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Abstract 
Palm oil is the world’s most widely used vegetable oil, with a sizeable impact on the environment. As an alternative, micro-
algae are considered oil producers since they produce a variety of fatty acids (FA) depending on growth conditions. A col-
lection of ten microalgae strains naturally producing oils similar in composition to palm oil was selected, and the effects 
of cultivation regime and varying light intensity on their growth and FA production and composition were analysed. To 
achieve high biomass density as well as total fatty acid (TFA) content, the optimum irradiance of 400 µmol photons m−2 s−1 
in a photoautotrophic regime was determined for most of the strains. The growth rates of Scenedesmus and Desmodesmus 
strains in general were approximately twice as high as Chlamydomonas. The highest TFA content was found in S. obliquus 
CCALA 455 and D. subspicatus CCALA 467, grown photoautotrophically, reaching the values of about 66% and 58% of 
their dry weight, respectively. Moreover, the content of palmitic (PA), oleic (OA) and linoleic acid (LA) of about 39%, 30% 
and 14% of TFA, respectively, determined in D. subspicatus CCALA 467 was closest to that in palm oil (44% of PA, 39% 
of OA and 10% of LA). Eight of the ten microalgae strains were capable of heterotrophic growth, although their production 
under this regime has not been considered suitable in terms of TFA and individual FA content.

Key points
• The optimum irradiance of 400 µmol photons m−2 s−1 was determined
• CCALA 467 produces selected FAs in amounts close to those in palm oil
• TFA content (% of dry weight) in CCALA 467 is 1.6-fold higher than in the palm
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Introduction

Palm oil is the most widely used vegetable oil worldwide, 
accounting for 37% of total annual consumption with a large 
range of industrial applications, while oil production from 
soybean, rapeseed and sunflower makes up 28, 12 and 10%, 

respectively (Chiriacò et al. 2024). About half of all con-
sumer products sold in supermarkets are made of palm oil 
(Emily 2022). The world’s leading producers of palm oil 
are Indonesia and Malaysia, which cover more than 85% of 
the global palm oil supply (Absalome et al. 2020; Sulaiman 
et al. 2022). By 2050, the overall demand for palm oil is 
predicted to reach 240 million metric tonnes (Sehgal and 
Sharma 2021).

Despite being inexpensive, the production of palm oil is 
known for its significant environmental impact. Deforesta-
tion, followed by the planting of palm trees for oil produc-
tion, is a serious global issue for environmental protection. 
Thus, there is a serious need to search for alternative sources 
(Afriyanti et al. 2016; Waghmare et al. 2018). The principal 
constituent of palm oil is palmitic acid (PA), accounting for 
almost half of the amount (44%). Then, it contains oleic acid 
(OA; 39%), linoleic acid (LA; 10%) and the rest consists of 
stearic, myristic, linolenic (e.g. α-linolenic acid; ALA and 
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γ-linolenic acid; GLA), lauric and arachidic acids (Mancini 
et al. 2015).

Some microalgae produce a variety of saturated (SFA), 
monounsaturated (MUFA) and polyunsaturated fatty acids 
(PUFA), and the extracted oil has a similar chemical compo-
sition to palm oil, making them an alternative source. More-
over, their cultivation is environmentally sustainable, taking 
up less space to grow. This makes microalgae a promising 
alternative source to replace or at least reduce the demand 
for palm oil production (Waghmare et al. 2018). As the 
lipid production and FA profile are related to the cultiva-
tion conditions, there is a need to find suitable cultivation 
conditions for individual microalgae species producing an 
adequate amount of targeted FA. They are vital constitu-
ents of microalgae biomass and typically account for up to 
60% of cell dry weight (DW). The compounds and their 
amounts are species-specific (Morales et al. 2021). Some 
studies revealed the health potentials associated with the 
monounsaturated fatty acids (MUFA) from microalgae (Liu 
et al. 2022). PA, the most abundant FA in palm oil, can be 
found in several phyla such as Chlorophyta, Rhodophyta, 
Haptophyta, Cryptophyta, Dinophyta and Bacillariophyta if 
grown under nutrient-replete conditions (Bellou et al. 2014). 
In addition, they contain high amounts of GLA reaching 
values similar to or higher than PA (Ronda et al. 2012). As 
mentioned above, cultivation variables influence the FA pro-
file and hence, the quality and quantity of lipids produced 
(Breuer et al. 2013). As we deal with photoautotrophs, irra-
diance is one of the most important variables for microalgae 
growth (Izadpanah et al. 2018; Maltsev et al. 2021), and the 
suitable level is species-specific, varying between tens and 
hundreds of micromol photons per m−2 s−1 (Morales et al. 
2021; Maltsev et al. 2021). Higher light intensity mostly 
increases lipid content (Jiang et al. 2011; Mulgund 2022) 
and, together with exposure duration, is related to variations 
of the contents SFA, MUFA and PUFA (Amini Khoeyi et al. 
2012; Morales et al. 2021).

In most cases, microalgae are cultivated in photoauto-
trophic conditions, but several species can also grow het-
erotrophically in the dark using organic carbon and energy 
sources, e.g. glucose, fructose, sucrose, lactose, galactose 
and acetic acid (Velu et al. 2015; Chen and Jiang 2017; Gao 
et al. 2023). The most commonly used organic substrate is 
glucose (Ren et al. 2013; Gao et al. 2023).

In this study, several Chlorophyta species were grown 
in photoautotrophic as well as heterotrophic cultivation 
regimes at optimum temperature in various laboratory bio-
reactors and the profiles of individual FA were compared 
with the profile of palm oil.

Materials and methods

Organisms and culture maintenance

Ten microalgae strains from the Culture Collection of 
Autotrophic Organisms (CCALA), Třeboň, Czech Repub-
lic, were used as standard cultures, belonging to the genera 
Chlamydomonas, Scenedesmus and Desmodesmus (class 
Chlorophyceae). They were selected based on the highest 
amounts of PA and OA, which are the two most abundant 
FAs in palm oil (Lang et al. 2011). Three strains of micro-
alga Chlamydomonas moewusii CCALA 242, CCALA 
243 and CCALA 244 (further abbreviated as C. moewusii 
CCALA 242, 243 and 244), three strains of Scenedesmus 
obliquus CCALA 453, CCALA 455 and CCALA 456 (fur-
ther as S. obliquus CCALA 453, 455 and 456), two strains 
of Desmodesmus communis CCALA 463 and CCALA 
464 (further as D. communis CCALA 463 and 464) and 
two strains of Desmodesmus subspicatus CCALA 467 and 
CCALA 688 (further as D. subspicatus CCALA 467 and 
CCALA 688) were studied.

In the case of photoautotrophic cultivation, the cultures 
were initially grown in the BG-11 medium (Hughes et al. 
1958; Allen and Stanier 1968) in 250-mL Erlenmeyer flasks 
placed on the laboratory shaker at 22–25 °C and illuminated 
by continuous light of about 50 µmol photons m−2 s−1.

For heterotrophic cultivation, the strains were maintained 
on agar-solidified ½ ŠS medium (Hlavová et al. 2016) by 
subculturing every 3 weeks. The freshly streaked cultures 
were grown on a light shelf at an incident light intensity of 
100 µmol photons m−2 s−1 photosynthetically active radia-
tion at 22–25 °C for about a week and then stored in the dark 
at 15 °C before the trial.

