutral lipids of microalgae lasted up to 40 hours under incubation without a nitrogen medium, 
and they accounted for 39.8%–54.2% of the total dry mass of microalgae. In the presence of 400 and 600 mM 
NaCl, the highest lipid accumulation of C. macrostigmatum UT4 was 55.5%–65.3%, and using pH 4.0 caused 
the highest accumulation of microalgae lipids (30.6%–63.7%) that was observed at 18 hours of incubation. 
From the data obtained, we can conclude that C. macrostigmatum UT4 under study is a potential producer of 
lipids.

1. INTRODUCTION
The global energy industry is, to a large extent, dependent on fossil 
energy resources, including oil, coal, and gas. While the demand 
for these energy carriers is increasing every year, their reserves 
are steadily decreasing. Therefore, there is growing interest in 
alternative renewable energy sources that can ensure stable energy 
production for an indefinite period. Among all known sources, 
microalgae show high potential for biodiesel production due to 
their many advantages, such as a higher level of lipid productivity 
than that of plants and the need for relatively small amounts of 
agricultural land.

Lipids that carry out essential functions in living organisms can be 
divided into two key groups: nonpolar or neutral (acylglycerols, 
wax esters, etc.) and polar (phospholipids and glycolipids) 
lipids. Polar lipids are important structural components of cell 
membranes and organoids. Along with their structural function, 
polar lipids carry out a signal function by signaling either 
molecules or their predecessors. Among neutral (nonpolar) lipids, 
triacylglycerols (TAGs) are the most widely distributed group of 

storage substances that are easily involved in catabolism to obtain 
the necessary energy for the cell [1]. Notably, the conditions that 
are conducive to the accumulation of TAGs are stress factors for 
microalgae: they obstruct cell division and slow down culture 
growth (biomass accumulation), which contradict the task of 
obtaining the maximum amount of microalgae biomass that is 
enriched in compounds that are valuable to humans [2,3]. The 
solution to this nontrivial problem is vital for photobiotechnology 
that is based on the cultivation of microalgae, making it relevant 
to study the physiology of the induction of synthesis and the 
dynamics of the TAGs’ content in microalgae that are under 
various stressors [4]. The accumulation of TAGs by microalgae 
cells is a two-step process. While all the elements that are 
necessary for culture growth are present in the medium, the cells 
of the microalgae divide rapidly, and the biosynthesis of the 
membrane, including chloroplast lipids, prevails [5]. When one 
of the growth factors transitions to the limiting one (e.g., when 
nitrogen is exhausted in the medium) against the background of 
the continuing carbon dioxide fixation during photosynthesis, the 
so-called “lipogenic phase,” which is characterized by either the 
slowing down or the stopping of cell division, occurs. This seldom 
reduces the photosynthetic apparatus and the accumulation of 
neutral lipids, particularly TAGs and nonpolar carotenoids [2]. In 
this situation, energy-rich substances, reducing equivalents, and 
carbohydrates that formed during photosynthesis are primarily 
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utilized in the course of biosynthesis of the nitrogen-free storage 
compounds, mainly TAGs. At the same time, TAG biosynthesis 
reactions provide an efficient drain for excess photoassimilates. 
Synthesized de novo TAGs are deposited in the form of either 
cytoplasmic oleosomes or lipid globules. In some cases, the 
formation of lipid globules is observed in the intertilakoid space 
[6]. In optimal growth conditions, microalgae mainly synthesize 
the lipids of membranes, the content of which reaches 5%–20% 
of the dry cell weight. On the contrary, under stressful conditions, 
the lipid metabolism of microalgae shifts toward the synthesis of 
neutral lipids [7].

2. MATERIALS AND METHODS

2.1. Strains of Microalgae
The objects of this study were strains of unicellular green algae, 
including Scenedesmus quadricauda UT4, Scenedesmus armatus 
UT39, Ankistrodesmus falcatus UT20, and Chlorococcum 
macrostigmatum UT4 [8,9].

