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ABSTRACT 
Chlorella vulgaris is a microalga species studied for its characteristics and potential 
applications since 1960. This study investigates the effect of combined salinity and 
cadmium stress on compound diversity, antioxidant activity, and pigment concen-
trations in C. vulgaris InaCCM49. Microalgae were cultivated in control and Cd-

saline treatments (0.4 M NaCl and 95 μM CdCl₂), followed by biomass harvesting, 
pigment determination, IC₅₀ measurement, and metabolomic analysis. Cd-salinity 
stress enhanced antioxidant activity, showing 51.8% lower IC₅₀ values (79.47 ppm) 
compared to controls (164.99 ppm), and increased carotenoid content to 1.919 mg 
g⁻¹. Meanwhile, chlorophyll a and b concentrations were notably higher in control 
treatment during the half-logarithmic phase. Partial Least Squares Discriminant 
Analysis revealed clear metabolomic differences between treatments. Stigmatellin 

Y, maltose, glycolipid 1-hexadecanoyl-3-(6'-sulfo-α-D-quinovosyl)-sn-glycerol, and 
phenolic derivative (2-phenoxy-3-pyridinyl)[3-(2-thienyl)-1H-pyrazol-1-yl]
methanone exhibited VIP scores >15. Stigmatellin Y and glycolipids were highly 
synthesized in controls, whereas maltose and phenolic derivatives were elevated in 
Cd-saline treatment. Pheophorbide a and 3-oxo-nonadecanoic acid showed the 
strongest negative correlations with IC₅₀ (regression coefficients of -14.6047 and -
13.9555), indicating key roles in antioxidant activity. This study represents the first 
comprehensive metabolomic analysis of C. vulgaris InaCCM49 under combined cad-
mium-salinity stress, revealing metabolic adaptation through enhanced synthesis of 
phenolic derivatives and pheophorbide a-mediated antioxidant responses. 
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INTRODUCTION 
Microalgae have been explored for commercial applications since the 1960s, 
with increasing interest due to their potential as sources of primary and sec-
ondary metabolites. Among these, Chlorella vulgaris is widely studied for its 
applications in biofuel production, bioremediation, cosmeceuticals, and as a 
nutritional supplement, owing to its rich composition of bioactive compounds 
including phenolic, flavonoids, and carotenoids, which contribute to its signif-
icant antioxidant capacity as measured by ABTS radical scavenging activity 
(Pantami et al. 2020; Coronado-Reyes et al. 2022). The ability of C. vulgaris to 
produce a variety of metabolites under different conditions makes it an excel-
lent model organism for studying metabolic adaptations and bioactive com-
pound synthesis. However, the biotechnological potential of microalgae is sig-
nificantly influenced by environmental challenges that can either enhance or 
compromise their metabolic performance.  

Environmental stress plays a crucial role in modulating the biosynthesis 
of protective metabolites, including antioxidants, in C. vulgaris. Several stud-
ies have demonstrated that abiotic stressors influence secondary metabolism 
by altering cellular defence mechanisms and triggering adaptive responses 
that affect overall metabolite production and antioxidant capacity (El-
fayoumy et al. 2021; Hiremath & Mathad 2022; Wang et al. 2022; Zhang et al. 
2023). Zhang et al. (2023) showed that UV-B and salt stress elevated phenolic 
and flavonoid levels in C. vulgaris, enhancing antioxidant enzyme activities, 
while Wang et al. (2022) found that nitrogen deprivation and salinity stress 
synergistically increased carotenoid and lipid antioxidant content, supporting 
the notion that combined abiotic stresses can substantially boost secondary 
metabolite production. 

Among various abiotic stressors, the combination of heavy metal con-
tamination and salinity presents a particularly complex challenge in coastal 
and industrial environments. Heavy metal exposure, particularly cadmium 
(Cd), has been reported to induce oxidative stress, which triggers metabolic 
adjustments affecting photosynthetic pigments, lipid metabolism, and antioxi-
dant responses (Xu et al. 2024). Chlorophyll biosynthesis and degradation are 
significantly altered under Cd stress, leading to modifications in photosyn-
thetic efficiency (Atabayeva et al. 2022). Similarly, carotenoid biosynthesis is 
upregulated as a defence mechanism against oxidative damage, while lipid 
metabolism undergoes substantial modifications with changes in key mem-
brane lipids such as acetone mobile polar lipids (AMPL) and phospholipids 
(PL), accompanied by accumulation of stress-responsive fatty acids and lipid 
derivatives (Chia et al. 2013; Shi et al. 2020). The synergistic effects of com-
bined Cd-salinity stress on metabolomic profiles remain largely unexplored 
despite their environmental relevance. 