Photoautotrophic cultivation

In Trial 1, the light optimisation of all microalgae was per-
formed in 100-mL glass columns with a light path of 25 mm. 
Each column was inoculated to the initial optical density of 
about OD750 = 0.2. The columns were submerged in a tem-
perature-controlled water bath set to the growth optimum 
of 30 °C, which is common for green microalgae (Ranglová 
et al. 2019). The columns were mixed by bubbling air + 1% 
CO2 (v/v) with a flow rate of 50 mL min−1 and exposed to 
four light intensities—50, 100, 200 and 400 µmol photons 
m−2 s−1 to find the suitable irradiance. The experiment lasted 
for 10 days. The suitable light intensity, the total content of 
FAs and the content of individual FAs were determined. All 
cultivation trials were carried out in triplicate.
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Heterotrophic cultivation

In Trial 2, the cultures were inoculated directly from the 
plates into 300 mL of ½ ŠS medium and grown photoau-
totrophically in vertical glass columns (inner diameter = 
36 mm, height = 500 mm, volume of suspension = 300 mL) 
at continuous light of incident light intensity of 500 µmol 
photons m−2 s−1, at 30 °C and were aerated with air + 2% 
CO2 (v/v). The cultures were grown until the optical den-
sity (OD750) reached about 0.3; then they were diluted to 
approximately 106 cells mL−1 by the ½ ŠS medium con-
taining 1% of glucose as a carbon source and placed into an 
RTS-8 multi-channel bioreactor (Biosan, Latvia) with the 
following settings: culture volume of 40 mL, temperature 
of 30 °C and agitation 2000 rpm. The growth of the culture 
was monitored as changes in optical density at 660 nm for 
about 90 h; however, the data is only shown for about 72 h 
when the stationary phase was reached in most of the species 
and the growth stopped. The composition of the biomass was 
analysed at the end of the cultivation. All cultivation trials 
were carried out in triplicate.

Analytical measurements

Biomass density

The biomass density of the culture was determined as dry 
weight (DW) and the measurement was performed by filter-
ing culture samples on pre-weighed glass microfiber filters 
(GC-50) as described previously (Ranglová et al. 2019). 
In brief, the volume of 5 mL of culture was used for DW 
determination. The pre-weighed filters with the cells were 
then washed twice with deionized water, dried in an oven at 
105 °C for 8 h, transferred to a desiccator to equilibrate to 
laboratory temperature and weighed. The specific growth 
rate µ = (ln DW2 − ln DW1)/t2 − t1) (day−1) was calculated 
in the exponential phase of growth.

Analysis of fatty acids

The identification and quantification of FAs were performed 
in the biomass samples taken at the end of the trial. The sep-
aration of methyl esters of individual fatty acids (FAMEs) 
was performed on a Thermo Trace 1300 gas chromatogra-
phy system as described previously (Lakatos et al. 2023). 
The amount of 5–10 mg of lyophilized biomass was mixed 
with 400 µL of zirconium/silicon beads in a breaking vial 
and 1 mL mixture of 3 M hydrochloric acid in methanol 
followed by 50 µg of internal standard (C15:0) was added. 
After the disintegration of microalgae cells (5 cycles, each 
lasting 30 s on Mini-Beadbeater-16, BioSpec Products, 
USA), the samples were cooled down on the ice and the 
content of the vial was washed twice with 1 mL of methanol. 

The reaction mixture was heated at 90 °C for 1.5 h in a ther-
moblock, then cooled to laboratory temperature and 2 mL 
of hexane and 2 mL of 1 M NaCl were added. After a short 
mixing, the sample was centrifuged at 900×g at 4 °C for 
10 min (Eppendorf centrifuge 5804 R). The upper organic 
phase was separated and analysed on a TR-FAME column 
(60 m × 0.32 mm, df 0.25 µm) while helium was used as a 
carrier gas at a pressure of 200 kPa. The retention times of 
FAMEs were compared to known standards from menhaden 
fish oil (Supelco® 37 Component FAME Mix; PUFA No. 3 
Supelco) and the amounts of individual FAs were calculated 
by multiplying the integrated peak areas by the correction 
factors of the FID response. All individual FAs detected in 
the microalgae sample at each light intensity (Table S1) as 
well as at heterotrophic condition (Table S2) were measured, 
but only the FAs identified in palm oil (detected in microal-
gae in amounts greater than 1% of TFA - palmitic acid - PA, 
C16:0; stearic acid - SA, C18:0; oleic acid - OA, C18:1 n-9; 
linoleic acid - LA, C18:2 n-6; γ-linolenic acid - GLA, C18:3 
n-6) were considered in this study.

Statistical analysis

All measurements were performed in triplicate (n = 3); the 
means and standard deviations (± SD) are reported in the 
figures. Sigma Plot 11.0 software was used to determine sig-
nificant differences between treatments. Statistical analysis 
was performed using One-Way ANOVA and all pairwise 
multiple comparison procedures while using the Holm-Sidak 
test to assess differences between groups and interactions 
between variables. P values less than 0.05 were considered 
statistically significant. In graphs, the mean values desig-
nated by the same letter did not differ from each other.

Results

In the first series of experiments (Trial 1), the cultures were 
illuminated by various light intensities (50, 100, 20 and 
400 µmol photons m−2 s−1) to determine the suitable light 
intensity for individual microalgae strains in terms of bio-
mass as well as individual FA production corresponding to 
the composition of palm oil. To decide if the ten pre-selected 
microalgae strains can grow heterotrophically, they were all 
cultured in a medium containing glucose (Trial 2). In all 
strains, except for C. moewusii CCALA 243 and CCALA 
242, photo- and heterotrophic growth can be compared.

Trial 1: Determination of suitable light intensity

In Trial 1, the suitable light intensity for all microalgae was 
determined based on the biomass accumulation (as well as 
volumetric and areal productivity – Table S3). All cultures 
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grew well except for Chlamydomonas species (CCALA 242, 
CCALA 243 and CCALA 244) (Fig. 1), as considerable sed-
imentation of the cells was observed (mostly in C. moewusii 
CCALA 243). In most cases, the value of 400 μmol photons 
m−2 s−1 was determined as suitableexcept for S. obliquus 
CCALA 456, for which the highest biomass density was 
measured at 200 μmol photons·m−2 s−1 (despite the high-
est growth rate at 400 μmol photons·m−2 s−1) and two C. 
moewusii strains (CCALA 242 and CCALA 243) in which 
the highest biomass accumulation was observed at 100 and 
50 μmol photons·m−2 s−1, respectively.

The highest growth rate was determined for S. obliquus 
CCALA 456, reaching the value of µ = 0.52 ± 0.04 day−1 
(Fig. 2) at the highest light intensity, although the high-
est biomass density of 5.78 ± 0.37 g L−1 was reached at 
200 µmol photons m−2 s−1. The highest biomass density of 

8.53 ± 0.68 g L−1 was reached in S.obliquus CCALA 455 
(Fig. 1d) at 400 μmol photons m−2 s−1 which also corre-
sponded to the highest growth rate µ = 0.49 ± 0.00 day−1 for 
this strain (Fig. 2). In general, the cultures of the C. moe-
wusii strains did not grow well as the maximum biomass of 
1.75 ± 0.10 g L−1 was reached in the CCALA 242 strain and 
the ability to grow was observed at lower radiation levels 
such as 50 and 100 μmol photons·m−2 s−1.

