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Abstract

Microalgae are seen as a promising source of sustainable essential lipids for animal and human
nutrition. These advantages, however, differ depending on the strain and growing conditions.
Furthermore, the link between microalgae lipid profile and their effect on target organisms during
dietary consumption is still not well understood. This study examined the lipid content and
antioxidant properties of four microalgae strains cultured on 3N-BBM+V medium, and the effect of
their dietary inclusions on the lifespan, body mass, and fertility of the common fruit fly Drosophila
melanogaster. It was shown that C. vulgaris, N. limnetica, S. communis, T. obliquus exhibit total lipids at
26.7 + 2.8%, 27.2 + 0.9%, 16.6 + 3.0%, and 22.6 + 0.9% of dry biomass, respectively. All microalgal
species produced unsaturated C15:0, C16:0, monosaturated C18:2n6 (omega-6), and C18:1n9 (omega-
9) but at different proportions. Feeding D. melanogaster with C. vulgaris, S. communis, or T. obliquus
biomass at 3 mg/mL inclusion extended the female median lifespan by 45.9%, 8.1%, and 27.0%,
respectively. A more significant extension was observed for fly males, where adding biomass of C.
vulgaris, N. limnetica, S. communis, and T. obliquus increased the lifespan of the flies by up to 75.0%,
25%, 29.2% and 50.0% respectively. The fertility of flies fed with T. obliquus and S. communis was also
increased by 20% and 18% respectively. Meanwhile, no significant difference in the body mass of flies
fed with microalgae was detected compared to the control.

Keywords: microalgae; lipid concentrations; fatty acid profile; Drosophila melanogaster

1. Introduction

Microalgae have attracted increasing attention as a natural source of valuable biomolecules and
biomass for human and animal nutrition, as they provide lipids, proteins, polysaccharides, pigments,
vitamins, and minerals [1,2]. Oleaginous species are of particular interest because, in addition to other
bioactive properties, they contain high levels of essential lipids for dietary purposes [3,4]. Continuous
efforts are therefore directed toward identifying such species and characterizing their fatty acid (FA)
profiles [5]. For effective screening, however, a rapid and cost-efficient method to evaluate their
effects on the whole organism is required. Drosophila melanogaster is increasingly recognized as a
model organism in food and nutrition research, owing to its relatively short lifespan and generation
time, and genetic homology with humans, which make it particularly suitable for such studies [6,7].
Although widely employed in nutritional research, only a limited number of studies have
investigated the impact of microalgal supplementation on D. melanogaster [8,9]. The present study
aims to analyze the lipid content and FA profiles of four microalgal strains and to assess their effects
on key health parameters of D. melanogaster, including lifespan, body mass, and fecundity.
Importantly, this work provides new insights into the link between microalgal lipid composition and
organism-level health outcomes, highlighting the potential of D. melanogaster as a rapid model for
evaluating lipid sources.
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2. Materials and Methods

2.1. Microalgae Species and Growth Conditions

Nannochloropsis limnetica (SAG 18.99) was purchased from the Culture Collection of Algae at the
University of Gottingen, Germany (SAG). Chlorella vulgaris (CCAP 211/19), Scenedesmus communis
(CCAP 276/4B) and Tetradesmus obliquus (CCAP 276/10) were obtained from the UK Culture
Collection of Algae and Protozoa (CCAP, Scottish Association for Marine Science, Oban, Scotland,
U.K\). Stock cultures and further cultivation were maintained on 3 N-BBM +V medium [10]. Each
species was cultured in 1L reactors with inline 0.22 um filters to prevent contamination and aeration
of 0.15 vvm. Cultures were grown in triplicate under fluorescent light (100 pmol photons m2s1), 16/8
h light/dark for 21 days in batch mode. Biomass was harvested by centrifugation at 3200g, 10 min,
RT. Freshly harvested microalgae biomass was frozen at -80°C, solidifying the water inside the cells,
then freeze-dried by a vacuum evaporator (Alpha 2-4 LD plus, Martin Christ) at -70°C for 48h, until
achieving a final low moisture content (usually <5%).