While individual effects of Cd or salinity stress on C. vulgaris metabo-
lism have been studied, comprehensive metabolomic analysis of combined 
stress responses remain limited. Furthermore, strain-specific responses have 
received insufficient attention in metabolomics research. Unlike the Indone-
sian strain InaCCM49, strain UTEX 395 has been extensively characterised 
using a genome-scale metabolic model (iCZ843), demonstrating strong adapt-
ability across trophic modes through upregulated amino acid, pigment, and 
lipid biosynthesis under nutrient stress. In contrast, CCAP 211/11B 
(equivalent to SAG 211-11B) exhibits high halotolerance, sustaining growth 
and lipid accumulation in seawater, indicating greater salinity resilience com-
pared to UTEX 395. Given the complexity of metabolic changes induced by 
stress, untargeted metabolomics approaches, particularly chemometric tech-
niques such as Partial Least Squares (PLS) regression, are effective for estab-
lishing correlations between metabolite profiles and biological activities, ena-
bling identification of key metabolites contributing to stress tolerance and 
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antioxidant capacity (Hawrył et al. 2020; Umar et al. 2021). 
This study focuses on investigating the effect of combined salinity and 

cadmium stress on compound diversity, antioxidant activity, chlorophyll, and 
carotenoid pigment concentrations in C. vulgaris InaCCM49, while evaluating 
compounds contributing to IC₅₀ values through UPLC-MS/MS and PLS 
analysis. By integrating untargeted metabolomics with multivariate statistical 
analysis, this research aims to elucidate key metabolic pathways underlying 
the dual stress response and identify bioactive compounds contributing to an-
tioxidant potential. Understanding the metabolic adaptations of C. vulgaris 
InaCCM49 will provide insights into strain-specific biotechnological applica-
tions and the potential for producing bioactive compounds with significant 
antioxidant properties under environmentally relevant stress conditions. 

 
MATERIALS AND METHODS 
Materials 
Chlorella vulgaris InaCCM49 was obtained from the Indonesian Culture Col-
lection of Microorganisms (InaCCM), National Research and Innovation 
Agency (BRIN), Indonesia. The strain was maintained under standard labora-
tory conditions at pH 7.0 ± 0.2, 25 °C ± 2 °C, with continuous illumination of 

50 μmol photons m-2 s-1 under a 12:12 h light:dark cycle, in BG-11 medium. 
Baseline measurements for cell density, chlorophyll content, carotenoid lev-
els, and antioxidant activity were established from control cultures prior to 
stress treatment application. 

Equipment and reagents used included: Low Speed Cryogenic Universal 
Centrifuge (Centrifuge 5430, Eppendorf), Vortex mixer (QL-901, Kylin-Bell 
Lab Instruments Co., Ltd China), Ultrapure water meter (Milli-Q Integral, 
Millipore Corporation, USA), Refrigerated Vacuum Concentrator (Maxi Vac-
beta, Gene Company), Tissue Grinder (JXFSTPRP, Shanghai Xin Ning, Chi-
na), Methanol (A454-4), Acetonitrile (A998-4) were all LCMS level (Thermo 
Fisher Scientific, USA), Ammonia formate (17843-250G, Honeywell Fluka, 
USA), Formic acid (50144-50 ml, Dimka, USA). Ultrapure water (18.2 

MΩ·cm) was generated using a Milli-Q system (Millipore). Internal standards 
used were: d3-Leucine, 13C9-Phenylalanine, d5-Tryptophan, and 13C3-
Progesterone. 