In most cases, the greatest amounts of TFA were 
found in the biomass cultured at optimum light intensity 
(Fig. 3), reaching values up to 646.2 ± 113.7 mg g−1 and 
584.4 ± 14.0 mg g−1 in S. obliquus 455 and D. subspicatus 
467, respectively. All microalgae strains studied here were 
rich in PA (Fig. 4), as the amounts found in biomass were in 
the range between 18.5 and 43.2% of TFA. The light inten-
sities of 200 and 400 µmol photons m−2 s−1 favoured the 

Fig. 1   Growth of selected microalgae (Chlamydomonas moewusii 
strains CCALA 242, CCALA 243 and CCALA 244, Scenedes-
mus obliquus strains CCALA 453, CCALA 455 and CCALA 456, 
Desmodesmus communis strains CCALA 463 and CCALA 464, 
Desmodesmus subspicatus CCALA 467, Desmodesmus subspicatus 

CCALA 688) analysed at various light intensities for 10 days. Statis-
tical analysis was performed for each day individually for the given 
cultivation condition. The values are presented as a mean (n = 3) ± SD 
and those designated by the same letter did not differ from each other
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production of PA. The most significant difference between 
Chlamydomonas species is observed in strain CCALA 244, 
where the amount of PA increased from 31.9 ± 1.9% of TFA 
(50 µmol photons m−2 s−1) to 43.2 ± 4.4% of TFA (200 µmol 
photons m−2 s−1). Of the remaining microalgae, the most sig-
nificant difference was observed in D. subspicatus CCALA 
467, where the amount of PA increased from 20.5 ± 1.6% 
of TFA (50 µmol photons m−2 s−1) to 37.6 ± 1.0% of TFA 
(400 µmol photons m−2 s−1). In D. communis CCALA 463, 
the concentration of PA did not decrease below 34% of TFA 
regardless of light intensity. The second most abundant FA 
determined in the biomass was OA, present in the range of 
approximately 10 to 38% of TFA. The production of OA was 
induced by higher light intensity, as the highest amount of 
37.7 ± 1.1% of TFA was found in the biomass of S. obliquus 

CCALA 456 cultivated at 400 µmol photons m−2 s−1. The 
compound SA C18:0 was found in the biomass at the lowest 
concentration present in the range of approximately 10 to 
15% of TFA.

Trial 2: Heterotrophic trials

In Trial 2, the accumulation of biomass and maximum 
growth rate of eight heterotrophically growing microalgae 
were determined (Figs. 5 and 6). The strains can be divided 
into two groups. The first group—C. moewusii CCALA 
244, S. obliquus CCALA 455, D. communis CCALA 463 
and CCALA 464—grew faster and reached higher maxi-
mum biomass density after about 50 to 60 h of cultivation 
(Fig. 5a), when C. moewusii CCALA 244 grew the fastest. 

Fig. 2   Values of the specific growth rate [µ; day−1] of selected micro-
algae (see the list in the legend of Fig.  1) when exposed to various 
irradiance levels of 50, 100, 200 and 400 μmol photons m−2 s−1. The 

values are presented as a mean ± SD (n = 3); those designated by the 
same letter did not differ from each other
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The second group of selected microalgae—S. obliquus 
CCALA 453, S. obliquus CCALA 456, D. subspicatus 
CCALA 688 and D. subspicatus CCALA 467—grew about 
twice as slowly and reached a lower maximum biomass den-
sity at the end of the experiment (Fig. 5b).

The specific growth rates in heterotrophically grown cul-
tures (Fig. 6) reflected the growth patterns and were gener-
ally higher than those of photoautotrophically grown cul-
tures (see comparison in Table 1). The highest growth rate 
µ = 3.70 ± 0.58 day−1 was determined for S.obliquus CCALA 
453, while under the photoautotrophic regime, it was more 
than 10 times less. Lower growth rates of 3.23 ± 0.27 day−1 
were found at heterotrophic conditions for C. moewusii 
strain CCALA 244. The smallest differences between growth 
rates under photoautotrophic and heterotrophic regimes were 
observed for S. obliquus CCALA 456 and D. subspicatus 
CCALA 467.

In the heterotrophically grown cultures, the TFA content 
in biomass samples was always lower as compared to pho-
toautotrophic cultures (Fig. 7 vs. Fig. 3). The most notice-
able difference in TFA content was found in D. subspicatus 
CCALA 688, as in the heterotrophically grown culture, the 
biomass contained 30 times less TFA compared to photo-
autotrophically grown biomass (see Figs. 3 and 7a). On the 
other hand, the quantitative representation of individual FAs 
relative to the TFA did not differ significantly compared to 
the photoautotrophic regime (see Table S1 and Table S2). 
The content of PA ranged from 29.6 ± 0.6 in D. subspicatus 
CCALA 688 to 47.2 ± 0.5 found in C. moewusii CCALA 
244. SA, GLA production was even stimulated in the case 

of C. moewusii CCALA 244 and S. obliquus CCALA 453 in 
the heterotrophic regime. However, it should not be forgot-
ten that it has been found that the TFA is significantly lower 
in this regime compared to photoautotrophy, as already 
mentioned.

Discussion

Microalgae adapt both their growth rates and FA production 
to environmental conditions when temperature and light are 
major critical variables under non-stress conditions (Singh 
and Singh 2015; Zachleder et al. 2016; Maltsev et al. 2021). 
Here, in the presented trials, a group of microalgae naturally 
producing FA comparable in composition to palm oil was 
selected, in which the effect of the cultivation regime and 
varying light intensity on their growth and FA production 
and composition was studied while maintaining a suitable 
temperature. Two of the three C. moewusii strains (CCALA 
242 and 243) favoured lower light intensities. Such low light 
preference was previously observed for Chlamydomonas 
eugametos (synonym to C. moewusii), which was routinely 
grown at around 100–150 µmol photons m−2 s−1(Zachleder 
and Van Den Ende 1992; Pröschold and Darienko 2023). On 
the other hand, another strain, Chlamydomonas reinhardtii, 
which is the most studied member of this genus, can grow at 
a wide range of light intensities from 6 to 250 µmol photons 
m−2 s−1 (Vítová et al. 2011) and was not light-saturated even 
at 500 µmol photons m−2 s−1 (Bialevich et al. 2022). In the 
present trial, the growth of Scenedesmus and Desmodesmus 

Fig. 3   The TFA content determined in the biomass of selected micro-
algae (see legend of Fig. 1) at the end of the trial. Statistical analysis 
was performed between individual microalgae species at a given irra-

diance. The values are presented as a mean ± SD (n = 3); those desig-
nated by the same letter did not differ from each other
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strains improved with increasing light intensity. The green 
microalgae genera, Scenedesmus and Desmodesmus, include 
numerous widely studied biotechnologically relevant strains. 
Their response to light appears to be specific based both on 
species/strain and growth conditions; generally, they toler-
ate/prefer higher growth irradiances. In several studies, the 
diversity of optimal light conditions of selected species of 

the genus Scenedesmus was described as dependent on spe-
cific cultivation facilities. In the literature, various Scened-
esmus species grown in flask cultures revealed the optimal 
growth light intensity of 80 µmol photons m−2 s−1 (Difusa 
et al. 2015). Cultures of S. obliquus grown in flatbed reactors 
achieved maximum growth rates at about 150 µmol pho-
tons m−2 s−1, although they were able to tolerate or adapt to 

