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Abstract: Numerous studies have examined the feasibility of using microalgae as a long-term source
of biofuel. This helped us to determine how different amounts of phosphorus changed the growth of
lipids in Scenedesmus subspicatus, a freshwater microalga. This study examined the effects of various
phosphorus concentrations on the biochemical makeup of algae, particularly the production of
proteins and carbohydrates. When there was insufficient phosphorus, the investigation observed a
significant increase in lipids and productivity of S. subspicatus. Additionally, gas chromatography was
used to examine the fatty acid profiles of the green algae thoroughly. When Scenedesmus species were
tested at different cell densities, the highest amount of chlorophyll was found to be 0.89 mg/L. The
amounts of fatty acids in algae grown with 0.4 and 0.04 P of phosphorus were strongly correlated, as
shown by the Pearson linear correlation coefficients. Gas chromatography analysis revealed that the
major saturated fatty acids were stearic acid (C18:0) and palmitic acid (C16:0). In addition, confirming
the presence of several unsaturated fatty acids (C16:3, C18:1, C18:2, and C18:3) has helped us learn
more about S. subspicatus’s complex lipid profile of S. subspicatus and how well it can be used to
produce biofuels.
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1. Introduction

There is a growing demand for long-term sustainable alternative energy sources owing
to the expected depletion of fossil fuel reserves by 2050 [1]. One option is the production
of biomass from microorganisms. Microalgal biomass development for biofuels is very
important because of its high fatty acid content, lipid build-up, and low need for land [2,3].
The potential of microalgae to generate bioactive chemicals, biofuels, and other high-value
commodities has been known for quite some time. Fatty acids, particularly those produced
by lipid metabolism, are an intriguing class of molecules because of their potential utility in
areas as diverse as biofuel generation, human nutrition, and manufacturing [4]. Microalgae
are promising contenders for long-term, scalable fatty acid production because of their fast
multiplication and ability to thrive in various environments [5]. Five microalgae strains
from the Bay of Bengal were isolated and identified—Nannochloropsis salina, Dunaliella
salina, Chaetoceros calcitrans, Tetraselmis chuii, and Euglena sanguinea [6–8].

The current study focuses on microalgae in various environments and their applica-
tions in biofuel production and pollutant reduction. For example, research has demon-
strated the potential of various microalgae strains, including those isolated from the Bay of
Bengal (Nannochloropsis salina, Dunaliella salina, Chaetoceros calcitrans, Tetraselmis chuii, and
Euglena sanguinea), for use in biodiesel production [6–8]. Additionally, studies have high-
lighted the synergistic effects of microalgae and bacteria in reducing organic compounds in
refinery effluents [7], the optimization of biodiesel production processes using different cat-
alysts and conditions [8–10], and the exploration of bioenergy production from microalgae
cultivated in domestic wastewater [11,12]. Despite these improvements, there is still a clear
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research gap in understanding how nutrient deprivation, especially phosphorus, affects
the metabolism and production of fatty acids in microalgae, specifically in Scenedesmus
subspicatus. This is a major problem because Scenedesmus subspicatus has shown promise
in both reducing pollution and making biofuels [7]; however, the mechanisms that cause
lipid accumulation under nutrient-stressed conditions are still not fully understood. This
study addresses this gap by investigating how phosphorus deprivation influences fatty acid
synthesis in S. subspicatus sourced from Rostherne Mere. In contrast to earlier research that
focused on improving and making biofuels from different microalgae, this study examined
how S. subspicatus reacts biochemically when it does not have sufficient nutrients. This
could provide important information for improving the efficiency of biofuel production.
Additionally, this study’s focus on a specific microalgal species from a distinct freshwater
environment contributes to the growing body of knowledge by offering a more detailed
understanding of how environmental and nutritional factors influence the biochemical
pathways of microalgae. Many other microalgae have been isolated from the marine
environment and domestic wastewater and utilized for liquid biofuel production [9–14].
S. subspicatus is a microalgal species that has attracted researchers for its multiple uses in
pollutant reduction and biofuel production [7].

S. subspicatus, which belongs to the Chlorophyceae family, is celebrated for its rapid
expansion, resistance to adverse conditions, and, most significantly, its ability to produce
lipids [15,16]. Microalgal species differ in their lipid content, which is the principal source
of fatty acids, owing to the influence of numerous environmental conditions. Among
these, the availability of nutrients, particularly phosphorus, is crucial [17]. This study
focused on biofuel production and investigated the effect of phosphorus on fatty acid
synthesis in S. subspicatus. Phosphorus is essential for the sustenance of all living organisms,
including microalgae. Adenosine triphosphate is an essential constituent of cellular energy
metabolism and serves as a principal energy carrier inside the cell. Moreover, it plays a
critical role in other cellular activities, including nucleic acid production [18]. Phosphorus
limitation can result in various physiological reactions in microalgae [19]. The cellular
response to a deficiency in this crucial vitamin can induce cellular stress, prompting cells
to synthesize and accumulate lipids for energy storage [20]. Although ample evidence
supports this occurrence, the degree of lipid accumulation, particularly in terms of fatty acid
content, exhibits significant variation between different species and strains of microalgae
under phosphate-constrained conditions.

The fatty acid content of algal biomass has increased because of several tactics utilized
to produce high yields of high-quality biomass at low costs, such as altering the physical
growth conditions (such as variable illumination) and organic nutrient levels during mi-
croalgal cultivation [21,22]. Microalgae are typically simple to cultivate in the laboratory.
They are highly effective at producing oil rich in long-chain fatty acids and have an energy
level of approximately 38,000 kJ/kg, comparable to the energy content of fossil fuels such
as petroleum [23,24]. The lipid composition of major algal groups has been examined in the
grown algae, along with investigations of the impact of physiological and environmental
factors on lipid production [25]. There are four major groups of fatty acids: saturated fatty
acids, monounsaturated fatty acids, polyunsaturated fatty acids, and very long-chain fatty
acids. Because most algae synthesize saturated fatty acids C14:0, C16:0, and C18:0, their
values as taxonomic identifiers are limited [26]. The presence of these fatty acids can be
observed in varying quantities in the majority of algal cultures [27]. Three monounsatu-
rated fatty acids C16:1-7, C18:1-7, and C18:1-9 have been identified as significant potential
indicators [28]. For several reasons, it is crucial to understand how S. subspicatus handles
fluctuations in its phosphorus supply and how it affects its fatty acid output. First, it enables
the customization of fatty acid profiles during cultivation to meet the needs of various
applications. Second, it can shed light on the metabolic pathways triggered by phosphorus
stress, suggesting avenues via which fatty acid production can be genetically engineered or
metabolically modulated to achieve even greater efficiency. In addition, understanding this
connection will allow us to create environmentally friendly farming practices that reduce
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the need for phosphorus. This resource is becoming increasingly limited and expensive,
without sacrificing yield.