 
Methods 
Microalgae cultivation 
A total of 20 % (v/v) of 6-day-old C. vulgaris InaCCM49 microalgae starter 
culture was cultivated in vitro in control treatment using artificial seawater 
media Blue Treasure™ added with sterile Walne nutrients as much as 1 mL 
L-1. Artificial seawater was prepared using commercial salt (Blue Treasure 
SPS Sea Salt™, China) dissolved in ultrapure water. The seawater salt mix-
ture at salinity of 35‰ contains: Na⁺ = 9300 mg L-1, Cl⁻ = 17300 mg L-1, Ca²⁺ 
= 430 mg L-1, Mg²⁺ = 1400 mg L-1, K⁺ = 360 mg L-1, SO₄²⁻ = 2260 mg L-1, 
Sr²⁺ = 9.0 mg L-1, Rb²⁺ = 0.11 mg L-1, Fe = 0.06 mg L-1, Br⁻ = 20 mg L-1, B = 
4.0 mg L-1, F⁻ = 0.8 mg L-1, and trace elements. Cultivation conditions were 
of 25 °C, medium pH 7.5-8, continuous 24-hour irradiation, aeration with ox-
ygen bubbling, 2 % of CO2 levels, light intensity of 4000 lux, and salinity of 
35 ‰. The nutrient solution was prepared according to Walne (1970) con-
taining per litre: NaNO₃ 100.0 g, NaH₂PO₄·2H₂O 20.0 g, EDTA (disodium 
salt) 45.0 g, FeCl₃·6H₂O 1.3 g, MnCl₂·4H₂O 0.36 g, H₃BO₃ 33.6 g, and trace 
metal solution (TMS) 1.0 mL containing ZnCl₂ 2.1 g, CoCl₂·6H₂O 2.0 g, 
(NH₄)₆Mo₇O₂₄·4H₂O 0.9 g, and CuSO₄·5H₂O 2.0 g per 100 mL. The solution 
was acidified to clarify concentrated HCl and sterilised by autoclaving at 15 
psi for 15 minutes. Unlike Xu et al. (2024), who investigated single cadmium 
stress on Scenedesmus obliquus with concentrations ranging from 0.005–10 mg 
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L-1 (EC₅₀ = 0.41 ± 0.03 mg L-1 after 96 hours), our study employed a com-

bined stress approach by adding 0.4 M NaCl and 95 μM CdCl₂ 
(approximately 10.7 mg L-1) to the cultivation medium from day 0 to simulate 
realistic coastal pollution conditions where cadmium contamination co-occurs 
with salinity stress, representing a supra-lethal dose designed to elicit strong 
metabolic responses. While Xu et al. (2024) monitored Scenedesmus obliquus 
responses every 24 hours over 96 hours during logarithmic growth phase, our 
extended sampling protocol captured metabolic dynamics across different 
growth phases based on preliminary IC₅₀ experiments at three critical 
timepoints: mid-exponential phase (5 days), late-exponential phase (8 days), 
and death phase (12 days). Metabolomic samples were collected in triplicate 
during the highest IC₅₀ phase (day 5) to capture peak metabolic stress re-
sponses when cellular adaptation mechanisms are most active. Microalgal 
growth under control and stress treatments was measured by calculating cell 
density using a Neubauer's chamber Haemocytometer, weighing dry biomass, 

and measuring optical density (OD) with a UV-Vis spectrophotometer at λ 
680 nm every 24 hours until reaching the death phase (Gonzalez-Esquer et al. 
2019). 

 
Microalgae harvesting 
The harvesting of microalgae in stress and control treatments was performed 
at three different growth phases, namely at half-logarithmic phase, end of log-
arithmic phase, and death phase. Phase selection was based on established 
protocols for capturing stress-adaptive metabolites across different physiolog-
ical states, as metabolite profiles vary significantly during algal growth cycles 
under abiotic stress conditions (Gonzalez-Esquer et al. 2019). The half-
logarithmic phase represents active cell division with high metabolic activity; 
the end logarithmic phase indicates nutrient limitation onset, and the death 
phase reflects maximum stress response, collectively providing comprehen-
sive metabolomic insights into C. vulgaris adaptation mechanisms (Chen et al. 
2020; Liu et al. 2021). Microalgae were separated from the medium by cen-
trifugation technique at a speed of 3000 rpm for 10 minutes. A total of 1-10 
mg of filtered biomass was then diluted with 25 mL of 0.5 M ammonium for-
mate to remove salt residues from the cell culture. Furthermore, filtration 
was performed twice as a further purification step (Barten et al. 2022). The 
collected microalgal biomass was then freeze-dried until a dry powder was 
obtained. 

