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Abstract

Marine microalgae, as primary producers, are a significant source of diverse bioactive compounds. 
To explore this, the endogenous small molecules (metabolites) of four species Chaetoceros curvisetus, 
Thalassiosira lundiana, Thalassiosira andamanica, and Graesiella emersonii were profiled using Gas 
Chromatography-Triple Quadrupole Mass Spectrometry (GC-TQMS). Crude aqueous and organic algal 
extracts were vacuum-dried and subjected to chemical derivatization using silylating agents such as N,O-
Bis(trymethylsilyl)trifluroacetamide (BSTFA) and N-Methyl-N-trimethylsilytrifluoroacetamide (MSTFA) 
to improve GC-MS detection of polar compounds before molecular mass profiling. The results showed 
no significant difference in essential amino acid production (Isoleucine, Leucine, Phenylalanine, and 
Threonine) among G. emersonii, C. curvisetus, and T. lundiana (p<0.05, n=3). However, T. andamanica 
displayed greater concentrations of ergosterol, lactic acid, palmitic acid, and oleic acid, Conversely, T. 
lundiana showed elevated concentrations of the omega-3 PUFAs DHA and EPA. Whereas G. emersonii 
contained greater amounts of α-linolenic and stearic acids. This study highlights that the diatom 
Thalassiosira species are a major source of omega-3 PUFAs, underscoring their considerable value for 
nutraceutical and pharmaceutical applications.

Keywords: β-Carotene; Silylation; Fucoxanthin; Heatmap analysis; Metabolomics; Microalgae; Mass 
spectrometer

Introduction
Microalgae are a diverse group of photoautotrophic eukaryotes that can thrive in both 

marine and freshwater environments. They are multitasking organisms that perform multiple 
tasks simultaneously, including bioremediation, carbon sequestration, and oxygen production. 
They synthesis various biomolecules through photosynthetic which are used as active 
ingredients in the food industry, nutraceutical, pharmaceutical, and livestock production [1-4]. 
The green microalgae Graesiella emersonii also called Chlorella emersonii (basyonym) [5,6]. G. 
emersonii is typically fresh water green algae, but it can inhabitant brackish water. Moreover, 
G emersonii is a major resource for valuable pigments, lipids, pharmaceutical compounds and 
biodiesel [7]. Diatoms (Bacillariophyceae) are abundant, evolutionary complex, single-celled 
photosynthetic eukaryotes found in nearly all water bodies worldwide [8]. They constitute 
approximately 20% of the total primary biomass production during seasonal phytoplankton 
blooming [9]. In algal biotechnology, diatoms holds special interest due to their abundance 
and productivity of various value-added bioactive compounds [10]. Diatoms are major source 
of natural bioactive xanthophylls such as fucoxanthin, Dianoxanthin, and Diadinoxanthin 
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[11], omega-3 polyunsaturated fatty acids [12,13], terpenoids 
[14], inorganic salts (i.e., silica) and various vitamins. Compounds 
derived from diatoms have distinct biological activities, including 
cytotoxic, antibiotic, antioxidant, antifungal, anti-inflammatory, 
anthelminthic effects, and also act as anticancer agents. Omega-3 
PUFAs (n-3) are essential fatty acids synthesized by marine 
plankton such as diatoms and green algae and are deposited at a 
high percentage in marine fish.

Microalgae (Chlorophyta and Bacillariophyta) represent 
a treasure trove of bioactive compounds, holding immense 
potential for applications in pharmaceuticals, nutraceuticles and 
biofuels. However, accurate profiling og their complex metabolites 
compositions often presents challenge for traditional analytical 
methods, particularly due to the prevalence of polar compounds. 
Transesterification, is a conventional a three-step chemical 
reaction that specifically converts triglycerides into fatty acid 
methyl esters (FAME) and glycerol, typically in the presence of 
methanolic alkaline catalysts [15]. In this process polar small 
compounds degradation accured. To overcome this, a promising 
alternative is silylation, a single-step reaction that converts both 
triglycerides and polar compounds into their extremely volatile 
trimethylsilyl (TMS) derivatives using silylation agents such as 
N,O-Bis(trymethylsilyl)trifluroacetamide (BSTFA) and N-Methyl-
N-trimethylsilytrifluoroacetamide (MSTFA). By reducing polarity, 
increasing volatility and molecular mass of compounds. Silylation-
assisted GC-MS allows for more precise profiling of microalgae 
metabolites, unlocking their full biochemical potential.

In this study, we evaluated the macro and micromolecule 
composition of four abundant microalgae Chaetoceros curvisetus, 
Thalassiosira lundiana, Thalassiosira andamanica (Bacillariophta) 

and Graesiella emersonii (Chlorophyta) using UV visible 
spectrophotometer and gas chromatogram triple quadrupole 
mass spectrophotometer (GC-TQMS). Prior to GC analysis, the 
endogenous small molecules (i.e. amino acids, sugars, organic 
compounds, plyoles and fatty acids) were derivatized to improve 
GC detection by reducing the polarity, increasing mass and 
volatility. This comprehensive metabolomics study differentiates 
the biochemical characteristics of microalgae and enhances their 
nutritional significance.

Material and Methods
Unialgal cultivation and determination of biomass 
production

The marine diatoms T. lundiana CSIRCSMCRI 001 (MH553154.1), 
T. andamanica CSIRCSMCRI 002 (MN328730.1), C. curvisetus 
CSIRCSMCRI 003 (MN328731) and one green algae G. emersonii 
CSIRCSMCRI 006 were grown in 3L culture flasks consists phosphate 
(145µM) and carbonate (357µM) enriched f/2 media (1.5 L) for 18 
days. The cultures were maintained at laboratory conditions at 
constant light (80-100µmolm-2s-1) temperature (25±1 °C), and 
salinity (30ppt). To determine the microalgae growth, about 2mL 
of culture samples were collected from the experimental flasks 
over three days until the end of cultivation. Cell density of cultures 
were determined by UV-VIS spectroscopy Epoch2 (BioTek, USA). A 
standard biomass calibration curve was constructed to determine 
the production of biomass using slope values of y=0.0083x+0.0602, 
R2=0.9957 for G. emersonii and y=0.0717x+0.0338, R2=0.9937 for 
diatoms (Figure 1a & 1b). At the end of cultivation, the cultures were 
harvested using a high-speed benchtop centrifuge at 8000rmp per 
10 min (Centrifuge 5804R, Eppendorf, US).

Figure 1: Real time spectral absorbance of marine microalgae and cell growth measurement (a&b) Calibration 
curves of G. emersonii and diatoms biomass (T. lundiana, T. andamanica and C. curvisetus) (c&d) Growth curve and 

Biomass production of microalgae.
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Proximate Analysis of Microalgal Biomass
Pigment extraction and quantification

To extract total pigments content, 100mg of dry biomass 
samples were homogenized in Eppendorf tube (1.5mL) using a 
micro pestle with the addition of 500µl of 95% methanol. The 
homogenized samples were vertex at 3000rpm for 50 min. Then 
the lysate was centrifuged at 12000rpm per 10 min at 4 ℃. The 
supernatant was collected and stored at -20 ℃ until further analysis. 

For quantitative determination of pigments, the crude pigments 
extract samples absorbance was recorded from 300 to 800nm 
using UV-VIS spectroscopy Epoch2 (BioTek, USA). A calibration 
curve of standard pigments Chlorophylls a (y=0.0426x+0.0045, 
R2=0.9933), Chlorophylls b (y=0.0002x–0.0025, R2=0.9905) 
fucoxanthin (y=0.0003x-0.0025, R2=0.9918) and β-Carotene 
(y=0.00029x-0.00244, R2=0.99895) were generated. The unknown 
concentration of pigment in the crude extracts was measured from 
calibration curves (Figure S1a-S1d).