This study aimed to help us understand better the complex relationship between S.
subspicatus fatty acid synthesis and the amount of phosphorus in its growth medium. In-
vestigating this link sheds light on the physiological reactions of this microalga to various
phosphorus concentrations, and provides useful information that may be used to develop
more effective and environmentally friendly methods for producing fatty acids. The funda-
mental motivation for these studies on cultivated algal cells was to identify species-specific
changes in lipid content across a range of culture conditions and evaluate these shifts’ effects
on lake ecosystems. Such studies are becoming increasingly important as the worldwide
need for alternative energy sources, especially biofuels, and sustainable production meth-
ods increase.

2. Materials and Methods
2.1. Chemicals Reagents and Standards

In this study, various chemical reagents were used to identify phospholipids. The
Molybdenum blue spray reagent (Sigma Ltd., Darmstadt, Germany) detected all phospho-
lipids. Ninhydrin spray reagent (Sigma Ltd., Darmstadt, Germany) was also employed
to identify phospholipids containing amino and nitrogenous components. Finally, the
anisaldehyde-sulfuric acid spray reagent was utilized to detect phospholipids containing
sugars. The reagent employed for GC analysis consisted of 22.5 g of sodium hydrox-
ide (BDH Merck, Merck house, Poole, Dorset, UK), which was combined with 75 mL of
methanol (BDH Merck) and 75 mL of distilled water. A methylation reagent, specifically
R2-162.5 mL 6N hydrochloric acid (BDH Merck, Merck house, Poole, Dorset, UK), was
introduced into a solution containing 187.5 mL of methanol. The extraction Reagent R3
was employed to facilitate the extraction of esters from the reaction mixture.

The solution was prepared by combining 100 mL of hexane (BDH Merck, Merck house,
Poole, Dorset, UK) with an equal volume of diethyl ether (BDH Merck). Reagent R4, known as
the Base Wash Reagent, was utilized for base washing. Reagent 4 was prepared by dissolving
5.4 g of sodium hydroxide in 450 mL of distilled water. Three standards were acquired from
Larodan Fine Chemicals Ltd., a company in Malmo, Sweden. The algal culture was isolated
from Rostherne Mere, and Jaworski media was used for growth experiments and studies.

2.2. Culture Media and Growth Conditions

The specificities of the growth media used are listed in Table 1. The algal culture was
cultivated in 200 mL of aseptic growth medium in sterile 250 mL flasks. Chlorophyte
organisms were cultivated using a shaker operating at a speed of 100 rpm. The cultivation
took place in a room at a constant temperature of 18 ◦C, and the organisms were exposed to
fluorescent illumination following a light–dark cycle of 18 h of light and 6 h of darkness.

Table 1. Laboratory conditions for short- term and long-term Scenedesmus algal cultures.
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2.3. Isolation of Scenedesmus

Phytoplankton samples were collected from Rostherne Mere using the bulk trawl-
net method to isolate and culture algae. Upon immediate arrival at the laboratory, a
0.5 mL portion of the concentrated phytoplankton sample was diluted at 1:10, with 0.05 mL
of phytoplankton and 0.45 mL of distilled water combined. In the initial stage, 50 mL
conical flasks were meticulously arranged, each containing 20 mL of sterilized Joworski
medium (JM). Several aliquots of the sterilized medium were inoculated onto the sterile
surfaces of the Petri plates. Micropipettes with adjustable tip sizes were fabricated with heat
application to the Pasteur pipettes, enabling their utilization in cellular transfer procedures.
A solitary cell was isolated by microscopic examination. The liquid and algae were placed
in a drop of sterile medium. An initial aliquot of the isolated alga was subsequently placed
into a succession of fresh aliquots. As mentioned above, the process is a cleansing operation
designed to eliminate impurities effectively. Following the transfer of the algal drop through
5–10 drops, it was placed into a 50 mL conical flask containing liquid growth media (JM).
The experiment was replicated using an alternative medium known as BG11. Multiple
flasks were prepared because of the possibility of limited growth or contamination of the
isolated algae by other algal cells.

The replicated inoculation flasks were subjected to two distinct laboratory conditions:
a growth chamber and a growth room. After an incubation period of 2–3 weeks, the flasks
were examined to determine the presence of a monoculture of algae. Algae were cultivated
in flasks containing JM medium. Two distinct subcultures were created. Bacterial contami-
nation was assessed by cultivating algae on an agar plate. The phosphorus experiment used
axenic cultures. Additional information regarding the culture conditions of the growth
trials is shown in Table 1.

2.4. Different Phosphorus Levels and Growth Experiments

Before algal inoculation, all media were sterilized by autoclaving and allowed to
reach room temperature for equilibration. The algal cultures were initially cultivated in
a medium with low phosphorus content (0.01 mg P L−1) to minimize the internal cell
phosphorus concentration. Two flasks were inoculated with 10 mL of each culture and
placed in a growth room on a shaker for 10 days. Acclimatization to varying phosphorus
concentrations involved the addition of 10 mL of algal suspension in a minimal medium
to 190 mL of test medium in a 250 mL flask. The mixture was cultivated in a growth
environment for 48 h. Four distinct phosphorus concentrations were employed in the study,
namely, an excessive level of 2.4 mg P L−1, as well as concentrations resembling the high,
medium, and low levels seen at Rostherne Mere, which were 0.4, 0.04, and 0.01 mg P L−1,
respectively. The algal cultures were cultivated in 250 mL conical flasks. Four flasks were
used to represent each phosphorus concentration. A total of ten flasks were used for each
phosphorus concentration, with each flask containing 190 mL of media. To inoculate the
flasks, 10 mL of an algal culture that had been previously cultivated in the same medium
was added. The ten replicated flasks were allocated for specific purposes: flasks 1 and 2
were utilized for cell counting and chlorophyll a analysis, while flasks 3–10 were designated
for lipid analysis. The flasks were positioned within the growth room on a shaker operating
at a speed of 100 rpm.