2.2. Growth Conditions
Microalgae cultures were grown under sterile optimal conditions 
in a modified Chu-13 medium for 7 days at 28°C with carbon 
dioxide that was supplied by blown air that contained 2% CO

2
 and 

with continuous illumination by fluorescent white light (200 µmol 
photons m–2·s–1) [10,11]. Grown microalgae were collected by 
centrifugation at 3,000 g for 20 minutes, and the resulting biomass 
was resuspended in distilled water to remove any residual growth 
medium. After 10 minutes, the microalgae biomass was again 
collected by centrifugation (3,000 g for 20 minutes) and used to 
study the effect of stress factors (nitrogen starvation, salt, and pH) 
on the induction of the lipids’ synthesis. The study of the influence 
of the stress factors of microalgae was carried out with a modified 
Chu-13 medium without nitrogen, containing 400 mM and 600 
mM NaCl, and a medium with pH 4.0 and 9.0.

2.3. Lipid Extraction
Extraction and determination of the intracellular lipids of the 
microalgae were conducted according to the standard protocols in 
previous literature [12,13]. A dry biomass of algae was added to 
a glass of sand at a ratio of 1:4, and the mixture was comminuted 
until smooth. Methanol containing 10% Dimethyl sulfoxide 
(volume fraction) was added to the biomass, and the mixture 
was stirred for 1 hour at room temperature. The mixture was then 
centrifuged (3,000 g for 10 minutes), and the supernatant was 
removed. The residua were reextracted thrice with a mixture of 
hexane and diethyl ether (1:1, volume ratio) for 30 minutes. Each 
time, the mixture was shaken and then centrifuged for 10 minutes 
at 3,000 g, and the upper organic layer was collected. The organic 
phases were then combined, evaporated until dry, and weighed for 
microbalance.

2.4. Statistical Analysis
The experiments were carried out thrice. The means were 
expressed as mean ± SE. The means and standard deviations of 

the current research study results were calculated using MS Excel 
Software.

3. RESULTS AND DISCUSSION

3.1. Nitrogen Starvation
The goal of our research is to study the effects of stress factors, 
such as nitrogen starvation, salinity, and pH, on lipid accumulation 
in microalgae cells.

A microalgae biomass was grown under optimal conditions, 
transferred to a Chu-13 nitrogen-free medium, and incubated 
for 72 hours. As shown by the results of the experiments, an 
increase in the accumulation of neutral lipids (TAGs) in the 
cells of the microalgae A. falcatus UT20, S. quadricauda UT4, 
and S. armatus UT39 lasted for up to 40 hours of incubation. 
Further incubation (72 hours) led to a significant decrease in 
lipids, regardless of microalgae species (Fig. 1). The highest 
lipid biosynthesis (59.7%) in C. macrostigmatum UT4 cultures 
was observed after 60 hours of incubation, i.e., with nitrogen 
starvation, and the lipid accumulation increased nearly three 
times in size compared to the original culture (22.1%). Notably, 
the green color of the microalgae suspension after 60 hours 
of incubation became yellowish. This meant that, during 
incubation, the cells of C. macrostigmatum UT4 accumulated the 
largest amount of lipids (Fig. 2). With nitrogen deficiency, the 
risk of photooxidative death of microalgae cells is significantly 
increased due to the inhibition of biosynthetic processes in 
cells, in which photoassimilates are utilized. In such situations, 
a number of microalgae observe the induction of synthesis of 
energy-rich TAGs, which accumulate in large quantities. TAGs’ 
biosynthesis reactions seem to provide 

an efficient drain for excess photoassimilates and thereby reduce 
the risk of formation of reactive oxygen species and photooxidative 

Figure 1. The accumulation of lipids in microalgae with nitrogen starvation.
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damage to microalgae cells [6,14]. Thus, with either a lack or 
complete absence of nitrogen, cell division stops, and TAGs 
accumulate in cells, which consequently continue to increase in 
size [15]. As a result, the content of TAGs in microalgae cells can 
increase two or more times [16].