Figure S1: Calibration curve of pigments (a) Chl a, (b) Chl b, (c) β-Carotene, (d) Fucoxanthin, (e) Bovine Serum 
Albumin (BSA) protein, and (f) Carbohydrates standards.

Extraction of total protein and protein assay

To extract total protein content, 100mg of dry biomass samples 
were homogenized in Eppendorf tubes (1.5mL) using a micro 
pestle with the addition of 500µl of saline buffer containing 0.1M 
sodium hydroxide (NaOH) and 3.5% of Sodium chloride (NaCl). The 
homogenized samples were boiled at 60 ℃ for 90 min [16]. Then 
the lysate was centrifuged at 4 ℃ per 10min. at 12000rpm, then 
the supernatant was collected and stored at -20 ℃ until further 
analysis.

Protein assay: Total protein content was determined by the 
Lowry method [17] with some modification. Briefly, 100µL protein 
extract samples were taken into 2mL tubes contain 250µL of M.Q. 
Then 0.3mL of reagent A (consist of 7mM Na-K tartrate, 0.81M 
sodium carbonate in 0.5N NaOH) and 100µL of reagent B (70mM 
Na-K tartrate, 40mM of copper sulfate) were added. Tubes were 
thoroughly mixed and incubated at RT for 10 min. After that 250µL 
of reagent C (Folin-Cioclteau or Folin-Phenol reagent and M.Q in 
1:1v/v) was added and thoroughly mixed then incubate at RT for 
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30 min. The reduction of Folin-Cioclteau regent and development of 
blue-green color was observed. Intensity of color was measured at 
660nm using Visible spectrophotometer (Epoch2, BioTeck, US). The 
same reaction steps were carried out with known concentrations 
of bovine serum albumin (BSA, Sigma Aldrich) to construct a 
calibration curve (y= 0.4657x+0.0121, R2=0.9981) (Figure S1c).

Carbohydrate extraction and quantification 

For carbohydrate extraction, 100mg of dry biomass was minced 
in liquid nitrogen. Then the biomass powder was taken into 15mL 
tubes and 500µL of conc. H2SO4 was added. The acid digested was 
carried at 40 ºC in a water bath for 30min. after that 7ml distilled 
water was added and incubated at 121 ℃ for 20 min. for complete 
digestion of biomass. The lysate solution was cooled at room 
temperature and neutralized with 6N NaOH and centrifuged at 
10000rpm for 10 min. The resulting supernatant was collected and 
stored at 4 ℃ until further analysis.

Carbohydrate assay: To determine the content of carbohydrates, 
20µl of extracts were taken in a centrifuge tube and diluted 10 
times with double distilled water. The carbohydrate estimation was 
carried out by the Phenol H2SO4 method (20µL sample+200µL 5% 
phenol+1mL conc. H2SO4). Absorbance was taken at 490nm after 
incubating the solution at room temperature for 30 min [18]. At 
the same time, a standard curve (y=0.0103x+0.0063, R2=0.9966) 
of Glucose was generated with the known concentration of 99.9 % 
pure glucose solutions (Figure S1d) in distilled water to quantify 
carbohydrate content in unknown samples.

Extraction of metabolites

To extract metabolites, 100mg of algal dry biomass samples were 
placed in 15mL centrifuge tubes containing 5ml of 80% methanol. 
The tubes were vertex at 4000rpm per 2 min. and then boiled in 
a water bath at 60 °C for 1h. After cooling to room temperature, a 
double volume of chloroform was added to each tube. The tubes 
were vertex again and centrifuged at 12000rpm at RT for 15 min. 
The upper aqueous phase (a mixture of CH3OH and H2O mix) and 
lower organic phases (Chloroform) were collected separately into 
new tubes, and this procedure was repeated twice. The resulting 
supernatants were pooled and both methanolic and organic phase 
extracts were vacuum dried. The residual metabolites powder 
samples were stored at 4 °C until GC-MS profiling.

Chemical derivatization and sample preparation for GC-
MS

Non-target mass profiling was carried out using advanced 
gas chromatography triple quadrupole mass spectrometry 
(GCMS-TQ8040, Shimadzu Corporation, Kyoto, Japan) equipped 
with an auto-sampler. Prior to GC analysis, the polar metabolites 
from the methanolic phase (Aqueous layer) were derivatized 
with 94µL of N,O-Bis(trymethylsilyl)trifluroacetamide (BSTFA). 
Similarly, the nonpolar metabolites from the organic phase 
(chloroform layer) were derivatized with 94µL of N-Methyl-N-
trimethylsilytrifluoroacetamide (MSTFA) in 1.5mL tubes. Before 
the silylation reaction, two internal standards, 2µL of Linoleic acid 
(10mg/ml) and 2µL of Ribitol (10mg/mL) (Sigma-Aldrich) were 

added to the samples. The silylation reaction was carried out at 65 
°C for 30 min. Thereafter, the derivatized samples were wrapped 
and stored at 4 °C until GC analysis.

Untargeted metabolites mass profiling using GC-MS

The injection volume was kept content at 1µL for all samples, 
and the Gas Chromatography (GC) was run at a constant flow rate 
of 1mL/min. for 40 min in a standardized thermal program [19]. 
Briefly, initially the GC oven temperature was set at 80 °C for 5 
min, then it was gradually increased to 180 °C at a rate of 5 °C/
min. After that the oven temperature was further increased to 
280 °C at a rate of 10 °C/min and hold at this final temperature 
for 5 min. The mass of each metabolite was scanned from 40–
1080amu using EI scan mode at 70eV. Finally, the resulting Total 
Ionic Chromatograms (TIC) were processed using GC-MS Post-run 
analysis software (Shimadzu) and NIST 14 similarity library search 
engine was employed with a similarity index greater that 90% for 
the identification of metabolites.

Data processing and hierarchical clustering heatmap 
analysis

All experimental triplicate results for C. curvisetus, T. lundiana, 
T. andamanica, and G. emersonii were processed in MS Excel 2020 
to determine mean and standard errors. To generate a hierarchical 
cluster heatmap, the triplicate data were normalized using the 
median (n=3). The normalized data were used to construct a 
clustered heatmap in auto-scale mode, mean cantered and divided 
by the standard deviation of each variable using Pearson’s T-test 
at P>0.05. Then the microalgal metabolite composition and 
quantitative expression were presented on a gradient scale from +1 
(Red) to -1 (Blue) using the default colour scale bar in web-based 
MetaboAnalyst 5.0 data analysis software [20]. The quantitative 
triplicate data of metabolites were subjected to Principal Compound 
Analysis (PCA) to determine the correlation in production (P<0.05) 
of different metabolites among the experimental algae using Origin 
licensed version 2017 (CSMCRI, Bhavnagar, India).

Results and Discussion
Cell growth and biomass production of microalgae

Real-time spectral absorbance of microalgae: The real-time 
spectral absorbance of live microalgal cultures (live cultures) 
reflects cell density over time (Figure 1c). The spectral absorbance 
of G. emersonii differed from that of diatoms cultures in the 350nm 
to 525nm range, although both exhibited a similar absorption 
pattern at 663nm. In batch cultivation, G. emersonii showed 
maximum absorbance at 663nm. It was gradually increased 
from 0.006 on day 0 to 0.22 by day 12. Further it was declined to 
0.16 (on 15th day) and 0.13 (18th day). In contrast, the spectral 
absorbance of diatoms (brown microalgae) was comparatively 
lesser than that of G. emersonii cultures at 663nm (Figure 1c). 
Among the three diatom species, C. curvesetus showed maximum 
absorbance (0.125 at 665nm) on day 15th compared to T. lundana 
and T. andamanica. Thereafter, it decreased on the 18th day. From 
these observations, indicated that chlorophyll biosynthesis was 
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higher in the Chlorophyta species (i.e. G. emersonii) compared to 
the Bacillariophyceae species (Diatoms).