 
Determination of chlorophyll a, chlorophyll b, and carotenoid 
Four millilitres of  microalgal culture were taken and centrifuged at 3000 rpm 
for 10 minutes. The supernatant was discarded, and the cell pellet was washed 
twice with 4 ml of  distilled water to remove salt residues before being centri-
fuged again. The cell pellet was suspended in 4 ml of  absolute methanol and 
centrifuged for 10 minutes at 3000 rpm. The supernatant was taken to meas-

ure its absorbance using a spectrophotometer. Absorbance was measured at λ 

652 nm, λ 665 nm, and λ 470 nm using methanol as the blank. Concentrations 
of  chlorophyll a, chlorophyll b, and carotenoid pigments were calculated us-
ing formulas from Table 1 (Lichtenthaler & Buschmann 2001). 

Component Calculation formula 

Ca (µg mL-1) 16.72 A665 -9.16 A652 

Cb (µg mL-1) 34.09 A652 – 15.28 A665 

Cx+c (µg mL-1) (1000 A470 – 1.63 Ca – 104.96 Cb) /221 

Ca = chlorophyll a content, Cb = chlorophyll b content, Cx+c = total carotenoid content 

Table 1. Calculation formula for chlorophyll a, chlorophyll b, and carotenoid contents. 
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Metabolite extraction for metabolomic analysis 

Fifty micrograms (50 μg) of samples, specifically A1 from the Cd-saline treat-
ment and E3 from the control treatment, were weighed into 1.5 mL Eppen-

dorf tubes, respectively. Each sample was soaked with 800 μL of a precooled 

extraction solution (methanol:water = 7:3, v/v) and 20 μL of Internal Stand-
ard 1 (IS1). The methanol-water extraction protocol was selected based on 
established methods for comprehensive polar metabolite recovery in UPLC-
MS metabolomics studies (Salem et al. 2020; Sarkar et al. 2025). Homogenisa-
tion was performed using a weaving grinder at 50 Hz for 10 minutes, fol-
lowed by water bath ultrasonication at 4 °C for 30 minutes. Subsequently, the 
samples were allowed to stand at −20 °C for 1 hour to enhance metabolite 
precipitation and extraction efficiency (Gorrochategui et al. 2021). The ex-
tracts were centrifuged at 14,000 rpm at 4 °C for 15 minutes. A volume of 600 

μL of supernatant was filtered through a 0.22 μm membrane, and 20 μL of the 
filtered solution from each sample was combined to create a mixed quality 
control (QC) sample, following standard metabolomics protocols for microal-
gal stress studies (Liu et al. 2023). 

This QC sample was used to assess the repeatability and stability of the 
LC/MS analysis. QC samples were injected at the beginning, middle, and end 
of each analytical batch, with additional QC injections every 10-15 study sam-
ples throughout the analytical sequence to monitor instrumental drift and 
system performance (Wang et al. 2022; Smith et al. 2023). Quality control 
acceptance criteria, following current metabolomics guidelines: metabolite 
features were required to show relative standard deviation (RSD) < 30 % for 
peak intensity across QC injections, RSD < 2 % for retention time, and mass 
accuracy < 10 ppm for reliable identification (González-Domínguez et al. 
2024). Features not meeting these criteria were excluded from subsequent 
statistical analyses to ensure data quality and reliability. Both the filtered 
samples and the mixed QC samples were transferred to 1.5 mL sample vials 
for subsequent instrumental analysis. 