Fig. 4   The concentration [% of TFA] of five selected fatty acids (pal-
mitic PA C16:0, stearic SA C18:0, oleic OA C18:1 n-9, linoleic LA 
C18:2 n-6 and γ-linolenic acid GLA C18:3 n-6) determined in the 
biomass samples of the selected microalgae strains (list in the legend 

of Fig. 1) harvested at the end of the trial. The cultures were grown at 
various light intensities: a 50 µmol photons m−2 s−1, b 100 µmol pho-
tons m−2  s−1, c 200 µmol photons m−2  s−1 and d 400 µmol photons 
m−2 s−1
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higher light (Sforza et al. 2014). Likewise, Scenedesmus sp. 
cultured in tubular photobioreactors saturated at 250 µmol 
photons m−2 s−1 but could maintain similar biomass yields 
even at 400 µmol photons m−2 s−1 (Liu et al. 2012). Also, S. 
quadricauda grown in a tubular photobioreactor favoured a 
higher light intensity of 500 µmol photons m−2 s−1 (Fettah 
et al. 2022). It can be inferred that the optimum value of 
irradiance intensity is determined by the set-up of the culture 
unit as the genus Scenedesmus is very adaptable.

A recent trend in microalgal research explores the 
potential of heterotrophic growth for less costly biomass 

generation and its use for FA production (Perez-Garcia et al. 
2011; Bumbak et al. 2011; Sutherland and Ralph 2021). 
However, only a few microalgae, such as Scenedesmus sp., 
Chlorococcum sp., Chlorella sp. and Chlamydomonas sp., 
can grow heterotrophically (Chen and Johns 1996; Barros 
et al. 2019; Jin et al. 2020; Correia et al. 2023). This cul-
tivation regime is usually faster, reaching high cell densi-
ties in a shorter time than in phototrophic cultivation, as the 
growth density is not limited by light (Carone et al. 2019). 
This point is advantageous for further downstream process-
ing of the microalgae biomass and can reduce production 

Fig. 5   Growth of selected microalgae strains: a C. moewusii strain 
CCALA 244, S. obliquus strains CCALA 455 and D. communis 
strains CCALA 463 and CCALA 464; b S. obliquus CCALA 453 
and CCALA 456, D. subspicatus strain CCALA 467, D. subspicatus 

strain CCALA 688—was measured during heterotrophic growth in 
the presence of 1% glucose for about 72 h. The values are presented 
as a mean ± SD (n = 3)

Fig. 6   Specific growth rates [µ; 
day−1] of selected microalgae 
strains (see legend of Fig. 5) 
grown heterotrophically on 
1% glucose at 30 °C for 72 h. 
C. moewusii CCALA 242 and 
243 did not grow. The values 
are presented as a mean ± SD 
(n = 3); those columns desig-
nated by the same letter did not 
differ from each other
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costs despite the addition of an organic carbon source. Of the 
ten pre-selected microalgae in this study, eight strains were 
able to grow heterotrophically (and even faster) than those 
in photoautotrophic cultures. The highest growth rate was 
determined under the heterotrophic regime for S.obliquus 
CCALA 453 while in the photoautotrophic regime, it was 
more than one order of magnitude lower. As a matter of fact, 
a much lower growth rate of S. obliquus of 0.7 day−1 was 

determined by Silkina et al. (2025). The specific growth rate 
of 1.03 day−1 determined by Jin et al. (2020) for S. acumina-
tus was slightly close to the value we found for D. communis 
CCALA 463.

In general, in photoautotrophic cultures at a high light 
intensity, SFA and MUFA accumulate while the amounts of 
PUFA decrease (Maltsev et al. 2021). Microalgae downregu-
late PUFA, as a protective mechanism, to reduce membrane 
fluidity and protect cell integrity from photooxidative stress 
(Van Wagenen et al. 2012; Morales-Sánchez et al. 2020). In 
this study, the largest difference in SFA production at the 
lowest and highest light intensity was observed for D. sub-
spicatus 467 and D. subspicatus 688. At the same time, at 
the highest light intensity, the largest increase in MUFA was 
observed for S.obliquus strains CCALA 453 and CCALA 
455, and D. subspicatus CCALA 467. In C. moewusii 
CCALA 244, the content of PA, SA, OA and LA detected 
was comparable regardless of the cultivation regime. The 
same result was found by El-Sheekh (1993) for C. reind-
hardtii. However, all Chlamydomonas strains grown in the 
photoautotrophic regime and studied in this work produced 
up to a threefold higher amount of PA and about 1.5-fold 
more SA, respectively. The content of individual FAs in 
the C. moewusii strains CCALA 242 and CCALA 243 was 
comparable to the amount reported by Zheng et al. (2022) 
for Chlamydomonas reinhardtii. Moreover, in the selected 
Scenedesmus and Desmodesmus species, the amount of PA 
was comparable to data obtained for Scenedesmus bijugus 

Table 1   The ratio of heterotrophic vs. photoautotrophic specific 
growth rates (the highest values) determined in the cultivation trials 
with selected microalgae strains (see legend of Fig. 1). C. moewusii 
CCALA 242 and 243 did not grow heterotrophically (nd)

nd no growth detected

Microalgae strain Ratio of heterotrophic vs 
photoautotrophic growth 
rates

CCALA 242 nd
CCALA 243 nd
CCALA 244 7.9
CCALA 453 10.9
CCALA 455 3.1
CCALA 456 1.5
CCALA 463 3.7
CCALA 464 3.9
CCALA 467 1.7
CCALA 688 2.5

Fig. 7   Fatty acid production of selected microalgae strains (see leg-
end of Fig. 1) grown heterotrophically. a The TFA content [mg g−1]. 
b The concentration [% of TFA] of five selected fatty acids—palmitic 
PA C16:0, stearic SA C18:0, oleic OA C18:1 n-9, linoleic LA C18:2 

n-6 and γ-linolenic acid GLA C18:3 n-6 were analysed in the biomass 
samples harvested at the end of the trial. The values are presented as 
a mean ± SD (n = 3); those designated by the same letter did not differ 
from each other
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(Salama et al. 2013; Minhas et al. 2020). On the other hand, 
the difference is evident in the SA content, as S.bijugus con-
tains almost none (Salama et al. 2013; Minhas et al. 2020). 
While palm oil contains negligible amounts of GLA (Man-
cini et al. 2015), certain microalgae from the selected group 
in this study are capable of producing remarkably high lev-
els of GLA, reaching up to 33% of TFA. This exceptional 
capacity determines microalgae as a superior and sustainable 
source of essential FAs, making them particularly valuable 
for biotechnological applications. Continuous illumination 
used in this study stimulated the production of OA and LA 
in selected Scenedesmus and Desmodesmus strains, as the 
measured values of these two FAs were 2.0–3.5-fold higher 
(depending on the light intensity) than those found by Min-
has et al. (2020), who alternated light and dark regimes. 
Although the TFA content was different in the biomass of 
the selected set of microalgae regardless of the cultivation 
regime, the content of the total amount of individual FAs 
was identical. The low content of TFA in heterotrophically 
grown microalgae can be attributed to the rapid growth dur-
ing a short cultivation period (72 h) when microalgae pro-
duce high biomass but do not accumulate high-value prod-
ucts such as lipids (Udayan et al. 2022).