6.1.1.	Biomass production: The highest biomass production 
of C. curvisetus was noticed on day 15 reaching 2.1g FW/L. 
Whereas, T. lundiana (1.75g FW/L), T. andamanica (1.32g FW/L) 
and G. emersonii, (1.2g FW/L) achieved their maximum biomass 
on day 12. During the early exponential growth phase (days 
0-3), T. andamnaica has the highest biomass production higher 
(0.8g FW/L) than other species. However, during the exponential 
growth phase days (6–9), there was no difference in biomass 
production among T. lundiana, T. andmanica and C. curvisetus. By 
the end of the cultivation period (day 18), biomass production 
was followed this order: C. curvisetus>T. lundiana>T. andmanica>G. 
emersonii (Figure 1d). From these observations, G. emersonii (green 
microalgae) has the highest potential for chlorophyll production, it 
contributes a lower share of total biomass production compared to 
Bacillariophyceae.

Pigments signature of microalgae

The absorption of a pigment is characterized by its unique 
absorptions wavelength (λmax). Figure 2a represent the spectral 

response of standard chlorophylls. Chl a has two absorption regions 
380nm to 450nm and 645nm to 685nm (λmax=663nm). Whereas, 
Chl b has two major peaks from 400 to 480nm and 625nm to 
665nm (λmax =647nm) in 100% methanol (Figure 2a). Similarly, 
the standards for fucoxanthin and β-Carotene have single broad 
absorption from 350nm to 550nm (λmax=448nm) and 360 to 520nm 
(λmax=452nm) (Figure 2b). The absorption peaks of chlorophylls in 
the 380nm to 480nm region overlap with absorption of fucoxanthin 
and β-carotene. Due to this, the λmax values of Chl a (λmax=663nm) 
and Chl b (λmax=647nm) were considered to construct calibration 
curves (Figure S1). The methanolic crude extracts of all microalgae 
have sharp narrow absorption peak in the 645nm to 675nm region 
with λmax=663nm. However, the crude extracts of T. andamanica 
and G. emersonii have highest absorption in the 645nm to 675nm 
region compared to T. lundiana and C. curvisetus (Figure 2c). Chl a 
production was higher in T. andamanica (0.29mg/g DW) followed 
by G. emersonii (0.25mg/g DW), T. lundiana (0.045mg/g DW) and C. 
curvisetus (0.04mg/g DW). Similarly, the production of β-carotene 
was following the order: T. andamanica (12.52mg/g DW)> G. 
emersonii (10.56mg/g DW)> T. lundiana (10.16mg/g DW)> C. 
curvisetus (2.25mg/g DW) (Figure 2d).

Figure 2: Spectral absorbance of pigments (a&b) Pigment standards Chl a λmax=663nm and Chl b λmax=647nm 
in 100% methanol, Fucoxanthin λmax=448nm and β-Carotene λmax=453nm, (c) Pigments crude extracts spectral 

absorbance, and (d) Pigments concentrations in microalgae.

From spectral absorbance of pigments crude extracts, it was 
confirmed that fucoxanthin production was absent in G. emersonii 

(Figure 2c). Among the diatoms, T. andamnaica produced the 
highest amount of fucoxanthin (9.8mg/g DW), followed by T. 
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lundiana (7.9mg/g DW) and C. curvisetus (2.15mg/g DW) (Figure 
2d). These results indicate that the brown algae T. anadmanica have 
a greater capacity for producing Chl a, fucoxanthin and β-carotene 
compared to other algae. However, β-carotene is the only major 
considerable pigment produced in the green algae G. emersonii. The 
synthesis of both pigments chlorophyll and fucoxanthin in brown 
algae form a Light-Harvesting Pigments Complex (LHC). Which 
are essential accessory molecular complex for photosynthetic that 
facilitate light energy absorption. The Fucoxanthin Chlorophyll a/c 
Pigment (FCP) complex is a light-harvesting system that captures 
low light intensity for photosynthesis [21]. Fucoxanthin, a power 
full antioxidant, protects algal cells from oxidative damage caused 
by Reactive Oxygen Species (ROS) under environmental stress. 
Moreover, fucoxanthin possesses therapeutic properties, including 
anti-inflammatory [22], antioxidant, anti-diabetic, anti-obesity, 
anti-hypertensive and anticancer [23]. It has been utilized as 
a chemopreventive agent for hepatic cancer and inhibiting the 
human Leukemia HL-60 cells proliferation [24,25]. Furthermore, 
dietary supplementation of fucoxanthin (0.02%) has been shown 
to reduces body fat accumulation in diabetic mice [26-28].

Macronutrients of microalgae

Macronutrients are essential dietary supplements consists 
proteins, carbohydrates and fats (lipids). Microalgae are 
primary producers in an aquatic ecosystem. They can synthesis 
macronutrients in photosynthesis, which are transferred to 
higher organisms through the food chain. The percentage of total 
protein content was following the order C. curvisetus (12.2%) > 
G. emersonii (8.5%) > T. lnudina (6.2%) > T. andamanica (4.2%). 
Whereas, carbohydrates content was higher in the case of G. 
emersonii (9.2%) followed by C. curvisetus (8.5%), T. lundiana 
(3.9%) and T. andamanica (2.5%). Total lipid content was higher 
in the case T. lundiana (32.9%) compared to G. emersonii (25.2%), 
T. andamanica (22.6%) and C. curvisetus (16.7%) (Figure 3). From 
macronutrients analysis, the species C. curvisetus cultures were 
suitable for protein and carbohydrate production as compared to 
lipids. Whereas T. lundiana, G. emersonii, and T. andamanica species 
have high potential for production of natural lipids. Natural fats 
or lipids are lightweight biomolecules but they are major energy 
storage molecules.

Figure 3: Macronutrients composition of experimental microalgae. Data presented in the percentage of nutrients in 
one-gram dry biomass.

Endogenous small molecules composition of microalgae

In metabolomics analysis, chromatography techniques coupled 
with mass spectrometry (i.e. GC-MS or LC-MS/MS) are the ultimate 
approach to detecting and identify metabolites or conducting 
biochemical profiling. However, Liquid Chromatography (LC) has 
limitations, including column specificity, mobile phase selection, 
and the required larger sample volumes (10µL to 100µL). In 
contrast, Gas Chromatography (GC) has more advantages, 
such as required smaller sample (0.1 to 1µL). Even though, the 

identification of polar compounds, such as amino acids, sugars and 
organic compounds, remains challenging for gas chromatography. 
In present investigation, GC detection was improved by reducing 
the polarity of endogenous small compounds using silylating 
agents. In silylation reaction, the mass of small molecules increased 
while their polarity decreased with the addition of Trimethylsilyl 
(TMS) groups (Figure S2a-S2f). A total 171 metabolites were 
identified by GC-TQMS and categorized into amino acids, fatty acids, 
hydrocarbons, organic compounds, sugars and sterol derivatives 
(Table S1).
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Figure S2: Mass spectra of polar compounds (a&b) amino acids, (c&d) fatty acids, (e&f) sugar molecules. The 
molecular mass of metabolite has been increased with addition Tetramethylsilyl (TMS) in silylation reaction.
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Supplementary Table 1: Note: ND – metabolite not detected in respective organism