 
UPLC-MS/MS analysis 
Metabolite separation and detection were performed using a Waters UPLC I-
Class Plus system coupled with a Q Exactive high-resolution tandem mass 
spectrometer (Thermo Fisher Scientific, USA). Each treatment group includ-
ed three biological replicates (n=3) for statistical analysis. Chromatographic 

separation was conducted on Hypersil GOLD aQ Dim column (1.9 μm 
2.1×100 mm, Thermo Fisher Scientific, USA), with mobile phase A consisting 
of 0.1 % formic acid in water and mobile phase B consisting of 0.1 % formic 
acid in acetonitrile. The column temperature was maintained at 40 °C. The 
gradient conditions were optimised based on established UPLC-MS metabo-
lomics protocols (Want et al. 2012; Salem et al. 2020) and were as follows: 5 
% B over 0.0-2.0 min, 5-95 % B over 2.0-22.0 min, held constant at 95 % B 
over 22.0-27.0 min, and washed with 95 % B over 27.1-30 min. The flow rate 

was 0.3 mL min-1, and the injection volume was 5 μL. 
Mass spectrometry conditions: Using Q Exactive (Thermo Fisher Sci-

entific, USA), with primary and secondary mass spectrometry data acquisition 
following established untargeted metabolomics protocols (Gorrochategui et 
al. 2021; Sarkar et al. 2025). The scan range was 125–1500 m/z for positive 
ions and 100–1500 m/z for negative ions with a resolution of 70,000. The au-
tomatic gain control (AGC) target for MS acquisitions was set to 1×10⁶ with 
a maximum ion injection time of 100 ms. The top three precursors were se-
lected for subsequent MS/MS fragmentation with a maximum ion injection 
time of 50 ms and resolution of 30,000, and the AGC was 2×10⁵. The stepped 
normalised collision energy was set to 20, 40, and 60 eV. ESI parameters 
were set as follows: Sheath gas flow rate was 40, Aux gas flow rate was 10, 
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positive-ion mode Spray voltage (|KV|) was 3.80, negative-ion mode Spray 
voltage (|KV|) was 3.20, Capillary temperature was 320 °C, Aux gas heater 
temperature was 350 °C. 

 
Metabolite ion peak extraction and metabolite identification 
Offline mass spectrometry data were imported into Compound Discoverer 3.3 
(Thermo Fisher Scientific, USA) and analysed in combination with BMDB 
(BGI Metabolome Database), mzCloud, and ChemSpider online databases, 
generating a data matrix containing metabolite peak areas and identification 
results. 

Metabolite identification and annotation followed the Metabolomics 
Standards Initiative (MSI) confidence levels to ensure reliable compound 
identification (Schymanski et al. 2014; Creek et al. 2024). Confidence levels 
were assigned as follows: Level 1 (identified metabolites) - confirmed with 
authentic reference standards matching exact mass, retention time, and MS/
MS fragmentation patterns; Level 2 (putatively annotated compounds) - 
probable structures based on library spectral similarity and/or diagnostic evi-
dence without reference standards; Level 3 (putatively characterised com-
pound classes) - characterised to compound class level only; Level 4 
(unknown compounds) - unidentified compounds with spectral or chromato-
graphic information (Sumner et al. 2007; Blazenovic et al. 2018). 

Only metabolites with MSI confidence levels 1 and 2 were included in 
final statistical analyses to ensure annotation reliability and reduce false posi-
tives. False discovery rate (FDR) control was applied at 5 % for multiple test-
ing corrections during annotation scoring to maintain statistical rigor in me-
tabolite identification (Tsugawa et al. 2015). Database matching scores were 
filtered using minimum spectral similarity thresholds (>70 % for mzCloud, 
>80 % for BMDB) and mass accuracy requirements (<5 ppm) to enhance 
identification confidence. The resulting data table was further analysed and 
processed. 

Software Information: Compound Discoverer Version: v.3.3. Parame-
ters: Parent ion mass deviation: <5 ppm; Mass deviation of fragment ions: 
<10 ppm; Retention time deviation: <0.2 min. Official Website: https://
mycompounddiscoverer.com/ 

 
Antioxidant activity using the ABTS test 
A total of 200 mg of dry microalgae samples were soaked in 15 mL of 
DCM:MeOH (v/v= 1:1) for 2x24 hours. Every 24 hours, the maceration solu-
tion was centrifuged at 4000 rpm for 10 minutes. The supernatant was put 
into a porcelain cup for evaporation to obtain the extract yield. Furthermore, 
the yield was weighed and dissolved in absolute methanol at a concentration 
of 10,000 ppm. Antioxidant was measured using ABTS reagent (2,2'-azino-bis 
3-ethylbenzothiazoline-6-sulfonic acid) as follows. Samples from each treat-
ment were prepared in concentrations of 1250, 625, 312.5, and 156.25 ppm, 
and subjected to antioxidant testing using the ABTS method. A total of 7.5 