2.4.1. Algal Growth Curve

For cell counting, 2 mL samples of each concentration were immediately taken from
flask 2. Samples were then taken every two days until the stationary phase was achieved.
The experiment was conducted on a Sedgewick–Rafter slide, and growth curves were
generated for each concentration.

2.4.2. Algal Cell Count

Cell counts were conducted at two-day intervals for two weeks for Scenedesmus. A
volume of 2 mL of the culture was extracted and transferred into a tiny container, adding
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0.1 mL. The enumeration was conducted using a Sedgwick–Rafter counting chamber, which
possessed a collective capacity of 1 mL. Algal cells were counted in 10 squares. The total
count of algal cells per 1 milliliter was computed using the following equation:

Cells mL−1 =
Nº of cells per mL sample (i.e., total in 102 × 100)

Concentration as a factor

2.4.3. Chlorophyll a Concentration

Chlorophyll a concentration was determined using an ethanol extraction technique [29].
Chlorophyll samples were prepared from 2 mL culture aliquots using a conventional vac-
uum filtration technique, employing a 0.45 µm pore size Whatman GFl-1C filter. The
filter paper was fragmented to isolate the pigments. Subsequently, the sample was trans-
ferred into a 25 mL universal tube containing 10 mL of 96% ethanol. The tube was then
maintained at a temperature of 4 ◦C for 20 h, to facilitate the complete extraction of the
pigments. Following the extraction phase, the samples were retrieved from the refrigerator
and allowed to reach the ambient temperature. The volume of the ethanol was adjusted to
10 mL. The solution was then centrifuged at a speed of 3000–5000 revolutions per minute
(rpm) for 5–10 min. The concentration of chlorophyll a was evaluated by employing a
spectrometer (Cecil CE 1020 model) and utilizing non-UVB 1 mL quartz cuvettes in the
following manner: a volume of 2 (mL) of the test sample was introduced into a cuvette, and
an equivalent volume of 2 mL of 96% ethanol was used as a blank. The wavelength was set
at 660 nm. A sample of 96% ethanol was placed in the first cell, whereas the test sample
was placed in the second cell. The initial reading of the blank cuvette was calibrated to
zero, followed by subsequent measurement of the chlorophyll cuvette in the second cell.
The two preceding operations were replicated after modifying the wavelength to 750 nm.
The concentration of chlorophyll a (µg L−1) was determined using the following equation:
Th Chl-a = [A.V.F]/[V × L]. Here, A represents the difference in absorbance at 665 nm and
750 nm, V is the total volume of the filtered sample in liters, L represents the cell path length
in centimeters (1 cm), and F represents the specific extraction coefficient for chlorophyll a
in ethanol, which is 83 g−1 m−1.

2.4.4. The Correlation between Chlorophyll a Concentration and Cell Counts

The chlorophyll a concentrations were calibrated by concurrently measuring the cell
counts and the two parameters in the serially diluted samples. To do this, algal cultures
were cultivated for two weeks to attain a substantial population density. Subsequently,
20 mL was extracted from the culture and divided into two subcultures, each containing
10 mL. A volume of 10 mL was combined with 10 mL of distilled water to create culture
B, which was used for future analyses. The remaining 10 mL of the sample was divided
into two portions: a 1 mL aliquot for cell counts and a 9 mL aliquot for chlorophyll a
measurement. A total volume of 20 mL of culture B was partitioned into two subcultures,
each containing 10 mL, and subjected to the same processing steps. A series of six sequential
dilutions were performed.

2.5. Algal Lipid Analysis by Thin-Layer Chromatography

Thin-layer chromatography (TLC) was used to separate distinct phospholipid classes.
This separation was conducted using one-dimensional TLC on aluminum plates measuring
20 × 20 mm, covered with silica gel obtained from BDH Merck. This work employed six
solvents, and six phospholipid standards, PA, PC, PE, PG, PI, and PS, were obtained from
Sigma Ltd., Darmstadt, Germany.

2.5.1. Standards for Analysis

The phospholipid standards (0.5 mg) were dissolved in 1 mL of either chloroform
or methanol–chloroform (BDH Merck), according to the manufacturer’s instructions. PA,
PC, PE, and PI were solubilized in chloroform, whereas PG and PS were solubilized in a
mixture of methanol and chloroform (1:9, v/v), according to Bandstra et al. [30].
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2.5.2. Sample Formulation

The dried materials were dissolved in a combination of chloroform and methanol
(volumetric ratio of 1:2) with a volume of 0.1 mL.

Solvents: The effectiveness of substance separation using TLC is contingent upon the
selection of an appropriate mobile phase, which is determined by the characteristics of the
compound, as well as the experimental settings, such as the ambient temperature in the
laboratory. Several solvent systems are available for the separation of phospholipids. The
solvent used in this study was a mixture of chloroform, methanol, and water in a volumetric
ratio of 60:35:8. Touchstone has documented the solvent employed in the separation of
phospholipids [31]. The solvent used in this study was a mixture of chloroform, methanol,
and ammonium hydroxide in a volumetric ratio of 130:50:10. The solvent employed in
the study by Mellinger et al. [32] was used to separate phospholipids. The solvent used
in this study consisted of a mixture of chloroform, acetone, acetic acid, formic acid, and
water, with volume ratios of 60:60:4:10:3. The solvent used in this study was a mixture
of chloroform, methanol, and ammonium hydroxide in a volumetric ratio of 65:25:4, as
described by Raheja et al. [33]. The solvent used in this study was a mixture of chloroform,
acetone, methanol, acetic acid, and water in a volumetric ratio of 50:20:10:10:5, as described
by Guipeneuf et al. [34].