S. No. Metabolite Class
Concentration of Metabolites (mg/gDW)

G. emersonii  (●) T. lundiana (□) T. andamanica (■) C. curvisetus (◊)

1 Alanine, 2TMS derivative A 0.627±0.055 0.625±0.053 0.372±0.02 0.616±0.045

2 Asparagine, 2TMSS derivative A 0.009±0 0.727±0.044 ND 0.007±0

3 Aspartic acid, 2TMS 
derivative A 0.529±0.008 0.528±0.008 0.058±0.004 0.518±0.008

4 Cystathionine, 2TMS 
derivative A ND ND 2.662±0.006 ND

5 Glutamic acid, 2TMS 
derivative A 0.288±0.012 0.287±0.012 0.316±0.058 0.281±0.012

6 Glycine, TMS derivative A 0.366±0.042 0.394±0.031 0.046±0.03 0.386±0.038

7 Glycylglutamic acid, 3TMS 
derivative A ND ND 0.247±0.011 ND

8 Homoserine, 2TMS derivative A 0.059±0.009 ND ND ND

9 Isoleucine, 2TMS derivative A 0.17±0.006 0.159±0.004 ND 0.161±0.004

10 Leucine, TMS derivative A 0.278±0.019 0.281±0.02 0.01±0 0.268±0.011

11 Lysine, TMS derivative A 0.317±0.007 0.416±0 0.049±0.002 0.327±0.003

12 Methionine, TMS derivative A 0.009±0 0.007±0 ND 0.046±0.016

13 Norvaline, 2TMS derivative A ND ND 0.013±0.001 ND

14 Ornithine, 2TMS derivative A 0.022±0 ND 0.149±0.104 0.021±0.001

15 Oxoproline, TMS derivative A 0.578±0.027 ND ND 0.608±0.017

16 Phenylalanine, TMS 
derivative A 0.14±0.029 0.137±0.019 ND 0.143±0.026

17 Proline, 2TMS derivative A 0.63±0.002 0.628±0.003 0.228±0.073 0.622±0.002

18 Pyroglutamic acid, 2TMS 
derivative A 0.644±0.001 ND 0.036±0.003 ND

19 Serine, 2TMS derivative A 0.487±0.005 0.426±0.005 ND 0.492±0.004

20 Threonine, 2TMS derivative A 0.524±0.011 0.523±0.011 0.011±0 0.521±0.011

21 Tyrosine, 2TMS derivative A 0.095±0 0.007±0 ND 0.098±0.001

22 Valine, TMS derivative A 0.516±0.042 0.573±0 0.049±0.004 0.008±0.001

23 Alpha.-Linolenic acid, TMS 
derivative FA 19.232±2.957 0.249±0.026 9.219±3.451 0.379±0.035

24 10-Heptadecenoic acid FA ND ND ND 0.145±0.039

25 11,14,17-Eicosatrienoic acid, 
TMS derivative FA 0.18±0.012 ND ND ND

26 11,14-Eicosadienoic acid, 
TMS derivative FA ND ND 0.3±0.021 ND

27 11-Octadecenoic acid, TMS 
derivative FA ND 0.187±0.045 ND 0.561±0.031

28 15-Tetracosenoic acid, TMS 
derivative FA 0.296±0.012 ND ND ND

29 17-Octadecynoic acid, TMS 
derivative FA ND ND 0.169±0.008 ND

30 1-Linolenoylglycerol, 2TMS 
derivative FA 5.798±0.298 0.595±0.001 ND 0.063±0.001

31 1-Monomyristin, 2TMS 
derivative FA ND ND 0.205±0.008 0.185±0.005

32 1-Monooleoylglycerol, 2TMS 
derivative FA 7.944±0.397 0.169±0.039 1.676±0.3 0.112±0.004

33 1-Monopalmitin, 2TMS 
derivative FA 2.794±0.078 0.286±0.062 21.859±0.386 ND
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34 2-Hydroxyoctanoic acid, TMS 
derivative FA ND ND ND 0.05±0.002

35 2-Monostearin, 2TMS 
derivative FA 0.613±0.01 ND 1.26±0.051 ND

36 2-Palmitoylglycerol, 2TMS 
derivative FA 0.799±0.05 0.401±0.062 ND ND

37 5,8,11-Eicosatrienoic acid, 
TMS derivative FA 0.288±0.018 0.377±0.038 ND 1.249±0.096

38 9,12,15-Octadecatrienoic 
acid, TMS derivative FA 1.226±0.043 ND 5.866±0.45 0.072±0.001

39 linoleic acid, TMS derivative FA 7.24±0.262 1.328±0.644 11.126±0.814 0.518±0.014

40 9-Hexadecenoic acid FA 0.432±0.045 1.027±0.082 ND 2.7±0.361

41 9-Octadecenoic acid FA 2.05±0.083 0.151±0.005 11.104±0.686 0.561±0.159

42 Arachidonic acid, TMS 
derivative FA 0.223±0.003 0.973±0.128 0.847±0.119 0.185±0.026

43 Behenic acid, TMS derivative FA 0.137±0.007 1.219±0.544 3.748±0.334 ND

44 Cyclohexaneacetic acid, TMS 
derivative FA ND ND ND 0.046±0.005

45 Doconexent FA 3.059±0.22 17.618±4.314 5.271±0.464 3.429±0.614

46 Docosanoic acid, TMS 
derivative FA ND 1.14±0.189 1.008±0 ND

47 Dodecanoic acid, TMS 
derivative FA 0.09±0.014 0.401±0.023 2.977±0.189 1.016±0.17

48 Eicosapentaenoic acid, TMS 
derivative FA 0.856±0.044 3.551±0.901 1.219±0.054 1.323±0.022

49 Glycerol monostearate, TMS 
derivative FA 1.021±0.046 5.496±0.319 10.889±0.254 ND

50 Heptacosanoic acid, TMS 
derivative FA 2.242±0.009 1.404±0.067 ND 0.419±0.044

51 hexadecanoic acid, TMS 
derivative FA 0.196±0.005 0.13±0.012 1.197±0.025 2.524±0.218

52 Lignoceric acid, TMS 
derivative FA 0.575±0.034 ND 1.617±0.059 0.067±0.033

53 Linoelaidic acid, TMS 
derivative FA 0.057±0.004 0.779±0.077 ND 0.632±0.04

54 Methyl stearidonate, TMS 
derivative FA ND 1.344±0.58 ND 0.164±0.021

55 Myristic acid, TMS derivative FA 1.891±0.054 0.147±0.009 0.674±0.038 2.741±0.597

56 Nonanoic acid, TMS 
derivative FA 0.093±0.001 0.449±0.011 ND 0.345±0.023

57 Octadecedienoic acid, TMS 
derivative FA ND ND 0.497±0.01 ND

58 Octanoic acid, TMS derivative FA 0.313±0.051 0.091±0.008 0.179±0.014 0.18±0.027

59 Oleic Acid, TMS derivative FA 0.515±0.055 1.056±0.647 11.758±3.223 0.269±0.036

60 Palmitelaidic acid, 2TMS 
derivative FA ND 3.988±0.916 ND 0.185±0.009

61 Palmitic Acid, TMS derivative FA 4.523±0.753 0.231±0.047 20.244±0.187 5.935±0.605

62 Pentadecanoic acid, TMS 
derivative FA 0.328±0.004 2.977±0.329 ND 0.57±0.092

63 Stearic acid, TMS derivative FA 16.116±0.136 0.154±0.009 5.779±0.605 2.343±0.175

64 Tridecanoic acid, TMS 
derivative FA ND 0.242±0.009 ND ND

65 Undecanoic acid, TMS 
derivative FA 0.368±0.031 4.002±0.236 0.169±0.008 0.114±0.026



10

Examines Mar Biol Oceanogr      Copyright © Murali Krishna Paidi & Subir Kumar Mandal