μL of sample was added to a 96-well microplate, followed by 142.5 μL of 
ABTS reagent. The mixture was homogenised and incubated for 30 min at 25 
°C in darkness. Absorbance was measured at 745 nm, with each measurement 
performed in triplicate (Coulombier et al. 2020). Antioxidant activity was ex-
pressed as IC50 values (concentration required to inhibit 50 % of ABTS radi-
cal), calculated from dose-response curves using regression analysis. A nega-
tive control (methanol blank) was included in each assay to establish baseline 
absorbance. Assay validity was confirmed through positive inhibition re-
sponses across the tested concentration range, consistent with established 
ABTS protocols for plant extracts (reference). 

 

https://mycompounddiscoverer.com/
https://mycompounddiscoverer.com/
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Data Analysis 
The experimental results of IC50, chlorophyll a (Chl_a), chlorophyll b 
(Chl_b), and carotenoids concentrations are expressed as means ± standard 
deviation (SD) of three replicates per treatment. One-way ANOVA was per-
formed using R version 4.4.2, with significance levels tested at p < 0.05 
(Tukey's HSD test). 

The processed metabolite data and IC50 values were analysed using 
partial least squares (PLS) regression to assess the correlation between me-
tabolite profiles and antioxidant activity. Data preprocessing involved nor-
malisation of metabolite data by TIC (Total Ion Count) and imputation of 
missing values. PLS analysis was performed with leave-one-out (LOO) cross-
validation using the plsr function in R. Regression coefficients were extracted 
and normalised to identify metabolites with the most significant influence on 
IC50 values. The statistical analysis was conducted using R version 4.4.2, and 
results were visualised with bar plots representing the contributions of each 
metabolite. 

In addition, the PLS-DA model and Variable Importance in Projection 
(VIP) scores were constructed to evaluate the relationships between metabo-
lites and IC50 values. These analyses were performed using MetaboAnalyst 
6.0 (https://www.metaboanalyst.ca) from a dataset of 1843 metabolites ob-
tained through UPLC-MS. For PLS-DA analysis, data preprocessing includ-
ed normalisation and transformation to ensure suitability for multivariate 
analysis. VIP scores were calculated to identify key metabolites contributing 
significantly to the model's prediction. Analysis and visualisations were con-
ducted using the MetaboAnalyst platform. 

 
RESULTS AND DISCUSSION 
Results 
The experiment was designed with different treatments and growth phases, 
as shown in Table 2. The highest chlorophyll a and chlorophyll b contents 
were observed in the control treatment during the half-log phase (E1), at 
18.886 mg g-1and 16.923 mg g-1, respectively. Conversely, the lowest chloro-
phyll a and b concentrations were found in the control treatment during the 
death phase (E3), namely 0.909 mg g-1 and 1.886 mg g-1, respectively. 

Total carotenoid concentrations showed variation across treatments 
and growth phases, with the highest level recorded in the Cd-saline treatment 
during the half-log phase (A1) at 1.919 mg g-1. The carotenoid measurements 
represented the total carotenoid content, which may include various isomers 

such as β-carotene, lutein, zeaxanthin, and other xanthophyll derivatives that 
are known to have distinct antioxidant roles and stress response mechanisms 
in microalgae (Minhas et al. 2016; Sathasivam et al. 2019). Individual carote-
noid isomer analysis would provide more detailed insights into specific stress 

adaptation pathways, as β-carotene primarily functions in photoprotection 
while lutein and zeaxanthin are involved in the xanthophyll cycle for dissipat-
ing excess light energy (Metting 1996; Lemoine & Schoefs 2010). The lowest 
carotenoid content was found in the control treatment during the log phase 
(E2) at 0.130 mg g-1. 