2.5.3. The Utilization of Initial Zones

To prevent contamination, individuals utilize disposable plastic gloves while perform-
ing their tasks. The aluminum plates were chopped into 10 cm × 10 cm squares. A region
measuring 0.5 cm from the uppermost portion of the plates was designated using a pencil.
This specific area was the only region that was manipulated to prevent contact with the
active surface of the plate. The phospholipid standards and test samples were meticulously
applied to the TLC plate using a capillary tube with a volume of 1 µL (BDH Merck). The
application was performed at a distance of 1.5 cm from the bottom of the plate and 1 cm
from both edges. The plates were then allowed to dry.

2.5.4. Indicator Spot Development

Three development chambers, specifically TLC Chromatik from Shandon, England,
with dimensions of 11 × 11 × 5 cm, were used in the experiment. The rear wall of each
chamber was lined with filter paper obtained from Whatman Ltd. (Maidstone, Kent,
UK). The filter paper can be moistened with a solvent during the development process.
Approximately 20 mL of the solvent was introduced into each chamber, covered, and
allowed to remain at ambient temperature for 30 min. This period was necessary to ensure
that the chamber’s internal atmosphere was saturated with the solvent vapor. The plates
were inserted into the chamber, and the solvent could ascend to a vertical distance of 7.5 cm
(0.5 cm below the top). The plates were extracted from the chamber and placed in a fume
closet for 30 min to facilitate residual solvents evaporation.

2.5.5. Detection of Indicator

The plates were individually subjected to several reagents (RI, RII, and RIII) within
a fume cabinet, utilizing a specialized glass spray bottle equipped with a rubber bulb
attachment (Camag Ltd., Mutlenz, Switzerland). The plates were subsequently treated with
molybdenum blue (RI) reagent and ninhydrin (RII), followed by a brief incubation period.
Subsequently, the plates were heated to 110 ◦C for 5–10 min using a TLC heater. Plates
sprayed with RI exhibited the emergence of blue dots against a white backdrop. When the
plates were sprayed with RII, purple dots became visible on a bright pink background. The
plates treated with the anisaldehyde reagent were heated at a temperature of 90 ◦C for a
brief duration. Various colored spots were observed.
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Rf Values

The Rf value serves as a convenient means of expressing the relative location of
a compound on a chromatogram that has undergone further development. This ratio
determines the following:

R f =
Indicator spot distance has traveled

Slovent distance traveled

Identifying spots from the samples was accomplished through comparison with
established standards.

The lyophilization process involves subjecting frozen wet cells to a temperature of
−40 ◦C and a pressure of 10−2 Torr for at least 18 to 24 h using a Modulyo freeze dryer
manufactured by Edwards, located in Crawley, UK. The dried cells were stored in screw-cap
bottles at −20 ◦C. Lyophilized cells enable extended preservation and uniformity of dry
weight [35].

Lipid Extraction

Preventive measures were implemented to mitigate the risk of contamination from
plastic, rubber, and skin, as chloroform has the potential to interact with and degrade these
substances. The glassware washed with detergent was subsequently rinsed using a solution
of methanol and chloroform in a volumetric ratio of 2:1 (BDH Merck, Merck House, Poole,
Dorset, UK).

Equipment Pre-Wash

To prevent lipid contamination, all equipment was rinsed with a mixture of chloroform
and methanol (volumetric ratio of 1:2). Throughout the experiment, the rubber bottle cap
liners were carefully extracted, rubber gloves were utilized, and any direct interaction with
oil or grease was strictly avoided. The transfer of solvents was conducted within a fume
cupboard using glass pipettes. Lipids were extracted using the methodology described by
Zhou [36]. In this experimental protocol, 10 mg of freeze-dried cells was measured using
an analytical balance and then subjected to treatment involving the addition of 2 mL of
methanol chloroform (2:1, v/v) in a universal glass bottle. Periodically, the suspension was
agitated using a Gallenkamp (London, UK) mixer and subsequently allowed to equilibrate
at ambient temperature for 4 h. The samples were centrifuged at 3000 times acceleration due
to gravity (3000× g) using a Denley BS400 centrifuge for 20 min. Following centrifugation,
the lipid extract in the bottom layer was carefully transferred to a clean small Bijou bottle
using a glass tube pipette. The sediments were subjected to a second extraction with
2 mL of solvent, using a previously described procedure. The second lipid extract was
combined with the initial extract. Pooled extracts were subjected to vacuum drying using
a vacuum pump (BDH Merck, Merck House, Poole, Dorset, UK) with silica gel for 24 h.
The dried extracts were reconstituted in 1 mL of chloroform and further agitated to ensure
the complete dissolution of any remaining residue. Distilled water (1 mL) was washed
to eliminate hydrophilic contaminants. The solution was subjected to gentle agitation
and allowed to equilibrate at ambient temperature for a brief duration. The lower layer,
consisting of chloroform, was isolated using small glass Pasteur pipettes and subsequently
transferred to small vials manufactured by Chromacaol (London, UK). The extract was
then dried in a vacuum desiccator for 5–6 h. After drying, the lipid extract was stored at
−20 ◦C to facilitate subsequent analysis by GC and TLC.