EIMBO.MS.ID.000673. 7(5).2025

66 1,2,3-Butanetriol, 3TMS 
derivative HC ND ND 0.358±0.01 ND

67 1,2-Tetradecanediol, 2TMS 
derivative HC ND 0.725±0.076 ND 0.185±0.003

68 1,3-Propanediol, 2TMS 
derivative HC 0.191±0.01 ND ND 0.049±0.002

69 1,4-Butanediol, 2TMS 
derivative HC ND ND 4.421±0.265 ND

70 1,4-Dithiane-2,5-diol, 2TMS 
derivative HC ND ND 2.791±0.059 ND

71 1,8,11,14-Heptadecatetraene, 
TMS derivative HC ND ND 5.921±0.053 ND

72 11-Methyldodecanol, TMS 
derivative HC ND 0.251±0.004 0.315±0.036 0.709±0.03

73 11-Methyltricosane, TMS 
derivative HC ND 0.774±0.103 ND 0.786±0.073

74 12-octadecadienoate, TMS 
derivative HC 0.198±0.008 ND ND 0.125±0.005

75 13-Docosenamide, TMS 
derivative HC ND ND 0.474±0.005 ND

76 1-Decanol, 2TMS derivative HC ND ND ND 1.638±0.024

77 1-Docosene, TMS derivative HC ND ND 2.101±0.044 ND

78 1-Dodecanol, TMS derivative HC 0.151±0.011 ND 0.202±0.01 ND

79 1-Heptacosanol, TMS 
derivative HC 0.617±0.091 0.293±0.049 ND 0.69±0.1

80 1-Heptanol, TMS derivative HC ND ND 0.485±0.013 0.162±0.017

81 1-Hexadecanol, 2TMS 
derivative HC 0.303±0.021 ND ND 0.062±0.003

82 1-Hexanol, 2TMS derivative HC ND 0.034±0.026 ND 0.48±0.009

83 1-Nonadecene, TMS 
derivative HC ND ND 0.476±0.013 0.962±0.081

84 1-Octadecanol, TMS 
derivative HC 0.343±0.02 ND ND ND

85 1-Pentadecene, TMS 
derivative HC 0.076±0.019 0.546±0.04 ND 0.07±0.019

86 1-Tricosene, TMS derivative HC ND ND 2.335±0.201 ND

87 1-Undecene, TMS derivative HC ND ND 0.248±0.019 ND

88 2,3-Butanediol, TMS 
derivative HC ND ND 2.132±0.681 ND

89 2,3-Dimethyldodecane, TMS 
derivative HC ND ND ND 0.062±0.004

90 2,6,10-Trimethyltridecane, 
TMS derivative HC ND ND ND 0.391±0.01

91 2-Butenedioic acid, TMS 
derivative HC 1.056±0.198 ND ND ND

92 2-Methylhexacosane, TMS 
derivative HC ND 0.844±0.175 ND ND

93 2-Oleoylglycerol, TMS 
derivative HC 0.126±0.007 1.605±0.183 0.7±0.074 0.177±0.025

94 3-Octadecene, TMS derivative HC ND ND 4.889±1.477 ND

95 3-Tetradecene, TMS 
derivative HC ND ND 0.397±0.056 ND

96 7-Hexadecenal, TMS 
derivative HC ND ND 0.282±0.007 ND
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97 cis-11-Eicosenamide, TMS 
derivative HC ND ND ND 0.154±0.015

98 Cyclooctacosane, TMS 
derivative HC ND 0.344±0.054 ND ND

99 Cyclopentanone, TMS 
derivative HC ND ND 0.405±0.077 ND

100 Decane, TMS derivative HC 0.406±0.071 0.06±0.006 0.259±0.004 0.426±0.014

101 Dibutyl phthalate, 2TMS 
derivative HC ND 2.257±0.102 1.804±0.648 ND

102 Diethylene glycol, 3TMS 
derivative HC ND 0.067±0.008 ND ND

103 Dotriacontane, TMS 
derivative HC ND 2.095±0.919 ND 0.236±0.011

104 Eicosane HC 0.847±0.055 0.91±0.056 0.701±0 2.904±0.172

105 Eicosene HC 0.144±0.007 0.06±0.005 1.902±0.299 2.904±1.724

106 Heneicosane HC 0.274±0.021 0.28±0.025 ND 0.469±0.075

107 Heptadecanol, TMS derivative HC ND ND 0.644±0.083 ND

108 Hexacosane HC 1.426±0.123 ND ND 0.217±0.018

109 Hexadecatetraenoate HC ND 0.28±0.013 ND 0.542±0.068

110 Hexadecenal, TMS derivative HC ND 0.251±0.066 ND 0.696±0.003

111 Methyl tetradecanoate, TMS 
derivative HC ND 0.446±0.015 ND 1.292±0.218

112 Nonacosene HC ND 0.335±0.048 ND 0.966±0.094

113 Nonadecatetraene, TMS 
derivative HC ND ND 2.242±0.04 ND

114 Octacosane HC ND ND ND 0.101±0.039

115 Octadecanamide, 2TMS 
derivative HC 0.433±0.007 0.013±0 ND ND

116 Phytol HC 2.896±0.325 0.062±0.008 2.609±0.388 0.892±0.09

117 Tetracontane, TMS derivative HC 0.119±0.004 ND ND 0.067±0.014

118 Tetradecane, TMS derivative HC ND 0.036±0 3.335±0.541 ND

119 Tetrapentacontane, TMS 
derivative HC 0.184±0.003 0.62±0.053 ND 0.785±0.072

120 Triacontane, TMS derivative HC 0.207±0.018 ND ND ND

121 Tricosene, TMS derivative HC ND 0.183±0.015 ND ND

122 Tridecanol, 2TMS derivative HC 1.019±0.016 0.06±0.014 ND ND

123 2-Aminoethanol, 3TMS 
derivative OC 0.112±0.004 ND ND ND

124 2-Keto-3-methylvaleric acid , 
TMS derivative OC 0.006±0.001 ND ND ND

125 Acetamide, TMS derivative OC ND ND 0.208±0.009 ND

126 Catechol, TMS derivative OC 0.719±0.03 ND ND ND

127 Citrulline, 3TMS derivative OC 0.044±0.002 ND ND ND

128 Ethanolamine, 3TMS 
derivative OC 0.254±0.021 0.048±0.006 0.983±0.061 0.12±0.003

129 Ethylene glycol, 3TMS 
derivative OC 0.006±0.002 1.798±0.309 2.76±0.313 ND

130 Fumaric acid, 2TMS 
derivative OC ND ND 0.418±0.052 ND

131 Glyceric acid, 3TMS derivative OC 1.483±0.356 ND 8.578±4.365 17.726±3.08

132 Glycolic acid, 2TMS derivative OC 0.058±0.01 ND ND ND
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133 Lactic acid, 2TMS derivative OC 0.341±0.047 0.015±0 44.062±1.642 0.041±0.001