2.2. Total Lipid Content and Fatty Acid Analysis

Total lipids were extracted using a modified multi-step Bligh & Dyer procedure with chloroform
: methanol, followed by phase separation and gravimetric quantification as outlined in [11]. The dried
lipid extracts were re-dissolved in n-hexane, with tripentadecanoin (100 ug mL') added as an
internal standard. Residual moisture was removed using anhydrous sodium sulphate.
Transesterification was carried out with 2 M potassium methoxide and 20% HCI in methanol,
followed by heating at 70 °C for 30 min and centrifugation at 3200 x g for 10 min at room temperature.
The upper n-hexane layer containing fatty acid methyl esters (FAMEs) was filtered through a 0.2 um
PTFE membrane. FAME concentrations were determined by gas chromatography with flame
ionisation detection (GC-FID) using a 30 m HP-5 capillary column (Agilent) and helium as the carrier
gas (2 mL min?, 10:1 split ratio). The separation employed a four-step oven program: 50 °C for 2 min,
ramping at 10 °C min™! to 150 °C, then at 17.5 °C min™! to 185 °C, and finally to 300 °C. The injector
and detector temperatures were set at 280 °C and 320 °C, respectively. Fatty acids (FA) were
quantified using a 37-FAME standard mixture (Sigma Aldrich, Ireland) and linear calibration curves,
with identification based on retention times. Transesterification efficiency was calculated from the
conversion rate of the C15:0 internal standard, and this value was applied to correct the fatty acid
quantities in each sample [12].

2.3. D. melanogaster Assay

Parental flies of wildtype Canton-S (CS) strain (Bloomington Drosophila stock centre at Indiana
University, USA) were kept at 25°C and held on standard fly media (agar 0.25g, yeast 0.375g, sugar
1.25g and semolina 2.0g per 25mL of distilled water) in a climate room with a LD 12 h:12 h cycle and
50% relative humidity. For experimental variants, 3 mg of freeze-dried microalgae biomass was
added per 1 mL of fly standard media. The lifespan and body weight were measured separately for
females and males. For that, 100 flies of each sex were raised in 250-mL bottles containing 20 mL of
medium (20 flies per vial) under the same conditions as noted above. Flies were transferred into fresh
food vials with the same component every 4 days. Day 3 post-ecdysis, and the deaths of the flies were
recorded. Flies were considered dead when neither voluntary movement nor responses to external
stimulation could be observed. The average body weights of flies from the 5 replicated vials were
measured using a Denver Instrument SI-234 balance (accuracy 0.0001 g). The experiments stopped
on day 45 when most flies died.

To assess fecundity, pairs of D. melanogaster (one male and one female) were placed in vials
containing 5 mL of standard nutritional medium for control and medium with added microalgae
powder for experimental replicates. All vials were maintained for 72 hours. After this period, the
adult flies were removed, and the number of emerging adult offspring (imago) was recorded. The
total number of offspring per pair was used as a measure of reproductive output (fecundity).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Statistical Analysis

The data related to total lipids and FAs concentration presented in this study are reported as
mean #standard deviation

Drosophila survival days estimates were expressed as the median + percentage difference from
the control group as performed in [13]. The body weight of flies and fecundity were expressed as
mean +SEM.

GraphPad Prism 10.4 (Boston, Massachusetts, USA) was used for statistical analysis. A one-way
analysis of variance (ANOVA) with post-hoc Tukey's test was applied for comparison of total lipid
and total FA content, while Dunnett's test was used for body weight and fecundity. Lifespan
comparisons were conducted using the nonparametric Kruskal-Wallis criterion with post hoc Mann-
Whitney tests. Differences were considered statistically significant at p-value < 0.05.

3. Results
3.1. Total Lipid and Fatty Acid Profile

The total lipid content and fatty acid (FA) profile of four microalgae species are shown in Table

Table 1. The total lipid content and fatty acid profile of microalgae grown on standard medium.