Gas Chromatography (GC)

The saponification method involved the introduction of 1 mL of R1 into the lipid
extract, which was subsequently agitated on a vibratory mixer (Gallen Kamp, Cambridge,
UK) for 5–10 s. The bottles, fitted with tightly sealed screw caps, were immersed in a water
bath maintained at 100 ◦C for 5 min. The bottles were agitated and re-submerged in a water
bath for 25 min. Subsequently, the glass bottles were retrieved and left to cool to room
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temperature. Methylation was conducted by introducing 2 mL of R2 to the lipid mixture,
which was then vigorously mixed for 5–10 s to promote the liberation of fatty acids. The
specimens were exposed to a temperature of 80 ◦C in a water bath for 10 min, then rapidly
cooled to return to ambient temperature. It is advisable to maintain incubation conditions
within a temperature limit of 80 ◦C or a duration of 10 min, as higher temperatures can
destroy some fatty acid methyl esters. The experimental protocol consisted of adding
1.25 mL of R3 to the samples, which were then subjected to agitation for a period ranging
from 5 to 10 s. The supernatants were carefully transferred and placed in sterile glass
bottles using small Pasteur pipettes. A base wash solution was created by combining 3 mL
of R4 and agitating the liquid using a vibratory mixer for 5 to 10 min. The bottles were
allowed to equilibrate to the ambient temperature for a period ranging from 15 to 20 min.
The liquid component, known as the supernatant, was meticulously placed into a glass
receptacle, and subjected to extensive cleaning. Subsequently, the extract was subjected to
a desiccation procedure utilizing a stream of nitrogen gas, which effectively removed the
lower aqueous phase and standardized the sample volume. In the present experimental
protocol, Pasteur pipettes were attached to an airline via a hose with the opposing end
firmly fastened onto a glass bottle containing the extract. The air movement creates a
negative pressure, leading to the drying out of the specimen. Saponification: One milliliter of
R1 was introduced into the lipid extract, followed by agitation of the sample on a vibratory
mixer (Gallen Kamp, UK) for 5 to 10 s. The bottles were equipped with securely fastened
screw caps and submerged in a water bath maintained at 100 ◦C for 5 min. Subsequently,
the bottles were agitated and re-immersed in a water bath for 25 min. The glass bottles
were extracted and allowed to cool to the ambient temperature. Methylation: To liberate
fatty acids from the lipid mixture, 2 mL of R2 was introduced and agitated for 5–10 s.
The samples were placed in a water bath at 80 ◦C for 10 min and were then cooled to the
ambient room temperature. It is recommended that the incubation conditions be limited to
a maximum temperature of 80 ◦C and a period of 10 min, as exceeding these parameters
may result in the degradation of some fatty acid methyl esters. Extraction: A volume of
1.25 mL of R3 was combined with the samples and agitated for 5–10 s. The supernatants
were transported and deposited in sterile containers using small Pasteur pipettes. Base wash:
A volume (3 mL) of R4 was subjected to mixing for 5 to 10 min using a vibratory mixer.
The bottles were allowed to remain at room temperature for 15–20 min, after which the
supernatant was carefully transferred into a glass bottle that had been thoroughly cleaned.
Subsequently, the extract was subjected to desiccation using a stream of nitrogen gas to
eliminate the lower aqueous phase and achieve a standardized sample volume. In this
experimental procedure, Pasteur pipettes were affixed to an airline using a hose, while
the opposite end was secured to the extract glass bottle. The airflow induced a vacuum,
resulting in the desiccation of the sample.

The dried materials were dissolved in a solution (0.1 mL of a mixture containing
hexane and diethyl ether in a 50:50 volume-to-volume ratio). The resulting solution was
then transferred to a tiny glass vial equipped with a Teflon lid. The standards were diluted
in a 1:1 ratio with R3, which is a mixture of hexane and diethyl ether. A volume of 1 µmL of
the sample was introduced into a Shimadzu 14A gas chromatograph located in Beaconsfield,
Buckinghamshire, UK. Fatty acids were analyzed using a Megabore Carowax 20 M Capillary
Column obtained from phase separation in the UK. The column had a length of 30 m, a
film thickness of 0.25 µm, and an internal diameter of 0.53 mm. Hydrogen was used as the
carrier gas with a split ratio of 10:1 and a flow rate of 1 mL/min. The temperature was
analyzed within a range of 15 ◦C to 320 ◦C with an increase of 10 ◦C per minute. The data
were gathered using the Tri Lab 2000 Multi-Channel Chromatography Data System 14, an
alternative GC instrument. A volume of 1 µmL of the sample was introduced into a Perkin
Elmer Chromatograph (model 8310) for analysis. The chromatograph was equipped with a
flame ionization detector. The capillary column employed in the experiment was a Zebron
ZBI silica capillary column with an internal diameter of 0.32 mm, length of 25 m, and silica
film thickness of 0.25 microns. Hydrogen was employed as the carrier gas at a split ratio of
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10:1 and a flow rate of 1 mL/min. The sample was analyzed within a temperature range of
50 ◦C to 320 ◦C at a heating rate of 10 ◦C per min. The data were obtained using the Tri Lab
2000 Multi-Channel Chromatography Data System14, manufactured in the UK.

Mass Spectrometry (MS)

Mass spectrometry was used to identify fatty acids. The use of combined gas chromatogra-
phy–mass spectrometry (GC-MS) has facilitated the separation of fatty acid mixtures. This
analytical technique involves the use of gas chromatography to separate the components
of the mixture, followed by mass spectrometry examination of the specific peaks obtained.
A volume of 1 µmL of the material was introduced into a Mat 95XP Mass Spectrometry
instrument (Thermo Finnigan, Cheshire, UK). The analysis was conducted in the Chemistry
Department of the University of Manchester.

3. Results and Discussion

Preliminary investigations were conducted on cultured S. subspicatus green algae,
encompassing the first assessment of growth in nutrient-rich media and the examination of
lipid content.

3.1. Chlorophyll Cell Count Calibration

Microalgae are located within chloroplasts in three distinct forms of photosynthetic
pigments: chlorophylls, carotenoids, and phycobilins [37,38]. Five distinct forms of chloro-
phyll exist, namely, chlorophyll a, b, c, d, and e, which are uniformly characterized by green
pigmentation. It is universally accepted that all microalgae possess the pigment known
as chlorophyll a.

Calibrating chlorophyll cell counts were performed to establish a standardized method
for converting data in subsequent trials. The data presented in Figure 1 depict the cor-
relation between the above parameters in S. subspicatus across a comprehensive range
of dilutions. The investigation involved the determination of chlorophyll concentrations
across a cell count spectrum ranging from 0 to 1.8 × 106 cells mL−1 for Scenedesmus species.
The highest chlorophyll concentration recorded was 0.89 mg L−1. Figure 1 illustrates the
linear correlation between the chlorophyll cell count graphs for a significant portion of the
examined range.