134 Malic acid, 3TMS derivative OC 0.391±0.006 ND 0.174±0.01 ND

135 Methylamine, TMS derivative OC ND 0.018±0.001 1.586±0.138 ND

136 Neophytadiene, TMS 
derivative OC 0.269±0.004 0.827±0.099 13.929±5.311 0.412±0.055

137 Niacin, TMS derivative OC 0.144±0.106 ND 0.883±0.06 ND

138 Oxalic acid, 2TMS derivative OC 0.006±0.001 ND ND ND

139 Phosphoric acid, 3TMS 
derivative OC 0.248±0.011 ND 11.765±0.926 ND

140 Propanedioic acid or Malonic 
acid, 2TMS derivative OC ND ND 0.378±0.014 ND

141 Ursolic acid, TMS derivative OC 0.185±0 0.021±0.003 ND ND

142 Erythro-pentose, 5TMS 
derivative S ND ND 0.018±0.001 ND

143 Erythrotetrofuranose, 5TMS 
derivative S 0.02±0.004 0.577±0.047 0.039±0.001 0.018±0.004

144 Galactofuranose, 5TMS 
derivative S ND ND 0.1±0.013 ND

145 Galactopyranose, 5TMS 
derivative S 0.053±0 1.661±0.126 0.019±0.004 0.05±0.001

146 Glucitol, 5TMS derivative S ND ND 0.027±0 ND

147 Glucopyranose, 5TMS 
derivative S 0.12±0.011 0.057±0.001 0.283±0.011 0.109±0.009

148 Glucopyranoside, 5TMS 
derivative S 0.762±0.023 0.78±0.019 0.921±0.023 0.752±0.026

149 Glyceryl-glycoside, TMS 
derivative S 0.627±0.047 0.072±0 0.284±0.005 0.586±0.042

150 Inositol, 4TMS derivative S 0.226±0.012 0.052±0.004 0.034±0.003 0.206±0.01

151 Lactose, TMS derivative S 0.072±0 0.039±0.001 0.016±0.002 0.07±0.001

152 Maltose, 5TMS derivative S 0.046±0.001 0.072±0.001 2.903±0.154 0.016±0.002

153 Mannobiose, 5TMS derivative S 0.155±0.095 0.027±0.001 0.057±0 0.155±0.015

154 meso-Erythritol, 4TMS 
derivative S 0.072±0.001 0.038±0 0.762±0.023 0.072±0.001

155 Myo-Inositol, 5TMS derivative S 0.091±0.004 0.335±0.037 0.986±0.002 0.038±0

156 o-Xylene, 4TMS derivative S ND ND 0.165±0.018 ND

157 Psicofuranose, TMS 
derivative S 0.102±0.026 ND 0.099±0.016 0.101±0.026

158 Rhamnitol, 4TMS derivative S ND ND 0.037±0.011 ND

159 Rhamnose, 4TMS derivative S 0.039±0.001 0.085±0.005 0.072±0.001 0.039±0.001

160 Ribonic acid, 3TMS derivative S 0.032±0.001 0.762±0.023 0.226±0.012 0.032±0.001

161 Ribose, 3TMS derivative S ND ND 0.018±0.003 ND

162 Tagatofuranose, 6TMS 
derivative S 0.057±0 0.053±0.002 0.255±0.004 0.05±0.001

163 Talopyranose, 5TMS 
derivative S 0.027±0.001 0.109±0.001 0.064±0.003 0.03±0.002

164 Threonic acid, 4TMS 
derivative S 0.085±0.005 0.016±0.002 0.038±0.001 0.084±0.005

165 Threose, 3TMS derivative S 0.021±0.003 0.155±0.015 0.113±0.009 0.019±0.002

166 Trehalose, 3TMS derivative S 1.661±0.126 0.243±0.004 1.534±0.179 1.561±0.126

167 Turanose, 3TMS derivative S 0.243±0.004 0.019±0.004 1.72±0.458 0.232±0.003

168 Campesterol ST ND 0.55±0.377 ND 0.218±0.011

169 Desmosterol ST ND 0.066±0.003 1.336±0.04 1.923±0.301
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170 Ergosterol ST 5.356±0.34 15.568±0.741 ND ND

171 Stigmasterol ST ND 0.3±0.001 ND ND

Σ Amino acids (A) 6.288±0.275 5.718±0.21 4.246±0.316 5.123±0.2

Σ Fatty acids (FA) 81.495±5.736 52.162±10.389 130.857±11.758 29.082±3.531

Σ Hydrocarbons (HC) 11.016±1.035 13.431±2.063 42.428±5.103 17.601±1.379

Σ Organic compounds (OC) 4.266±0.601 2.727±0.418 85.724±12.901 18.299±3.139

Σ Sugars (S) 4.511±0.365 5.152±0.293 10.79±0.953 4.22±0.278

Σ Sterols (ST) 5.356±0.34 16.484±1.122 1.336±0.04 2.141±0.312

ΣΣ Total metabolites (mg/g DW) 112.88±8.35 95.68±14.49 275.38±31.09 76.47±8.84

% of total metabolites in one gram dry 
biomass 11 10 28 8

A – Amino acids derivative

HC – Hydrocarbon derivative

FA – Fatty acids derivatives

OC – Organic compound derivatives

S – Sugar derivatives, and ST- Sterol derivatives

The symbol “Σ” represent the sum of metabolite classes	

TMS (trimethylsilyl) derivative – indicates the addition of extra mass (TMS=73.19g/mol) to the metabolite.

Amino acids composition

Amino acids are organic compounds consists both amino and 
carboxylic acid groups. They serve several biological functions, most 
notably acting as monomer units in protein synthesis. Amino acid 
and their derivatives are precursor in several metabolic reactions. 
They play key role in the biosynthesis of biomolecules such as 
lipids, nucleic acids, hormones and also act as signaling molecules. 
Currently, 22 different amino acids and derivatives have been 
identified in microalgae. Out of them, the amino acids ornithine 
(0.149.36±0.01mg/gDW), glutamic acid (0.316±0.058mg/
gDW) were quantitatively higher in T. andamanica than in other 
organisms (Figure 4a). Additionally, amino acids derivatives such 
as cystathionine (2.662±0.006mg/g DW), glycyglutamic acid 
(0.245±0.011.41mg/gDW), and norvaline (0.013±0.001mg/gDW) 
were also higher in T. andamanica (Table S1). Similarly, G. emersonii 
exhibited higher production of homoserine (0.059±0.009mg/
gDW) and pyroglutamic acid or oxyproline (0.644±0.001mg/
gDW). Whereas, the highest amount of methionine production 
(0.046±0.01mg/g DW) was found in C. curvisetus. Correspondingly, 
asparagine (0.727±0.044mg/gDW) production was higher in T. 
lundiana than in other algae. 

Heatmap analysis revealed no significant difference in the 
production of alanine, aspartic acid, glycine, isoleucine, leucine, 
phenylalanine, proline, serine, and threonine in G. emersonii, C. 
curvisetus and T. lundiana (Figure 4a). From this observation, these 
amino acids may be essential to balance the intracellular cellular 
polarity and play key role in metabolic reaction. For example, 
alanine is involved in energy metabolism, managing nitrogen flow 
and acts as temporary nitrogen storage form. The up taking rate 
of Dissolved Form of Free Amino Acids (DFAA) increases under 

nitrogen depleted conditions in marine microalgae, enhancing their 
tolerance to nitrogen starvation [29]. Aspartic acid participates 
in the biosynthesis of nucleotides for DNA and RNA. It also plays 
important role in citric acid cycle and serves as a precursor for 
different other amino acids, including methionine and lysine 
[30]. In marine diatoms glycine and serine are participated in 
the synthesis of N-containing compounds such as glutamate 
through the glyoxylate pool. Additionally, glycine is a precursor for 
porphyrins, purines and is essential for the synthesis of glutathione 
[31]. Isoleucine and proline are stress markers they involved in 
the protein folding and enhance stress resistance during nutrient 
depletions [32]. 