The Cd-saline treated samples demonstrated relatively lower IC50 val-
ues compared to control treatments, indicating higher antioxidant activity. 
The strongest antioxidant activity was observed in the Cd-saline treatment 
during the half-log phase (A1) with an IC50 value of  79.472 ± 3.3341 ppm 
(lower IC50 values indicate stronger antioxidant content). The weakest anti-
oxidant activity was recorded in the control treatment during the log phase 
(E2) with an IC50 value of  387.262 ± 1.2601 ppm. Overall, the Cd-saline 
treatments exhibited enhanced antioxidant activity and total carotenoid con-
tent compared to control treatments, while chlorophyll levels (both a and b) 
were notably higher in the control treatment during the half-log phase (E1).  
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Figure 1. Cadmium accumulation percentages across different growth phases in 
Chlorella vulgaris under Control and Cd-saline treatments. 

 
The cadmium accumulation percentages are visualised in Figure 1. The 

study demonstrated a clear trend in cadmium accumulation, highlighting dis-
tinct differences between the control and Cd-saline treatments across all 
growth phases. The control treatment consistently maintained 0 % cadmium 
accumulation. In contrast, the Cd-saline treatment showed a progressive in-
crease in cadmium concentration, starting at 0.4165 % during the half-log 
phase, rising to 0.4560 % in the log phase, and reaching a peak of 0.7154 % in 
the death phase. Figure 2 presents a heatmap illustrating the correlations be-
tween cadmium percentage, pigment content, and IC50 values. Correlation 

Treatment 
Sample 

code 
IC50 (ppm) 

Chl_a 
(µg mL-1) 

Chl_b 
(µg mL-1) 

Carotenoids (µg 
mL-1) 

Cd-saline, half-
log phase 

A1 79.472d ± 3.3341 18.494b ± 0.036 14.681b ± 0.018 1.919a ± 0.015 

Cd-saline, log 
phase 

A2 81.820d ± 3.1634 4.300d ± 0.003 3.752d ± 0.001 0.625b ± 0.001 

Cd-saline, death 
phase 

A3 195.352b ± 4.2488 1.117e ± 0.011 2.959e ± 0.007 0.166d ± 0.002 

Control, half-log 
phase 

E1 164.985c ± 2.1452 18.886a ± 0.078 16.923a ± 0.009 0.649b ± 0.006 

Control, log 
phase 

E2 387.262a ± 1.2601 6.739c ± 0.005 9.483c ± 0.005 0.130e ± 0.003 

Control, death 
phase 

E3 79.965d ± 7.8958 0.909f ± 0.001 1.886f ± 0.010 0.313c ± 0.024 

Table 2. Chlorophyll a, chlorophyll b, carotenoid content, and ABTS radical scavenging activities (IC50) in ex-
tracts of C. vulgaris under Cd-saline treatments at different growth phases. 

Note: Values are presented as mean ± standard deviation (n = 3). Different superscript letters within the same col-
umn indicate significant differences according to one-way ANOVA followed by Tukey's HSD (Honestly Significant 
Difference) test at p < 0.05. P-values were adjusted for multiple comparisons using the Tukey HSD procedure, 
which controls the family-wise error rate across all pairwise comparisons within each measured parameter (Abdi & 
Williams 2010). 
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analyses revealed several significant relationships. Notably, a strong negative 
correlation was observed between IC50 values and chlorophyll content, indi-
cating that samples with higher chlorophyll levels exhibited enhanced antiox-
idant activity, particularly during the half-log phase (E1). 

Furthermore, a strong positive correlation was identified between cad-
mium accumulation and pigment content (chlorophyll and carotenoids), sug-
gesting an adaptive response by C. vulgaris to cadmium stress, characterised 
by increased pigment production. Additionally, a very strong positive correla-
tion was found between chlorophyll a and chlorophyll b levels, reflecting syn-
chronised changes in these pigments across all treatments. This coordinated 
response underscores the close metabolic relationship between these chloro-
phyll types.  

 

 
Figure 2. Heatmap showing the correlations between cadmium accumulation per-
centage, pigment content (chlorophyll a, chlorophyll b, and carotenoids), and IC50 
values across different growth phases. The red color represents a strong positive 
correlation, indicating a direct relationship between variables, while the blue color 
represents a strong negative correlation, indicating an inverse relationship. 