The chlorophyll a content was 0.28 mg L−1 and was highest at the high dose of
P 2.48 mg L−1, and chlorophyll concentrations decreased up to 0.05 mg L−1, with a de-
cline in the P-level at 0.04 mg L−1 and a change in biomass as shown in Figure 2. Similarly,
Rinanti et al. (2013) reported that S. obliquus develops chlorophyll a and b at a high rate
of biomass production; the average cell growth rate of microalgae was 18.33, and the av-
erage productivity rates of chlorophyll a and chlorophyll b (mg·mL−1. d−1) were 0.0497
and 0.0467 [39].
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Figure 1. The calibration of cell counts for S. subspicatus during 14 days, specifically focusing on
measuring chlorophyll in the cells.
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Figure 2. This study aimed to investigate the variations in Scenedesmus biomass, namely, the chloro-
phyll a concentration (mg/L), under different phosphorus levels. The four phosphorus concentrations
examined were 2.48 mg/L, 0.4 mg/L, 0.04 mg/L, and 0.01 mg/L. The measurements were taken
during the stationary phase of Scenedesmus growth.

The cell number of Scenedesmus is directly linked to the cell biomass and P levels in
the growing media [40]. The maximum cell count range reached 50 × 104 cells mL−1 for
Scenedesmus at 2.48 P mg L−1 in the stationary phase of culture.

The biomass levels in the growing medium exhibited a mean value of 42 cells mL−1 and a
chlorophyll concentration of 0.24 mg L−1. The observed values were notably higher than those
obtained from cultures cultivated in medium-P levels (28 cells mL−1, 0.15 mg chlorophyll L−1)
and low-P medium (14 cells m L−1, 0.05 mg chlorophyll L−1) in Figure 3. Nevertheless, the
continuous increase in biomass following the depletion of phosphate during phosphorus
starvation resulted in a noteworthy enhancement in the biomass yield of phosphorous, reach-
ing 160 g biomass/g [41]. A proposed approach for reducing phosphorus resource use in
the production of algal biomass involves using a culture mode that induces phosphorus
starvation [42].
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Figure 3. The primary goal of the present investigation was to examine the variations in the biomass
of Scenedesmus (cultured over a long period) at four distinct phosphorus concentrations (2.48 mg/L,
0.4 mg/L, 0.04 mg/L, and 0.01 mg/L) during the stationary phase.
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3.2. Thin Layer Chromatography (TLC)

Five distinct solvents, called mobile phase systems, were employed in the initial TLC
analysis to ascertain the most effective separation of phospholipids within S. subspicatus.
Additionally, phospholipid standards, including PC, PA, PS, PE, PI, and PG, were included
in the analysis. The plates were prepared under ambient conditions using three different
solvents: Solvent 1 (chloroform, methanol, and water in volume proportions of 60:35:8),
Solvent 2 (chloroform, methanol, and NH4OH in volume proportions of 130:50:10), and
Solvent 3 (chloroform, acetone, acetic acid, formic acid, and water in volume proportions of
60:60:4:10:3). Subsequently, the plates were sprayed with reagent R1 (molybdenum blue),
which led to the enhanced visualization of both the standard and the sample phospholipids
(Figure 4). The use of solvent systems has yielded superior separation outcomes for certain
phospholipids compared to others. Solvent 1 exhibited the most favorable separation of PA
and PE, whereas solvent 2 exhibited more pronounced Rf values for PC and PG. Solvent 3
was used to isolate PI and PS. Table 2 lists the Rf values of the standards. Solvent 4 (a mixture
of chloroform–methanol–ammonium hydroxide (65:25:4)) and solvent 5 (chloroform–acetone–
methanol–acetic acid–water in proportions 50:20:10:10:5) did not yield satisfactory results in
terms of phospholipid separation, and were deemed ineffective.
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Figure 4. TLC was performed on phospholipid standards and Scenedesmus (cultured over a long
period) using three distinct solvent systems. The TLC plate was maintained at a temperature range of
5 ◦C to 8 ◦C. The Chlamydomonas phospholipid samples were analyzed at different concentrations
of phosphorus (mg/L). Sample I had a concentration of 2.48 mg/L, Sample II was 0.4 mg/L, and
Sample III had a concentration of 0.04 mg/L. Three different solvents were used for the analysis.
Solvent 1 consisted of a mixture of chloroform, methanol, and water in a ratio of 60:35:8 (v/v/v).
Solvent 2 was a mixture of chloroform, methanol, and NH4OH in a ratio of 130:50:10 (v/v/v). Solvent
3 was a mixture of chloroform, acetone, acetic acid, formic acid, and water in a ratio of 60:60:4:10:3
(v/v/v/v/v). Reagent 1, specifically the Molybdenum blue spray reagent, was used for the analysis.
Unknown spots were observed that did not correspond to any standard phospholipids.

Table 2. Rf values for phospholipids in different cultured algae and phospholipid standards were
separated by TLC at room temperature and sprayed with Molybdenum blue spray reagent.

Phospholipids Standards
Scenedesmus Cultured in the Different P-Concentration (mg L−1)

P 2.48 P 0.40 P 0.04
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t1

PA 0.53 0.53 0.53 0.52

PE 0.70 - - -
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t2 PC 0.22 - - -

PG 0.49 - - -
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Table 2. Cont.

Phospholipids Standards
Scenedesmus Cultured in the Different P-Concentration (mg L−1)

P 2.48 P 0.40 P 0.04

So
lv

en
t3 PI 0.08 0.08 0.08 0.07

PS 0.51 0.51 0.51 0.50

Keys: S1, solvent 1 (Chloroform (60):methanol (30):water (15) v/v/v); S2, solvent 2 (Chloroform (65):methanol
(25):ammonium hydroxide (4) v/v/v); S3, solvent 3 (Chloroform(60):acetone (60):acetic acid (4):formic acid
(10):water (3) v/v/v/v/v), in this table, values of Rf are shown from a single TLC analysis.