Organic compounds composition

Organic Compounds (OCs) are small compounds containing 
carbon, hydrogen, oxygen and nitrogen elements. OCs are 
essential precursors for various metabolites’ biosynthesis and 
also necessary for life. In the present study, 19 different organic 
compound derivatives were identified frm in the experimental algal 
extracts (Table S1). Three organic compounds such as lactic acid 
(44.062±1.642mg/gDW), neophytadiene (13.929±5.311mg/g DW) 
and phosphoric acid (11.765±0.926mg/g DW) were quantitatively 
higher in T. andamanica compared to other algal species. 
Whereas the highest amount of glyceric acid (17.726±3.08mg/
gDW) accumulation was noticed in C. curvisetus than other algae. 
Heatmap analysis of organic acids revealed that organic compounds 
production significantly decreased in both C. curvisetus and T. 
lundiana species, except for the production of glyceric acid and 
fumaric acids. The accumulation of methylamine, lactic acid, malonic 
acid, acetamide, phosphoric acid, ethylene glycol and niacin were 
closely related in T. anadmanica and forming single cluster (Figure 
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4b). Lactic acid is formed from pyruvate in anaerobic condition. 
Lactic acid has been used as a natural disinfectant in food industries 
and curing agent. Accumulation of lactic acid increases the acid 
load in the cytosol, which induces cellular acidification under low 

oxygen stress in Arabidopsis thaliana in response to hypoxia stress 
[33]. Cellular acidification (low pH) promotes plant survival under 
hypoxia conditions and also enhance the endoproteases activity 
[34]. 

Figure 4: Heatmap analysis of amino acids (a) and organic compounds (b) composition of microalgae. Right side 
colure scale bare (+1.5 to -1.5) represent the up and down regulation of metabolites production in respective 

microalgae. Left side cluster indicate the quantitative closeness of metabolites.

Fatty acids composition

Fats are light weight non-polar molecules that play an important 
role in the biosynthesis of phospholipids and store energy. 
Microalgae are the major source of diverse fatty acids. In the present 
study, 43 different fatty acids are identified in the experimental 
algae (Table S1). Out of them, the fatty acids 1-monopalmitic 
acid (21.859±0.386mg/gDW), 9,12-octadecedienoic acid 
(11.13±2.82mg/gDW), 9-Octadecenoic acid (11.104±0.686 mg/
gDW), Doconexent (DHA–17.618±1.431mg/ g DW), glycerol 
monostearic acid (10.89±3.26mg/g DW), oleic acid (11.59±3.22mg/
gDW), palmitic acid (20.25±0.19mg/gDW), and 9-octadecanoic 
acid (11.11±0.69mg/gDW) production were higher in case of T. 
andamanica than other algae. Whereas the production of alpha-
linolenic acid (ALA-19.231±2.957mg/gDW) and stearic acid 
(16.116±0.136mg/g DW) were higher in the case of green algae G. 
emersonii as compared to diatoms. In the case of T. lundiana, two 
SFAs pentadecanoic acid (2.98±0.33mg/gDW) and undecanoic 
acid (4.01±0.24mg/gDW) and one monounsaturated fatty acid 
palmitelaidic acid (3.99±1.92mg/gDW) accumulation was higher 
compared to in other algae. The highest amount of eicosapentaenoic 
acid (EPA–3.551 ±0.251mg/g DW) was found in C. curvisetus 
compared to other algae. Diatom T. andamanica was capable of 
producing higher amount of total fatty acids (130.857±11.758mg/

gDW) with variety fatty acids as compared to T. lundiana, C. 
curvisetus and the green algae G. emersonii. From heatmap analysis, 
the accumulation of 9,12,15-Octadecatrienoic acid, dodecanoic acid, 
11,14-eicosadienoic acid, 1-monopalmitin, palmitic acid oleic acid, 
octadecedienoic acids and 17-octadecynoic acid were significantly 
higher and forming single cluster (Figure 5a). This indicate that the 
biosynthesis of these fatty acids may be essential and they play key 
role in lipid metabolism of T. andamanica.

Recently, the Thalassiosira species have been explored as a 
primary source of various bioactive compounds such as n-3, n-6, 
and Monounsaturated Fatty Acids (MUFAs) [35-37], volatile fatty 
acid [38], glycerolipids [39] and phytosterols [40,41]. Especially, 
Eicosapentaenoic Acid (EPA) and Docosahexaenoic Acid (DHA) 
are n-3 PUFAs, they are essential bioactive substances that are 
used in various nutritional formulas to promote human health and 
prevention or treatment of coronary heart diseases, hypertension, 
ocular diseases, arthritis, and cystic fibrosis [42,43]. Addition EP and 
DHA are the primary precursors to anti-inflammatory eicosanoids 
biosynthesis [44]. Omega-3 PUFAs have strong anti-inflammatory 
potential, and are critical in combating Insulin Resistance (IR) [45]. 
DHA and EPA not only suppress IR but also acts as Angiotensin-
Converting Enzyme Inhibitors (ACE-I) or Angiotensin Receptor 
Blockers (ARB), reducing albuminuria and Coronary Artery Disease 
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(CAD) in T2DM individuals [46]. Furthermore, supplementation 
with DHA (1000mg) and EPA (200mg) has proven effective in 
alleviating painful neuropathy and reducing oxidative stress [47].

Hydrocarbons composition

Hydrocarbons are hydrophobic compounds consists hydrogen 
and carbon. Unlike proteins, phospholipids, fatty acids and 
carbohydrates, hydrocarbons don not have phosphorous, nitrogen 
and carboxylic groups. Bio-hydrocarbons (i.e., Alkane and alkenes) 
have high energy and can be substituted for petroleum derived fuels. 
Recently, biosynthesis of three types of bio-hydrocarbons namely 
alkanes, terminal alkenes (1-alkenes) and internal alkenes has been 
discovered from fatty acids [48]. Alkane and alkenes are alternative 
to fossil fuels. In this study, 57 different hydrocarbon compounds 
were detected. Out of them, the alkanes eicosene (1.902±0.299mg/
gDW), nonadecatetraene (2.242±0.04mg/gDW) and tetradecane 
(3.335±0.541mg/gDW) were dominant in T. andamanica compared 
to other algae.

Similarly, the alkenes derivatives (i.e. terminal and internal 
alkenes) 1,4-butanediol (4.421±0.265mg/gDW), 2,3-butanediol 
(2.132±0.681mg/gDW), 3-octadecene (4.889±1.477mg/gDW), 
1-docosene (2.101±0.044mg/g DW), 1-tricosene (2.335±0.201mg/
gDW), and 1,8,11,14-heptadecatetraene (5.921±0.053mg/gDW) 

accumulation was found in T. andamanica. Whereas eicosane 
(2.904±0.172mg/gDW) and 1-decanol (1.638± 0.024mg/gDW) 
were quantitatively higher in C. curvisetus than other algae (Table 
S1). The heatmap analysis of hydrocarbon indicates that the 
accumulation of 1,4-butanediol, 1-docosene, eicosene, 1-heptanol, 
heptadecanol, cyclopentanone, nonadecatetraene, tetradecane, 
1-undecene, 1-tricosene were closely related in T. andamanica 
(Figure 5b). From these observations, intracellular hydrocarbons 
are may be synthesized from fatty acids in microalgae. Previously, 
the biosynthesis pathway of bio-hydrocarbons (alkanes) from fatty 
acids was discovered in Synechococcus elengatus PCC 7942 [49]. 
Moreover, the discovery of an algae specific photoenzyme (glucose-
methanol-choline oxidoreductase) in Chlorella varibilis NC 64A 
confirmed the biosynthesis pathway of alkanes in microalgae. The 
photoenzyme converts free fatty acids to n-alkanes or alkenes in 
response to blue light [50]. In vivo experimental study confirmed 
that Synechoccus sp. PCC 7022 mutants lacking hydrocarbon 
biosynthesis pathways induced thylakoid membrane curvature, 
optimal growth, cell division and enlarging the cell size compared 
to wild type [51]. Hydrocarbons act as antidesiccant and water 
proofing agents in insects [52]. These studies strongly support the 
accumulation of bio-hydrocarbons in the experimental microalgae 
may be supporting the cell growth, cell size and membrane fluidity.