In general, the highest TFA content was found in the 
biomass of S. obliquus CCALA 455 and D. subspicatus 
CCALA 467 grown photoautotrophically, making them 
interesting for potential commercial interest, as these num-
bers are about 1.6–1.8-fold higher compared to palm oil 
(36%) (Mata et al. 2010; Pugliese et al. 2020). For compari-
son, the amounts of selected FAs (PA, OA and LA) deter-
mined in D. subspicatus CCALA 467 were closest to those 
in palm oil (Mancini et al. 2015), with the added benefit of 
significant GLA production. However, the production cost 
of 1 L of microalgae oil is still significantly higher (up to 3.5 
USD depending on the cultivation unit used) (Valdovinos-
García et al. 2022) than that of palm oil (app. 0.77 USD L−1) 
(O’Neill 2025). On the other hand, microalgae represent an 
advantageous alternative not only in terms of the produc-
tion of FAs contained in palm oil, but also thanks to their 
significantly lower land requirements, namely 2.79–0.33 ha, 
depending on productivity compared to the requirements 
for palm plantations (5.20 ha). Consequently, microalgae 
oil production reaches 11.00–93.50 L/ha/year compared to 
5.90 L of palm oil/ha/year in the case of palm trees (Adi 
Sasongko and Noguchi 2015).

Despite being inexpensive, the production of palm oil is 
burdened by its significant environmental impact. Defor-
estation before the planting of palm trees has been a seri-
ous global issue (Waghmare et al. 2018). The advantage of 
using selected microalgae species/strains that can produce 
a very similar FA composition to palm oil has to be fur-
ther considered and investigated, as optimisation of culture 

conditions may result in the overproduction of selected 
FAs compared to standard culture conditions. Moreover, 
the production costs can be further decreased by using 
wastewater or seawater (Raheem et al. 2018). In general, 
technological improvements in microalgae culturing and 
processing are steadily decreasing costs, reinforcing its 
role as a promising alternative to replace palm oil (Rafa 
et al. 2021; Valdovinos-García et al. 2022; Stănescu et al. 
2024; Tripathi et al. 2024).

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00253-​025-​13682-0.

Acknowledgements  The authors thank Ms. Soňa Pekařová, Ms. 
Kamila Ondrejmišková, Ms. Klára Kochtová and Dr. Martin Lukeš for 
technical assistance and Dr. Richard Lhotský for administrative sup-
port. As for Open Access, a CC-BY public copyright licence has been 
applied by the authors to the present document and will be applied to 
all subsequent versions up to the Author Accepted Manuscript arising 
from this submission.

Author contribution  KŠ, KB and JM conceived and conceptualised 
the experiments and prepared Figures and Tables. KŠ and KB con-
ducted experiments. KŠ and KB wrote the original manuscript and 
prepared the literature review. KŠ, KB and JM revised the manuscript. 
All authors reviewed and approved the final version of the manuscript. 
KŠ and KB conducted experiments.

Funding  This research received funding from the Bio-Based Industries 
Joint Undertaking (JU) under grant agreement no. 887227 (MULTI-
STR3AM project) in the EU Horizon 2020 Research and Innovation 
Programme and the Bio-Based Industries Consortium. This work 
was also partly supported by the programme Interreg Austria - Czech 
Republic, the project no. ATCZ00171 – Bio2AgroFood.

Data availability  The datasets presented in this study are available from 
the corresponding authors upon reasonable request. The data are not 
publicly available without the permission of all co-authors.

Declarations 

Ethical approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

https://doi.org/10.1007/s00253-025-13682-0
http://creativecommons.org/licenses/by/4.0/


Applied Microbiology and Biotechnology          (2026) 110:17 	 Page 11 of 12     17 

References

Absalome MA, Massara C-C, Alexandre AA, Gervais K, Chantal GG-A, 
Ferdinand D, Rhedoor AJ, Coulibaly I, George TG, Brigitte T, 
Marion M, Jean-Paul C (2020) Biochemical properties, nutritional 
values, health benefits and sustainability of palm oil. Biochimie 
178:81–95. https://​doi.​org/​10.​1016/j.​biochi.​2020.​09.​019

Adi Sasongko N, Noguchi R (2015) Comprehensive evaluation of 
integrated energy plantation model of palm oil and microalgae 
based biofuel for sustainable energy production. Energy Proce-
dia 68:226–235. https://​doi.​org/​10.​1016/j.​egypro.​2015.​03.​251

Afriyanti D, Kroeze C, Saad A (2016) Indonesia palm oil production 
without deforestation and peat conversion by 2050. Sci Total Environ 
557–558:562–570. https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​03.​032

Allen MM, Stanier RY (1968) Growth and division of some unicel-
lular blue-green algae. J Gen Microbiol 51:199–202. https://​doi.​
org/​10.​1099/​00221​287-​51-2-​199

Amini Khoeyi Z, Seyfabadi J, Ramezanpour Z (2012) Effect of light 
intensity and photoperiod on biomass and fatty acid composi-
tion of the microalgae Chlorella vulgaris. Aquac Int 20:41–49. 
https://​doi.​org/​10.​1007/​s10499-​011-​9440-1

Barros A, Pereira H, Campos J, Marques A, Varela J, Silva J 
(2019) Heterotrophy as a tool to overcome the long and 
costly autotrophic scale-up process for large scale produc-
tion of microalgae. Sci Rep 9:13935. https://​doi.​org/​10.​1038/​
s41598-​019-​50206-z

Bellou S, Baeshen MN, Elazzazy AM, Aggeli D, Sayegh F, Aggelis 
G (2014) Microalgal lipids biochemistry and biotechnological 
perspectives. Biotechnol Adv 32:1476–1493. https://​doi.​org/​10.​
1016/j.​biote​chadv.​2014.​10.​003

Bialevich V, Zachleder V, Bišová K (2022) The effect of variable 
light source and light intensity on the growth of three algal 
species. Cells 11:1293. https://​doi.​org/​10.​3390/​cells​11081​293

Breuer G, Lamers PP, Martens DE, Draaisma RB, Wijffels RH 
(2013) Effect of light intensity, pH, and temperature on triacyl-
glycerol (TAG) accumulation induced by nitrogen starvation in 
Scenedesmus obliquus. Bioresour Technol 143:1. https://​doi.​
org/​10.​1016/j.​biort​ech.​2013.​05.​105

Bumbak F, Cook S, Zachleder V, Hauser S, Kovar K (2011) Best prac-
tices in heterotrophic high-cell-density microalgal processes: 
achievements, potential and possible limitations. Appl Microbiol 
Biotechnol 91:31–46. https://​doi.​org/​10.​1007/​s00253-​011-​3311-6

Carone M, Corato A, Daurvin T, Thanh T, Durante L, Joris B, Franck 
F, Remackle C (2019) Heterotrophic growth of microalgae. 
In: Hallman A, Rampelotto P (eds) Grand challenges in algae 
biotechnology. Springer, pp 71–109. https://​doi.​org/​10.​1007/​
978-3-​030-​25233-5_3

Chen H-HH, Jiang J-GG (2017) Lipid accumulation mechanisms 
in auto- and heterotrophic microalgae. J Agric Food Chem 
65:8099–8110. https://​doi.​org/​10.​1021/​acs.​jafc.​7b034​95