3.2. Salt Stress
The microalgae biomass was introduced into a Chu-13 medium 
containing 400 and 600 mM NaCl, and incubation was carried out 
under optimal conditions for 20 hours. Studies have shown that, in 
the initial incubation stage of C. macrostigmatum UT4, A. falcatus 
UT20, S. quadricauda UT4, and S. armatus UT39 cultures on a 
medium containing 400 mM NaCl, lipid accumulation ranged from 
17.4% to 25% of the total dry biomass (Fig. 3). A further increase in 
incubation up to 16 hours led to a significantly greater accumulation 
of microalgae lipids. In particular, in C. macrostigmatum UT4, 
lipid formation was three times greater than what it was in the 
initial concentration. After salinization with 600 mM NaCl, the 
induction of lipid biosynthesis of microalgae began immediately 
after incubation. The highest accumulation of lipids (43.8%–65.3%) 

was established at 16 hours of incubation, which was the case in the 
previous experiment. At the same time, an increase in incubation 
up to 20 hours led to a decrease in the concentration of lipids in the 
studied cultures (28.2%–56.7%). Ruangsomboon [17] found that 
algae can tolerate lower NaCl concentrations and grow normally. 
However, with increasing NaCl concentration, chlorophyll 
degradation occurs, which leads to cell death. In the work of Takagi 
et al. [18] on Dunaliella tertiolecta cultures, an increase in the total 
content of lipids was observed with an increase in the concentration 
of NaCl in the medium, from 0.5 to 1.0 M. An increase in the content 
of TAGs along with an increase in the salinity of the cultivation 
medium to 40 g/l was also characteristic of marine microalgae of the 
genus Nannochloropsis [19].

3.3. pH Stress
To study the effect of pH on lipid synthesis, microalgae were 
incubated in a Chu-13 medium at pH 4.0 and 9.0 for 24 hours. As 
shown by our research, after a 6-hour incubation at pH 4.0, the 
lipid content of C. macrostigmatum UT4 and S. armatus UT39 
increased 1.3 times in relation to the initial state. High induction 

Figure 2. Cells of C. macrostigmatum UT4 cultures incubated without nitrogen medium depending on time: (a) cells of the 
original culture of C. macrostigmatum UT4 and (b) after 60 hours of incubation.

Figure 3. Effect of salinity of (a) 400 mM and (b) 600 mM NaCl on the lipid content of microalgae.
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of lipid synthesis of microalgae was observed in the range of 12–
18 hours of incubation. The highest lipid accumulation (63.7%) 
was observed in C. macrostigmatum UT4. Further incubation 
of microalgae for up to 24 hours resulted in a slight loss of lipid 
content (Fig. 4). During the incubation of microalgae in nutrient 
media at pH 9.0, lower lipids were formed compared to those that 
had formed at pH 4.0. In particular, in cells of C. macrostigmatum 
UT4 during incubation from 12 to 18 hours, lipid accumulation 
was two times lower than what was seen at pH 4.0. Tatsuzawa 
et al. [20] noted that Chlamydomonas sp., when isolated from 
an acidic volcanic lake at pH 1, showed an increase in TAG 
accumulation in cells. Several authors have reported the effect of 
pH in different genera of both freshwater and marine microalgae 
(Thalassiosira pseudonana, Chlorella pyrenoidosa), namely on the 
growth rate and photosynthetic productivity from pH values of 
5.7, 6.5, and 8.3–8.8; nonetheless, above pH 9.0, growth could not 
be maintained [21,22].

Thus, under stress conditions in microalgae cells, depending on 
the time of incubation, lipid accumulation significantly increases. 
Among the studied cultures, C. macrostigmatum UT4 was more 
efficient in the synthesis of lipids under stressful conditions.

4. CONCLUSION
From the data obtained, we can conclude that C. macrostigmatum 
UT4 under study is a potential producer of oils. Currently, there 
is increased interest in the synthesis of TAGs of microalgae 
induction due to being recognized as a promising raw material 
for the production of third and fourth generations of biodiesel fuel 
[6,23,24].

The most important advantage of new types of fuel that are 
produced from TAGs of microalgae is that they are ecologically 
clean fuels, the burning of which does not lead to an increase in the 
concentration of CO

2
 in the atmosphere. Also important is that the 

production of biofuels from TAGs of microalgae does not threaten 
food security because the cultivation of microalgae does not 
occupy the arable land that is necessary for growing crops [25,26].

The accumulation of TAGs in unicellular microalgae is regulated 
by a number of stressful environmental factors. That is, TAGs 
are most intensively synthesized against the background of 
deficiency of nitrogen and during salinization. They are stored by 
cytoplasmic oleosomes and, under normal conditions, are reused 
for the synthesis of polar lipids of microalgal membranes.
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Figure 4. Effect of (a) pH 4.0 and (b) pH 9.0 on the content of lipids in microalgae.
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