Component, % DW C. vulgaris N. limnetica S. communis T. obliquus
Total Lipids 26.7 £2.82 272+0.94 16.6 £ 3.08 22.6 +0.948
Total Fatty Acids 8.0+£0.94 7.7 £0.748 2.9 + (.88 3.7 £ 1.6
Fatty acids, (% TFA)
Saturated
C14:0 - 1.6+0.1 - -
C15:0 16.2+7.6 159 +5.8 41.7 £13.0 38.4+12.1
C16:0 17+£1.5 149+1.4 13.8+£6.3 11921
C18:0 41+02 29+0.1 - -
Monounsaturated
Cl6:1 54+0.3 39+0.2 - -
C18:1n9 Omega-9 46.0 0.6 43.7+1.2 289 +4.1 41.0+0.6
C18:2n6 Omega-6 159+04 21.2+0.2 155+£2.7 17.3+£2.38

A Bletters indicate statistical grouping based on a one-way ANOVA with post-hoc multiple comparisons using
Tukey's test (p<0.05). Groups that do not share the same letter are significantly different. Values are means + SD
(n=2).

The total lipid concentration varied among the analyzed microalgae strains, ranging from 16.6 +
3.0% in S. communis to 27.2 + 0.9 % in N. limnetica. Lipid content of C. vulgaris and T. obliqguus was 26.7
+2.8% and 22.6 = 0.9% respectively. The total fatty acid content was 3.4 and 3.5 times lower than the
total lipid content in C. vulgaris and N. limnetica, and 5.7 and 6.2-fold lower in S. communis and T.
obliquus. All microalgal species produced unsaturated FAs C15:0, C16:0, as well as monounsaturated
fatty acids C18:2n6 (omega-6), and C18:1n9 (omega-9), though in varying proportions. Only trace
amounts of additional fatty acids were observed: C14:1 (1.6 = 0.1%), C18:0 (2.9 + 0.1%), and C16:1 (3.9
+ 0.2%) in N. limnetica, and C18:1 (4.1 £ 0.2%) and C16:1 (5.4 + 0.3%) in C. vulgaris. Thus, the most
relevant FAs for dietary application identified in microalgae strains were Linoleic acid (C18:2n6C;
omega-6) and Oleic acid (C18:1n9; omega-9).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.2. Effect of Microalgae-Treated Food on D. melanogaster Physiological Parameters
3.2.1. Lifespan

Survival days estimates were expressed separately for females and males, as the percentage of
median difference from the control group (Table 2).

Table 2. Lifespan of D. melanogaster following dietary supplementation with freeze-dried microalgal biomass.

Females Males
Variant  Survival Days Median lifespan change Survival Days Median lifespan change
MedianMeanMax (% vs. control) MedianMeanMax (% vs. control)
Control 185 172 35 0a 12 138 30 04
C.oulgaris 27.0 245 41 +45.98 21 189 32 +75.08
N. limnetica 185 189 32 0.0~ 15 153 30 +25.08
S. communis 20.0 20.0 36 +8.18 155 15.0 29 +29.28
T. obliguus 235 241 44 +27.0B 18 16.8 31 +50.08

A -Bletters indicate statistical grouping based on nonparametric Kruskal-Wallis criterion with a post-hoc Mann-
Whitney test (p<0.05) within females and males separately. Groups that do not share the same letter as the control

are significantly different.

In the control group, the median lifespan differed between females and males, at 18 and 12 days,
respectively. Inclusion of microalgal freeze-dried biomass at 3 mg/mL extended the female median
lifespan by 45.9% for C. vulgaris, 8.1% for S. communis, and 27.0% for T. obliquus. A more significant
extension was observed in males, where supplementation with C. vulgaris, N. limnetica, S. communis,
and T. obliqguus biomass increased their median lifespan by up to 75.0%, 25%, 29.2% and 50.0%
respectively.