Chen F, Johns MR (1996) Heterotrophic growth of Chlamydomonas 
reinhardtii on acetate in chemostat culture. Process Biochem 
31:601–604. https://​doi.​org/​10.​1016/​S0032-​9592(96)​00006-4

Chiriacò MV, Galli N, Santini M, Rulli MC (2024) Deforestation and 
greenhouse gas emissions could arise when replacing palm oil 
with other vegetable oils. Sci Total Environ 914:169486. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2023.​169486

Correia N, Pereira H, Schulze PSC, Costa MM, Santo GE, Guerra I, 
Trovão M, Barros A, Cardoso H, Silva JL, Gouveia L, Varela J 
(2023) Heterotrophic and photoautotrophic media optimization 
using response surface methodology for the novel microalga 
Chlorococcum amblystomatis. Appl Sci 13:2089. https://​doi.​
org/​10.​3390/​app13​042089

Difusa A, Mohanty K, Goud VV (2015) Advancement and challenges 
in harvesting techniques for recovery of microalgae biomass. In: 

Environmental sustainability. Springer India, New Delhi, pp 
159–169. https://​doi.​org/​10.​1007/​978-​81-​322-​2056-5_9

El-Sheekh MM (1993) Lipid and fatty acids composition of photo-
autotrophically and heterotrophically grown Chlamydomonas 
reinhardtii. Biol Plant 35. https://​doi.​org/​10.​1007/​BF029​28523

Emily O (2022) Could microalgae oil replace palm oil? Researchers 
think so. https://​plant​based​news.​org/​news/​micro​algae-​oil-​palm-​
oil/. Accessed 31 Mar 2025

Fettah N, Derakhshandeh M, Un UT, Mahmoudi L (2022) Effect of 
light on growth of green microalgae Scenedesmus quadricauda: 
influence of light intensity, light wavelength and photoperiods. 
Int J Energy Environ Eng 13:703–712. https://​doi.​org/​10.​1007/​
s40095-​021-​00456-3

Gao Y, Li Y, Yang Y, Feng J, Ji L, Xie S (2023) Effects of trophic 
modes on the lipid accumulation of Parachlorella kessleri TY. 
Fermentation 9:891. https://​doi.​org/​10.​3390/​ferme​ntati​on910​0891

Hlavová M, Vítová M, Bišová K (2016) Synchronization of green algae 
by light and dark regimes for cell cycle and cell division stud-
ies. Methods and Protocols 1370:3–16. https://​doi.​org/​10.​1007/​
978-1-​4939-​3142-2_1

Hughes EO, Gorham PR, Zehnder A (1958) Toxicity of a unialgal 
culture of Microcystis aeruginosa. Can J Microbiol 4:225–236. 
https://​doi.​org/​10.​1139/​m58-​024

Izadpanah M, Gheshlaghi R, Mahdavi MA, Elkamel A (2018) Effect 
of light spectrum on isolation of microalgae from urban waste-
water and growth characteristics of subsequent cultivation of the 
isolated species. Algal Res 29:154–158. https://​doi.​org/​10.​1016/j.​
algal.​2017.​11.​029

Jiang L, Luo S, Fan X, Yang Z, Guo R (2011) Biomass and lipid pro-
duction of marine microalgae using municipal wastewater and 
high concentration of CO2. Appl Energy 88:3336–3341. https://​
doi.​org/​10.​1016/j.​apene​rgy.​2011.​03.​043

Jin H, Zhang H, Zhou Z, Li K, Hou G, Xu Q, Chuai W, Zhang C, 
Han D, Hu Q (2020) Ultrahigh-cell-density heterotrophic cultiva-
tion of the unicellular green microalga Scenedesmus acuminatus 
and application of the cells to photoautotrophic culture enhance 
biomass and lipid production. Biotechnol Bioeng 117:96–108. 
https://​doi.​org/​10.​1002/​bit.​27190

Lakatos G, Ranglová K, Bárcenas-Pérez D, Grivalský T, Manoel J, 
Mylenko M, Cheel J, Nyári J, Wirth R, L.Kovács K, Kopecký 
J, Nedbalová L, Masojídek J (2023) Cold-adapted culturing of 
the microalga Monoraphidium sp. In thin-layer raceway pond for 
biomass production. Algal Res 69. https://​doi.​org/​10.​1016/j.​algal.​
2022.​102926

Lang I, Hodac L, Friedl T, Feussner I (2011) Fatty acid profiles and 
their distribution patterns in microalgae: a comprehensive analysis 
of more than 2000 strains from the SAG culture collection. BMC 
Plant Biol 11:124. https://​doi.​org/​10.​1186/​1471-​2229-​11-​124

Liu J, Yuan C, Hu G, Li F (2012) Effects of light intensity on the 
growth and lipid accumulation of microalga Scenedesmus sp. 
11–1 under nitrogen limitation. Appl Biochem Biotechnol 
166:2127–2137. https://​doi.​org/​10.​1007/​s12010-​012-​9639-2

Liu Y, Ren X, Fan C, Wu W, Zhang W, Wang Y (2022) Health benefits, 
food applications, and sustainability of microalgae-derived n-3 
PUFA. Foods 11:1883. https://​doi.​org/​10.​3390/​foods​11131​883

Maltsev Y, Maltseva K, Kulikovskiy M, Maltseva S (2021) Influence 
of light conditions on microalgae growth and content of lipids, 
carotenoids, and fatty acid composition. Biology (Basel) 10:1060. 
https://​doi.​org/​10.​3390/​biolo​gy101​01060

Mancini A, Imperlini E, Nigro E, Montagnese C, Daniele A, Orrù S, 
Buono P (2015) Biological and nutritional properties of palm oil 
and palmitic acid: effects on health. Molecules 20:17339–17361. 
https://​doi.​org/​10.​3390/​molec​ules2​00917​339

Mata TM, Martins AA, Caetano NS (2010) Microalgae for biodiesel 
production and other applications: a review. Renew Sustain Energy 
Rev 14:217–232. https://​doi.​org/​10.​1016/j.​rser.​2009.​07.​020

https://doi.org/10.1016/j.biochi.2020.09.019
https://doi.org/10.1016/j.egypro.2015.03.251
https://doi.org/10.1016/j.scitotenv.2016.03.032
https://doi.org/10.1099/00221287-51-2-199
https://doi.org/10.1099/00221287-51-2-199
https://doi.org/10.1007/s10499-011-9440-1
https://doi.org/10.1038/s41598-019-50206-z
https://doi.org/10.1038/s41598-019-50206-z
https://doi.org/10.1016/j.biotechadv.2014.10.003
https://doi.org/10.1016/j.biotechadv.2014.10.003
https://doi.org/10.3390/cells11081293
https://doi.org/10.1016/j.biortech.2013.05.105
https://doi.org/10.1016/j.biortech.2013.05.105
https://doi.org/10.1007/s00253-011-3311-6
https://doi.org/10.1007/978-3-030-25233-5_3
https://doi.org/10.1007/978-3-030-25233-5_3
https://doi.org/10.1021/acs.jafc.7b03495
https://doi.org/10.1016/S0032-9592(96)00006-4
https://doi.org/10.1016/j.scitotenv.2023.169486
https://doi.org/10.1016/j.scitotenv.2023.169486
https://doi.org/10.3390/app13042089
https://doi.org/10.3390/app13042089
https://doi.org/10.1007/978-81-322-2056-5_9
https://doi.org/10.1007/BF02928523
https://plantbasednews.org/news/microalgae-oil-palm-oil/
https://plantbasednews.org/news/microalgae-oil-palm-oil/
https://doi.org/10.1007/s40095-021-00456-3
https://doi.org/10.1007/s40095-021-00456-3
https://doi.org/10.3390/fermentation9100891
https://doi.org/10.1007/978-1-4939-3142-2_1
https://doi.org/10.1007/978-1-4939-3142-2_1
https://doi.org/10.1139/m58-024
https://doi.org/10.1016/j.algal.2017.11.029
https://doi.org/10.1016/j.algal.2017.11.029
https://doi.org/10.1016/j.apenergy.2011.03.043
https://doi.org/10.1016/j.apenergy.2011.03.043
https://doi.org/10.1002/bit.27190
https://doi.org/10.1016/j.algal.2022.102926
https://doi.org/10.1016/j.algal.2022.102926
https://doi.org/10.1186/1471-2229-11-124
https://doi.org/10.1007/s12010-012-9639-2
https://doi.org/10.3390/foods11131883
https://doi.org/10.3390/biology10101060
https://doi.org/10.3390/molecules200917339
https://doi.org/10.1016/j.rser.2009.07.020