3.3. TLC Rf Values

The cultured cells of Anabaena exhibited distinct regions of phosphatidylcholine
(PC), phosphatidic acid (PA), phosphatidylglycerol (PG), phosphatidylinositol (PI), phos-
phatidylserine (PS), and phosphatidylethanolamine (PE), as shown in Table 2. In contrast,
farmed green algae showed significantly lower levels of detectable phospholipid diversity.
Specifically, Scenedesmus demonstrated detectable levels of phosphatidic acid (PA), phos-
phatidylinositol (PI), and phosphatidylserine (PS), whereas Chlamydomonas exhibited
only detectable levels of PA, phosphatidylethanolamine (PE), and PS.

3.4. Gas Chromatography

The fatty acid composition of the cultured green algae Scenedesmus was analyzed
using GC. Chromatogram peaks were identified through comparative analysis with estab-
lished methyl esters in ME60, BR1, and fish standards. Figure 5 displays the representative
gas chromatography spectra.
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Figure 5. The GC displays the results of the analysis conducted on Scenedesmus samples cultivated
under high phosphorus concentration conditions (2.48 mg/L). The tandem GC-MS technique was
employed to identify and quantify the peak with a molecular weight (mw) of 270.

Scenedesmus subspicatus: GC analysis of the alga revealed the presence of a peak
corresponding to a straight-chain fatty acid, C16:0 (methyl hexadecanoic), which was
followed by another peak corresponding to C18:0.
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The Scenedesmus samples grown under high phosphorus concentrations were found
to contain a variety of molecular entities according to GC and GC-MS studies. The peak at
a molecular weight of 270, which may be related to a fatty acid or another organic compo-
nent indicative of the metabolic state under phosphorus-rich conditions, calls for in-depth
investigation. If this molecular entity is a recognized fatty acid or a brand new substance
discovered for the first time in Scenedesmus under high-phosphorus conditions, the com-
parison could show which. The recent literature on interactions can be used to investigate
the biochemical functions and implications of the discovered molecule with a range of
270 MW (Table 3). For instance, if it is a fatty acid, debates may center on how its abundance
under high phosphorus conditions affects Scenedesmus’s general physiological state and
its function in signaling, energy storage, and membrane construction. On the practical
significance of the found molecule of 270 MW, recent papers focused on Scenedesmus fatty
acid applications in sectors such as biofuel production, medicines, or nutraceuticals may be
helpful. Certain discussions can shed light on whether or not this chemical increases the
usefulness of goods developed from Scenedesmus in certain applications.

Table 3. Fatty acid composition: total area (%), area (×107) of cultured Scenedesmus (long-term
culture) at three different phosphorus concentrations: 2.48 mg L−1 phosphorus concentration (I),
0.4 mg L−1 (II) and 0.04 mg L−1 (III).

Symbol Name MW Formula
Area (%) Area (µ v/s ×104)

I II III I II III

C16:3 7,10,13,Hexadecatrienoic acid, methyl ester 264 C17H28O2 4.0 2.5 1.1 1.211 0.5 0.2
C16:0 Hexadecanoic acid, methyl ester 270 C17H34O2 20.8 16.4 20.0 6.38 3.4 3.7
C17:3 5,8,11-Heptadecatrienoic acid, methyl ester 278 C18H30O2 < 0.1 2.2 1.6 < 0.1 0.5 0.3
C18:3 9,12,15-Ocyadecatrienoic acid, methyl ester 292 C19H32O2 9.8 10.2 8.3 3.0 2.1 1.6
C18:2 9,12-Octadecadienoic acid-, methyl ester 294 C19H34O2 23.2 13.0 2.2 7.1 2.7 0.4
C18:1 9-Octadecanoic acid, methyl ester 296 C19H36O2 25.0 52.4 52.4 7.6 11.0 9.8
C18:0 Octadecanoic acid, methyl ester 298 C19H38O2 17.2 3.4 14.4 5.3 0.7 2.7

Total 100 100 100 30.6 20.9 18.7

Keys: S1, solvent 1 (Chloroform (60):methanol (30):water (15) v/v/v); S2, solvent 2 (Chloroform (65):methanol
(25):ammonium hydroxide (4) v/v/v); S3, solvent 3 (Chloroform (60):acetone (60):acetic acid (4):formic acid
(10):water (3) v/v/v/v/v); in this table values of Rf are shown from a single TLC analysis.

A dendrogram is a type of tree diagram widely used to show how clusters created by
hierarchical clustering are arranged, as shown in Figure 6 and the attached table. The fatty
acid distributions in Scenedesmus at various phosphorus levels were the measure under
consideration, whereas single linkage was the clustering technique. One strategy used
in hierarchical clustering is single linkage, sometimes referred to as the nearest-neighbor
technique. The shortest distance between any two points within a cluster is used to measure
the distance between two clusters. To investigate the impact of phosphorus availability on
fatty acid distribution, Scenedesmus was cultured at various phosphorus concentrations,
specifically 2.48 mg/L, 0.4 mg/L, and 0.04 mg/L. The correlation levels 1, 0.645, and
0.602 most likely reflect the similarity or connection of the fatty acid patterns at various
phosphorus concentrations. Values smaller than 1 indicate descending levels of similarity,
and a correlation of 1 denotes an ideal positive association.

The branches in the dendrogram showed various clusters (groups) of Scenedesmus
based on their similar fatty acid distributions at various phosphorus concentrations. Each
phosphorus concentration probably results in a different distribution of fatty acids, which
affects the clustering. It would suggest a significant degree of similarity in the distributions
of fatty acids at these levels if the branches on the dendrogram corresponding to the
2.48 mg/L and 0.4 mg/L phosphorus values were closer (Figure 6). This association may
be represented by branches at a middle distance, showing some degree of similarity in fatty
acid composition but with significant disparities. It would indicate a more distinct fatty
acid distribution at this level, indicative of severe metabolic changes caused by limited
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phosphorus availability, if the branch corresponding to 0.04 mg/L phosphorus level is the
furthest from the others. The metabolic profile of Scenedesmus, specifically the distribution
of fatty acids, can be understood in detail by analyzing and interpreting the dendrogram in
the context of phosphorus levels and corresponding correlation coefficients. Researchers
may recognize patterns and draw inferences regarding the metabolic adaptability and
reactions of Scenedesmus to various phosphorus concentrations thanks to the dendrogram,
which visually depicts these interactions, and Table 4 shows a comparison of fatty acid
production by different Scenedesmus species with different carbon chains of fatty acid.
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C18:3 9,12,15-Ocyadecatrienoic acid, methyl ester 292 C19H32O2 9.8 10.2 8.3 3.0 2.1 1.6 