3.2.2. Body Mass and Fertility

The fly’s body mass, obtained separately for females and males (Figure 1A) and fertility (Figure
2B) are shown below.
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Figure 1. D. melanogaster body mass (A) and fertility (B) measurement after feeding with microalgae freeze-dried
biomass (3 mg/mL). Ch (C. vulgaris), NL (N. limnetica), Sc (S. communis), TO (T. obliqguus). Comparisons for
parameters between microalgae-treated flies against control flies were performed by one-way ANOVA with
post-hoc Dunnett's test. Values are means +SD. **** — p-value < 0.0001, *** - p-value < 0.01, ** — p-value < 0.05 (n
=J5).

The average body mass of D. melanogaster females was 1.23 + 0.03 mg, and that of males was 0.95
+ 0.09 mg in the control variant. Supplementation with microalgal biomass had no significant effect

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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on their body mass, except in females treated by N. limnetica, where the imago weight decreased by
21% (p < 0.05).

The average progeny from Control D. melanogaster couples was equal to 60.07 +2.8. A statistically
significant increase of 20% and 18% in fertility was observed only with the addition of T. obliquus and
S. communis, respectively, to the nutritional medium.

4. Discussion

Currently, microalgae are regarded as a sustainable source of lipids for diverse applications,
ranging from biofuels [3] to nutritional supplements [14,15]. In our study, we investigated the
potential application of four oleaginous microalgal strains as a dietary source of essential fatty acids
(FAs) using fruit fly D. melanogaster as a model organism for evaluation. In our experiment, after 21
days of autotrophic cultivation in 3N-BBM-V medium with aeration, the highest total lipid
concentrations (%DW) were observed for C. vulgaris (26.7 = 2.8), N. limnetica (27.2 + 0.9), and T.
obliquus (22.6 = 0.9), with no statistically significant differences among them (Table 1). The lowest
lipid concentration was found in S. communis (16.6 £ 3.0). These values are consistent with, or slightly
differ from, those reported by other authors. For example, Scenedesmus obliquus (the former name of
T. obliquus) showed 19.7+2.1 %DW, and C. vulgaris 27.3+1.2%DW, when cultivated on MBBM
medium [9]. Arora et al. [16] reported that C. vulgaris UTEX 395 cultured on BBM achieved a lipid
productivity of 33.8+1.2 mg/L/d, which increased to 40% DW when grown on sweet sorghum
bagasse hydrolysate under mixotrophic conditions. Nitrogen starvation enhanced lipid content in C.
vulgaris ESP-31 up to 55.9% [17] and for C. vulgaris FACHB-1068 up to 31.33% [18], but generally
reduced biomass productivity, pigment concentration, and protein content [18] as well as thickened
cell walls, lowering cell rupture efficiency [4,19]. The N. limnetica strain, similar to that used in our
study, when cultured on OHM media with 10 mM KNOs under semi-continuous conditions,
exhibited a lipid concentration of 24% DW [20]. Fardous et al. [21] mention that the highest lipid
concentration for S. communis (20.92% DW) occurred when grown on BBM with the lowest NaNO:s
concentration. Overall, microalgal capacity to synthesize lipids, as well as the resulting FA profile,
depends strongly on the microalgae strain [16], the composition of cultivation medium [16], and the
cultivation conditions [14,16,17]. FA, one of the fractions of total lipids, typically includes free groups.
FAs bonded to triacylglycerols (TAGs) serve as energy storage, while those incorporated into
phospholipids and glycolipids play structural roles. Only minor amounts exist as free FA molecules
[22]. TAGs mainly consist of saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs),
including C14:0 (myristic acid, MA), C16:0 (palmitic acid, PA), C16:1 (palmitoleic acid, POA), C18:0
(stearic acid, SA), and C18:1 (oleic acid, OA). They may also contain polyunsaturated fatty acids
(PUFAs). In particular, long-chain PUFAs are valuable in the nutraceutical and food industries
because of their nutritional benefits. Notably, PUFAs such as C20:5 (eicosapentaenoic acid, EPA) and
(C22:6 (docosahexaenoic acid, DHA) are especially important because there are currently no plant-
based sources providing them [3].