	 Applied Microbiology and Biotechnology          (2026) 110:17    17   Page 12 of 12

Minhas AK, Barrow CJ, Hodgson P, Adholeya A (2020) Microalga 
Scenedesmus bijugus: biomass, lipid profile, and carotenoids 
production in vitro. Biomass Bioenergy 142:105749. https://​
doi.​org/​10.​1016/j.​biomb​ioe.​2020.​105749

Morales M, Aflalo C, Bernard O (2021) Microalgal lipids: a review 
of lipids potential and quantification for 95 phytoplankton spe-
cies. Biomass Bioenergy 150:106108. https://​doi.​org/​10.​1016/j.​
biomb​ioe.​2021.​106108

Morales-Sánchez D, Schulze PSC, Kiron V, Wijffels RH (2020) Production 
of carbohydrates, lipids and polyunsaturated fatty acids (PUFA) by 
the polar marine microalga Chlamydomonas malina RCC2488. Algal 
Res 50:102016. https://​doi.​org/​10.​1016/j.​algal.​2020.​102016

Mulgund A (2022) Increasing lipid accumulation in microalgae 
through environmental manipulation, metabolic and genetic 
engineering: a review in the energy NEXUS framework. 
Energy Nexus 5:100054. https://​doi.​org/​10.​1016/j.​nexus.​2022.​
100054

O’Neill A (2025) Average prices for palm oil worldwide from 
2014 to 2027.   https://​www.​stati​sta.​com/​stati​stics/​675813/​
avera​ge-​pr ices-​palm-​oil- ​world​wide/?​srslt ​id=​AfmBO​
opCls​ySNFD​5kpuY​6n6JL​Ym5jI​UtG2q​6dcFu​57hH4​3yII7​
CcRew.  Accessed 10 Apr 2025

Perez-Garcia O, Escalante FMEE, De-Bashan LE, Bashan Y (2011) Het-
erotrophic cultures of microalgae: metabolism and potential products. 
Water Res 45:11–36. https://​doi.​org/​10.​1016/j.​watres.​2010.​08.​037

Pröschold T, Darienko T (2023) The genus Chlamydomonas. In: 
Goodenough U (ed) The Chlamydomonas sourcebook, 3rd edn. 
Elsevier, pp 1–15. https://​doi.​org/​10.​1016/​C2019-0-​02739-2

Pugliese A, Biondi L, Bartocci P, Fantozzi F (2020) Selenastrum 
capricornutum a new strain of algae for biodiesel production. 
Fermentation 6:46. https://​doi.​org/​10.​3390/​ferme​ntati​on602​0046

Rafa N, Ahmed SF, Badruddin IA, Mofijur M, Kamangar S (2021) 
Strategies to produce cost-effective third-generation biofuel 
from microalgae. Front Energy Res. https://​doi.​org/​10.​3389/​
fenrg.​2021.​749968

Raheem A, Prinsen P, Vuppaladadiyam AK, Zhao M, Luque R 
(2018) A review on sustainable microalgae based biofuel and 
bioenergy production: recent developments. J Clean Prod 
181:42–59. https://​doi.​org/​10.​1016/j.​jclep​ro.​2018.​01.​125

Ranglová K, Lakatos GE, Manoel JAC, Grivalský T, Masojídek J 
(2019) Rapid screening test to estimate temperature optima for 
microalgae growth using photosynthesis activity measurements. 
Folia Microbiol (Praha) 64:615–625. https://​doi.​org/​10.​1007/​
s12223-​019-​00738-8

Ren H-Y, Liu B-F, Ma C, Zhao L, Ren N-Q (2013) A new lipid-rich 
microalga Scenedesmus sp. strain R-16 isolated using Nile red 
staining: effects of carbon and nitrogen sources and initial pH 
on the biomass and lipid production. Biotechnol Biofuels 6:143. 
https://​doi.​org/​10.​1186/​1754-​6834-6-​143

Ronda SR, Bokka CS, Ketineni C, Rijal B, Allu PR (2012) Aera-
tion effect on Spirulina platensis growth and γ-linolenic acid 
production. Braz J Microbiol 43:12–20. https://​doi.​org/​10.​1590/​
S1517-​83822​01200​01000​02

Salama ES, Kim HC, Abou-Shanab RAI, Ji MK, Oh YK, Kim SH, Jeon 
BH (2013) Biomass, lipid content, and fatty acid composition of 
freshwater Chlamydomonas mexicana and Scenedesmus obliquus 
grown under salt stress. Bioprocess Biosyst Eng 36:827–833. 
https://​doi.​org/​10.​1007/​s00449-​013-​0919-1

Sehgal S, Sharma V (2021) Palm/palm kernel (Elaeis guineensis). 
In: Tanwar B, Goyal A (eds) Oilseeds: health attributes and food 
application. Springer, Singapore, pp 145–161. https://​doi.​org/​
10.​1007/​978-​981-​15-​4194-0

Sforza E, Enzo M, Bertucco A (2014) Design of microalgal biomass 
production in a continuous photobioreactor: an integrated exper-
imental and modeling approach. Chem Eng Res des 92:1153–
1162. https://​doi.​org/​10.​1016/j.​cherd.​2013.​08.​017

Silkina A, Gayo-Peláez JI, Fernandes F, Fuentes-Grünewald C, 
Kapoore RV, Tang KW (2025) From waste to wealth: coupling 
different nutritional modes of Scenedesmus obliquus for waste 
remediation and algal product development. J Appl Phycol 
37:1003–1012. https://​doi.​org/​10.​1007/​s10811-​024-​03438-0

Singh SP, Singh P (2015) Effect of temperature and light on the 
growth of algae species : a review. Renew Sustain Energy Rev 
50:431–444. https://​doi.​org/​10.​1016/j.​rser.​2015.​05.​024

Stănescu S-G, Nicolescu CM, Bumbac M, Olteanu R-L, Gurgu IV 
(2024) Economic evaluation of microalgae production costs: a 
perspective on sustainable development. pp 215–234. https://​
doi.​org/​10.​1007/​978-3-​031-​59858-6_​15