Figure 5: Heatmap analysis of fatty acids (a) and hydrocarbons (b) composition of microalgae. Right side colure scale 
bare (+1.5 to -1.5) represent the up and down regulation of metabolites production in respective microalgae. Left side 

cluster indicate the quantitative closeness of metabolites.
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Sugar and sterol composition 

Sugar and sugar derivatives are major reservoirs of carbon 
and energy. The catabolic reaction of sugars and their derivatives 
produce direct energy in the form of ATP, NADPH, FAD and GTP. 
Microalgae can synthesize diverse sugar molecules through the 
photosynthesis mechanism and excess sugar molecules can store as 
monosaccharaides or disaccharides or polysaccharides. Microalgae 
can excrete the sugar molecule as Extracellular Polysaccharides 
(EPS) which protect the organism from external infection causing 
agents. In this study, we have 26 different sugars derivatives in the 
experimental microalgae (Table S1). Out of them, galactopyranose 
(1661±0.126mg/gDW) and ribonic acid (0.762±0.023mg/

gDW) were higher in T. lundiana than other algae. However, the 
accumulation of glucopyranoside (0.921±0.023mg/gDW), maltose 
(2.903± 0.154mg/gDW), myo-inositol (0.986±0.002mg/gDW), 
trehalose (1.534±0.179mg/gDW), and turanose (1.72± 0.458mg/
gDW) were higher in T. andmanica compared to other algae. In 
the case of G. emersonii, highest amount of glyceryl-glycoside 
(0.627±0.047mg/gDW) was noticed. The correlative heatmap of 
sugars indicates that the diatoms T. andamanica and T. lundiana 
are major sources for variety of sugar derivatives as compared to 
C. curvisetus and G. emersonii. However, there was no significant 
difference in the production of glycerly-glycoside, mannobiose, 
threonic acid, inositol and lactose in C. curvisetus and G. emersonii 
(Figure 6).

Figure 6: Heatmap analysis of sugar and sterol composition of microalgae. Right side colored scale bare (+1.5 to 
-1.5) represent the up and down regulation of sugar and sterol derivatives in respective microalgae. Left side cluster 

indicate the quantitative closeness of metabolites.

Sterol and sterol derivatives are a class of triterpenoid molecules, 
involved in the regulation of the biological process of cells and act as 
pillars to sustain the domain structure of cell membranes [40,53]. 
There are four sterol derivatives such as campesterol, desmosterol, 
ergosterol, and stigmasterol were identified in the present study 
(Table S1). The highest amount of campesterol (0.55±0.377mg/
gDW), ergosterol (15.568±0.741mg/gDW) and stigmasterol 
(0.3±0.001mg/gDW) were noticed in the case of T. lundidana than 

G. emersonii, T. andamanica and C. curvisetus species. The heatmap 
depict that the accumulation of campesterol and ergosterol were 
closely related, but stigmasterol accumulation is unique in T. 
lundiana (Figure 6). From these observations, the T. lundidana might 
be resistant to higher salinity and thermal stress conditions than 
others. Many research findings reported that sterol accumulation 
can improve the cellular integrity, and fluidity and enhances the 
permeability of lipid bilayer [54]. Previously, the Shoubaky research 
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team has found the accumulation of diverse sterol components in 
two brown algae. According to them, campesterol was detected in 
both species, but they observed significant differences in quantity 
i.e. Padina pavonica (3.14%) and Hormophysa triquetra (0.4%) 
[55,56]. 

Principal Component Analysis (PCA)

PCA, is a dimensionality reduction method used to simplify 
large datasets. In this study, quantitative biological triplicate 
data sets (n=3) of four microalgal metabolites were analyzed 
using PCA to evaluate algal production efficiency based on 
Euclidean distance or similarity (at P>0.05 level). The analysis 
revealed distinct accumulation pattern of palmitelaidic acid 
(3.988±0.916mg/gDW) and ergosterol (15.568±0.741mg/gDW) 
in T. lundiana compared to other metabolites and algal species. 
Sterol are essential for cell membrane integrity, fluidity and 
serves as primary precursors for Vitamin D and bile acids [56,36]. 

Similarly, lactic acid (44.062±1.642mg/gDW) in T. andamanica, 
glyceric acid (17.726±3.08mg/gDW) in C. curvisetus, and alpha-
linolenic acid (19.232±2.957) in G. emersonii were quantitatively 
distinct. However, no significant differences were observed in the 
production of doconexent (17.618±4.314mg/gDW) in T. lundiana, 
glyceric acid (17.726±3.08mg/gDW) in C. cuervisetus, and stearic 
acid (16.116±0.136mg/gDW) in G. emersonii. Furthermore, 
palmitic acid (20.244±0.187mg/gDW) and 1-monopalmitin 
(21.859±0.386mg/gDW) accumulations showed no significant 
different in T. andamanica, but were significantly different 
compared to other metabolites and algae. Correspondingly, the 
production of neophytadiene (13.929±5.311mg/gDW), linoleic acid 
(11.126±0.814mg/gDW) glycerol monostearate (10.889±0.254mg/
gDW) and phosphoric acid (11.765±0.926) in T. andamanica was 
not significantly different within the species but was significantly 
different (p<0.05, n=3) compared to other metabolites and algae 
(Figure 7). 

Figure 7: Principal component analysis of metabolites production in four different microalgae. The species specific 
metabolites represented with different symbols i.e. ●- G. emersonii, ◊- T. lundiana ■- T. andamanica, and □ - C. 

curvisetus. List of metabolites were presented in Table S1.

From this comprehensive anlaysis, thalassiosira (Diatoms) 
species were found to accumulate glycerol, lactic acid, and 
Omega-3 PUFAs derivatives. These compounds are widely utilized 
as food ingredients in the food industry and as bioactive agents 
in pharmaceutical and nutraceutical sectors [57-59]. Overall, the 
PCA analysis revealed species-specific metabolite accumulation, 
highlighting significant metabolic diversity among microalgae 
species. 

Conclusion
Untargeted metabolomics revealed the chemical composition 

of four microalgae: C. curvisetus , G. emersonii, T. lundiana, and T. 
andamanica. Among them, T. andamanica exhibited the highest 
β-carotene (12.25mg/gDW), and fucoxanthin (9.8mg/gDW). Lipid 

accumulation followed the order: T. andamanica>G. emersonii>T. 
lundiana > C. curvisetus. Meanwhile, C. curvisetus has the highest 
protein content (11.09%) and G. emersonii contained the highest 
amount carbohydrate (7.83%). From metabolomics profiling, the 
essential fatty acids like EPA and DHA abundant in T. lundiana 
compared to the others algae. Principal Component Analysis (PCA) 
revealed significant differences in the production of lactic acid in T. 
andamanica, glyceric acid in C. curvisetus, and alpha-linolenic acid 
in G. emersonii (at p<0.05, n=3). Silylation was critical in improving 
GC-MS detection by reducing the polarity of small molecules, 
enabling the identification of 171 metabolites, which were 
categorized into amino acids, fatty acids, hydrocarbons, sugars 
and sterols. This method streamlined detection, outperforming 
traditional transesterification. From this comprised study, the 
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Bacillariophyceae species (i.e. T. lundiana and T. andamanica) 
proved to be richer source of essential fatty acids, organic acids, 
hydrocarbons and sugar derivatives than G. emresonii.
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