FA profile is also highly variable and strongly depends on physical and chemical cultivation
parameters [1,23]. Even the same strain growing in variations in light intensity, temperature, nutrient
limitation, pH, oxidative stress, osmotic shock, and C:N ratio can cause substantial differences in both
the quantity and quality of FAs produced [3,11]. This high degree of variability makes it challenging
to directly compare results reported in different studies, but it also highlights promising
opportunities for optimizing cultivation conditions to enhance FA production in microalgae.

In our GC assay that contained a 37-FAME standard mixture, neither EPA nor DNA was
detected in the observed microalgal strains. The longest-chain unsaturated FA identified were
C18:1n9 (omega-9), and C18:2n6 (omega-6), with the highest concentration observed in C. vulgaris
and N. limnetica strains. Omega-9 (oleic acid) is a non-essential, associated with anti-inflammatory
effects [24]. Omega-6 (linoleic acid) is an essential FA that plays a crucial role in cell structure. Both
omega-9 and omega-6 are involved in various bodily functions, but an imbalance in their intake can
lead to negative health consequences [25]. Unsaturated FAs C15:0, C16:0 — others that were detected

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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in all the observed microalgae strains. The first one, pentadecanoic acid (C15:0), is an essential odd-
chain saturated fatty acid with broad activities relevant to protecting cardiometabolic, immune, and
liver health, enhances processes associated with longevity and health span [26]. On the other hand,
C16:0 (palmitic acid), an even-chain saturated fatty acid, is often viewed less favourably for health
outcomes but can be converted to C15:0 through the a-oxidation process in some bacteria [27]. Thus,
the question of whether microalgae can serve as a safe source of lipids for animal and human
nutrition remains open. Since D. melanogaster shares over 60% of its genes with humans [6] and
possesses several tissues, such as the gut (intestines), oenocytes (liver), and the fat body (adipose
tissue) [7], the experiments involving this model organism can help address this research gap.

In current research, 3 mg of freeze-dried microalgal biomass powder was added to 1 mL of
standard nutritional medium for feeding D.melanogaster. In this setup, microalgae served as the sole
source of lipids. Subsequently, key health parameters, such as lifespan, fertility, and body mass, were
evaluated. The most pronounced changes were observed in lifespan, which significantly increased in
all experimental groups except in females fed with the addition of N. limnetica biomass. As expected,
male flies, whose lifespan is typically shorter than that of females [28], showed a greater
improvement. Much fewer changes were observed in the fly body mass and fecundity. Only females
fed with N.limnetica biomass showed a slight decrease in body mass (by 21%). Fecundity was
enhanced in couples reared on medium supplemented with S.communis and T.obliquus biomass.
Overall, dietary supplementation with microalgae at 0.3% of daily food had a positive effect on the
health of D. melanogaster. In the literature, information regarding the effect of microalgae
supplementation on D. melanogaster physiology is almost absent. To date, only two studies, both by
Qiu and colleagues, have been reported. In the first study [9], a relatively high supplementation level
(40%) of C. vulgaris and S. obliquus biomass resulted in decreased body weight (0.51 +0.006 mg vs.
0.60 +0.005 mg for control) and a shorter mean lifespan (36 days vs. 55.8 days for control). In contrast,
their subsequent study [7] demonstrated opposite results, where feeding by 4 mg/mL wastewater-
cultivated C. sorokiniana significantly extended the median lifespan of Drosophila (55 days vs. 49 days
for control). Thus, our study addresses an important gap by evaluating the nutritional value of
microalgae using D.melanogaster, a model that remains largely underexplored in this context. The
findings provide initial evidence that microalgae supplementation can positively influence key health
parameters, underscoring their potential as a sustainable lipid source. Future research should focus
on two main directions: (i) enhancing lipid production in the studied microalgal strains through
optimization of cultivation conditions, including the use of wastewater as a growth medium, and (ii)
extending evaluation in D. melanogaster to a broader range of physiological parameters, with potential
implications for advancing human nutritional research.
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