Sulaiman NS, Sintang MD, Mantihal S, Zaini HM, Munsu E, Mamat 
H, Kanagaratnam S, Jahurul MHA, Pindi W (2022) Balancing 
functional and health benefits of food products formulated with 
palm oil as oil sources. Heliyon 8:e11041. https://​doi.​org/​10.​
1016/j.​heliy​on.​2022.​e11041

Sutherland DL, Ralph PJ (2021) Differing growth responses in four 
related microalgal genera grown under autotrophic, mixotrophic 
and heterotrophic conditions. J Appl Phycol 33:3539–3553. 
https://​doi.​org/​10.​1007/​s10811-​021-​02593-y

Tripathi G, Dubey P, Shamim A, Farooqui A, Mishra V (2024) Bio-
flocculation: a cost effective and energy efficient harvesting 
technique for algal biofuel production and wastewater treat-
ment. Bioresour Technol Rep 28:101969. https://​doi.​org/​10.​
1016/j.​biteb.​2024.​101969

Udayan A, Pandey AK, Sirohi R, Sreekumar N, Sang B-I, Sim SJ, 
Kim SH, Pandey A (2022) Production of microalgae with high 
lipid content and their potential as sources of nutraceuticals. 
Phytochem Rev. https://​doi.​org/​10.​1007/​s11101-​021-​09784-y

Valdovinos-García EM, Bravo-Sánchez MG, Olán-Acosta MdelosÁ, 
Barajas-Fernández J, Guzmán-López A, Petriz-Prieto MA 
(2022) Technoeconomic evaluation of microalgae oil produc-
tion: effect of cell disruption method. Fermentation 8:301. 
https://​doi.​org/​10.​3390/​ferme​ntati​on807​0301

Van Wagenen J, Miller TW, Hobbs S, Hook P, Crowe B, Huesemann 
M (2012) Effects of light and temperature on fatty acid produc-
tion in Nannochloropsis salina. Energies 5:731–740. https://​doi.​
org/​10.​3390/​en503​0731

Velu P, Jenita Peter M, Sannizasi E (2015) Effect of various carbon 
sources on biochemical production in marine microalgae Nan-
nochloropsis salina (Eustigmatophyceae), Dunaliella tertiolecta 
(Chlorophyceae) and Tetraselmis suecica (Chlorodendrophy-
ceae). Int J Curr Microbiol Appl Sci 4:207–215

Vítová M, Bišová K, Umysová D, Hlavová M, Kawano S, Zachleder 
V, Čížková M (2011) Chlamydomonas reinhardtii: duration of 
its cell cycle and phases at growth rates affected by light inten-
sity. Planta 233:75. https://​doi.​org/​10.​1007/​s00425-​010-​1282-y

Waghmare A, Patil S, LeBlanc JG, Sonawane S, Arya SS (2018) 
Comparative assessment of algal oil with other vegetable oils 
for deep frying. Algal Res 31:99–106. https://​doi.​org/​10.​1016/j.​
algal.​2018.​01.​019

Zachleder V, Van Den Ende H (1992) Cell cycle events in the green 
alga Chlamydomonas eugametos and their control by environ-
mental factors. J Cell Sci 102:469–474

Zachleder V, Bišová K, Vítová M (2016) The cell cycle of microalgae. 
In: The physiology of microalgae. Springer International Pub-
lishing, pp 3–46. https://​doi.​org/​10.​1007/​978-3-​319-​24945-2_1

Zheng S, Zou S, Feng T, Sun S, Guo X, He M, Wang C, Chen H, 
Wang Q (2022) Low temperature combined with high inoculum 
density improves alpha-linolenic acid production and biochemical 
characteristics of Chlamydomonas reinhardtii. Bioresour Technol 
348:126746. https://​doi.​org/​10.​1016/j.​biort​ech.​2022.​126746

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.biombioe.2020.105749
https://doi.org/10.1016/j.biombioe.2020.105749
https://doi.org/10.1016/j.biombioe.2021.106108
https://doi.org/10.1016/j.biombioe.2021.106108
https://doi.org/10.1016/j.algal.2020.102016
https://doi.org/10.1016/j.nexus.2022.100054
https://doi.org/10.1016/j.nexus.2022.100054
https://www.statista.com/statistics/675813/average-prices-palm-oil-worldwide/?srsltid=AfmBOopClsySNFD5kpuY6n6JLYm5jIUtG2q6dcFu57hH43yII7CcRew
https://www.statista.com/statistics/675813/average-prices-palm-oil-worldwide/?srsltid=AfmBOopClsySNFD5kpuY6n6JLYm5jIUtG2q6dcFu57hH43yII7CcRew
https://www.statista.com/statistics/675813/average-prices-palm-oil-worldwide/?srsltid=AfmBOopClsySNFD5kpuY6n6JLYm5jIUtG2q6dcFu57hH43yII7CcRew
https://www.statista.com/statistics/675813/average-prices-palm-oil-worldwide/?srsltid=AfmBOopClsySNFD5kpuY6n6JLYm5jIUtG2q6dcFu57hH43yII7CcRew
https://doi.org/10.1016/j.watres.2010.08.037
https://doi.org/10.1016/C2019-0-02739-2
https://doi.org/10.3390/fermentation6020046
https://doi.org/10.3389/fenrg.2021.749968
https://doi.org/10.3389/fenrg.2021.749968
https://doi.org/10.1016/j.jclepro.2018.01.125
https://doi.org/10.1007/s12223-019-00738-8
https://doi.org/10.1007/s12223-019-00738-8
https://doi.org/10.1186/1754-6834-6-143
https://doi.org/10.1590/S1517-83822012000100002
https://doi.org/10.1590/S1517-83822012000100002
https://doi.org/10.1007/s00449-013-0919-1
https://doi.org/10.1007/978-981-15-4194-0
https://doi.org/10.1007/978-981-15-4194-0
https://doi.org/10.1016/j.cherd.2013.08.017
https://doi.org/10.1007/s10811-024-03438-0
https://doi.org/10.1016/j.rser.2015.05.024
https://doi.org/10.1007/978-3-031-59858-6_15
https://doi.org/10.1007/978-3-031-59858-6_15
https://doi.org/10.1016/j.heliyon.2022.e11041
https://doi.org/10.1016/j.heliyon.2022.e11041
https://doi.org/10.1007/s10811-021-02593-y
https://doi.org/10.1016/j.biteb.2024.101969
https://doi.org/10.1016/j.biteb.2024.101969
https://doi.org/10.1007/s11101-021-09784-y
https://doi.org/10.3390/fermentation8070301
https://doi.org/10.3390/en5030731
https://doi.org/10.3390/en5030731
https://doi.org/10.1007/s00425-010-1282-y
https://doi.org/10.1016/j.algal.2018.01.019
https://doi.org/10.1016/j.algal.2018.01.019
https://doi.org/10.1007/978-3-319-24945-2_1
https://doi.org/10.1016/j.biortech.2022.126746

	Microalgae as a sustainable alternative to palm oil: fatty acid profiles under photoautotrophic and heterotrophic growth
	Abstract 
	Key points
	Introduction
	Materials and methods
	Organisms and culture maintenance
	Photoautotrophic cultivation
	Heterotrophic cultivation
	Analytical measurements
	Biomass density
	Analysis of fatty acids

	Statistical analysis

	Results
	Trial 1: Determination of suitable light intensity
	Trial 2: Heterotrophic trials

	Discussion
	Acknowledgements 
	References