C18:2 9,12-Octadecadienoic acid-, methyl ester 294 C19H34O2 23.2 13.0 2.2 7.1 2.7 0.4 

C18:1 9-Octadecanoic acid, methyl ester 296 C19H36O2 25.0 52.4 52.4 7.6 11.0 9.8 

C18:0 Octadecanoic acid, methyl ester 298 C19H38O2 17.2 3.4 14.4 5.3 0.7 2.7 

 Total 100 100 100 30.6 20.9 18.7 

 

Figure 6. Dendrogram showing relationships of Scenedesmous in different phosphorus levels based 

on single-linkage fatty acid distribution. 

The branches in the dendrogram showed various clusters (groups) of Scenedesmus 

based on their similar fatty acid distributions at various phosphorus concentrations. Each 

phosphorus concentration probably results in a different distribution of fatty acids, which 

affects the clustering. It would suggest a significant degree of similarity in the distribu-

tions of fatty acids at these levels if the branches on the dendrogram corresponding to the 

2.48 mg/L and 0.4 mg/L phosphorus values were closer (Figure 6). This association may 

be represented by branches at a middle distance, showing some degree of similarity in 

fatty acid composition but with significant disparities. It would indicate a more distinct 

fatty acid distribution at this level, indicative of severe metabolic changes caused by lim-

ited phosphorus availability, if the branch corresponding to 0.04 mg/L phosphorus level 

is the furthest from the others. The metabolic profile of Scenedesmus, specifically the dis-

tribution of fatty acids, can be understood in detail by analyzing and interpreting the 
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Figure 6. Dendrogram showing relationships of Scenedesmous in different phosphorus levels based
on single-linkage fatty acid distribution.

Table 4. Fatty acid composition of Scenedesmus: Comparison to published data.

Fatty Acid Carbon Chain Number
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Reference [34] [35] [36] [37] [38] [39] Reference [34] [35] [36] [37] [38] [39]
C4:0 + C18:0 + + + + +
C6:0 + C20:5 +
C10:0 + C20:4 +
C12:0 + C20:3 +
C14:1 + C20:2 +
C14:0 + + + + + C20:1 +
C16:4 + C20:0 +
C16:3 + + C21:0 +
C16:2 + + C22:1 +
C16:1 + + + + C26:0 +
C16:0 + + + + + + + C28:0 +
C17:1 + C30:1 +
C18:4 + + + C30:0 +
C18:3 + + + + + C30:2 +
C18:2 + + + + C32:1 +
C18:1 + + + + C32:0 +

C34:1 +

Economic Aspects:
Cost-Effective Biofuel Production. Phosphorus deprivation in S. subspicatus can poten-

tially increase lipid accumulation in microalgae, which is crucial for biofuel production. By
optimizing the levels of phosphorus, the process of fatty acid synthesis can be enhanced,
making biofuel production more efficient and economically viable.

Resource Management. This study highlights the importance of managing nutrient
resources such as phosphorus in cultivating microalgae. By understanding the effects of
phosphorus deprivation, the cost of fertilizers or nutrient supplements can be minimized,
thereby reducing the overall cost of algae cultivation.
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Scalability and Commercialization. If phosphorus deprivation leads to higher fatty
acid yields, it could make the commercial production of biofuels more attractive. This could
lead to an increase in investments and the development of infrastructure for large-scale
algae cultivation and biofuel processing, contributing positively to the economy.

Environmental Aspects:
Sustainable Energy Source. The study supports the development of microalgae as

a sustainable energy source. By enhancing fatty acid production through phosphorus
deprivation, the process becomes more efficient, reducing reliance on fossil fuels and
contributing to the reduction of greenhouse gas emissions.

Nutrient Recycling and Eutrophication Prevention. Understanding the effects of phos-
phorus on microalgal growth can help in recycling nutrients more effectively in aquatic
ecosystems, preventing the overuse of phosphorus that can lead to eutrophication, a process
that severely disrupts aquatic ecosystems.

Reduction in Agricultural Runoff. By optimizing phosphorus usage in microalgae
cultivation, this study could indirectly contribute to reducing phosphorus runoff from
agricultural fields into water bodies. This can prevent water pollution and maintain the
ecological balance in freshwater systems, such as Rostherne Mere.

4. Conclusions

Investigations into the lipidic profiles of S. subspicatus under different phosphorus
circumstances have important consequences for the study of biofuels. Reduced phospho-
rus levels enhance lipid content and production in this model of freshwater microalga.
Variations in phosphorus levels cause changes in biochemistry, notably in protein and
carbohydrate levels, which in turn cause changes in metabolism and adaptive responses in
various ways. This emphasizes how dietary availability impacts biochemistry, especially in
relation to protein, carbohydrate, and lipid levels. S. subspicatus is rich in saturated and un-
saturated fatty acids, the most abundant of which are C16:0 and C18:0, according to modern
gas chromatography (GC) techniques. Fatty acids like C16:3, C18:1, C18:2, and C18:3 are
important for studying algae biofuels because they show that the lipid profile is diverse and
variable in composition. A statistically significant association between phosphorus levels
and fatty acid configurations has been revealed using Pearson linear correlation coefficients,
revealing the metabolic flexibility and resilience of S. subspicatus. Microalgal lipid outputs
are essential for efficient and sustainable biofuel generation, and new insights into algal
biochemistry and metabolic flexibility have been revealed by lipid spectra detected at
varying phosphorus concentrations. Research into genetically engineering S. subspicatus to
increase lipid production or make the algae more resistant to changes in phosphorus levels
could be in the works for the future. The viability of biofuel production could be enhanced
by investigating more economical ways of producing and harvesting this alga on a large
scale. To ensure biofuel production’s sustainability in the long run, future studies might
investigate how to combine these results with other renewable energy sources.
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