 
Peak lists generated from positive mode LC-MS data were analysed us-

ing MetaboAnalyst, with blank solvents and media excluded to avoid skewing 
the results. A total of  1843 compounds were identified across the six samples, 
with each compound representing a unique combination of  m/z values and 
chromatographic peak areas. The metabolomics analysis revealed apparent 
differences between the Cd-saline and control treatments, as shown in the 
PLS-DA plot (Figure 3). Samples from the Cd-saline treatment formed dis-
tinct clusters, separating clearly from the control samples. The distinct clus-
tering pattern indicates significant biochemical differences between the two 
treatments, likely driven by stress-induced metabolic changes. Components 1 
and 2 explained 75.1 % and 7.1 % of  the variance, respectively, demonstrating 
the ability of  PLS-DA to effectively distinguish between treatment groups. 
The chemical diversity observed in the Cd-saline treatment suggests an adap-
tive response to cadmium stress, potentially involving metabolites associated 
with antioxidant activity and other stress-related pathways. These findings 
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highlight the significant metabolic alterations in C. vulgaris under cadmium 
and salinity stress.  

 

 
Figure 3. PLS-DA score plot illustrating the separation of metabolic profiles be-
tween Cd-saline and Control treatment groups. The distinct clustering of samples 
indicates significant biochemical differences driven by stress-induced metabolic 
changes. Components 1 and 2 accounted for 75.1 % and 7.1 % of the variance, respec-
tively, highlighting the effectiveness of PLS-DA in distinguishing between the treat-
ment groups. 

 
To identify the key metabolites driving these differences, Variable Im-

portance in Projection (VIP) scores were calculated and ranked (Figure 4). 
The pronounced separation observed in the PLS-DA plot emphasises the dis-
tinct metabolic profiles of  C. vulgaris under Cd-saline and control conditions. 
The clustering pattern, supported by the high VIP scores of  key metabolites, 
highlights the significant biochemical perturbations induced by cadmium and 
salinity stress. Notably, compounds such as stigmatellin Y, maltose, a glycoli-

pid (1-hexadecanoyl-3-(6'-sulfo-α-D-quinovosyl)-sn-glycerol), and an aro-
matic organic compound ((2-phenoxy-3-pyridinyl)[3-(2-thienyl)-1H-pyrazol-
1-yl]methanone) exhibited VIP (Variable Importance in Projection) scores 
exceeding 15. Although a threshold of  VIP > 1.0 is commonly used to indi-
cate biological relevance in PLS-DA models, exceptionally high values, such 
as those observed in this study, can occur due to strong discriminatory power 
between groups, substantial differences in metabolite abundance, or model 
scaling effects (Westerhuis et al. 2008; Chong et al. 2019). These elevated VIP 
scores emphasise the key role of  these metabolites in distinguishing the meta-
bolic response of  Chlorella vulgaris under Cd-saline stress compared to con-
trol conditions. Stigmatellin Y and glycolipids were more abundant in the 
control group, while maltose and the aromatic organic compound ((2-phenoxy
-3-pyridinyl)[3-(2-thienyl)- 1H-pyrazol-1-yl]methanone) showed higher lev-
els under Cd-saline treatment (VIP > 15).  
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Figure 4. VIP scores of top metabolites identified through PLS-DA analysis ranked 
from highest to lowest. The heatmap on the right displays the relative concentra-
tions of each metabolite in the Cd-saline and Control groups, with red indicating 
higher concentrations and blue indicating lower concentrations.  

 
A Partial Least Squares (PLS) model was developed to analyse the rela-

tionship between UPLC-MS peak area data for each treatment and the bio-
logical activity assay results, represented by IC₅₀ values (Pirouz 2006). The 
PLS model, constructed from spectral (UPLC-MS) data and antioxidant ac-
tivity tests, explained a cumulative 57.93 % of variance in antioxidant activity, 
with LV-1 and LV-2 contributing 22.83 % and 35.10 %, respectively. The 
negative U PLS scores (factor-1) on the x-y relationship plot indicate a sub-
stantial contribution of individual samples to antioxidant activity. The 
weighted regression coefficients of metabolites in the PLS model are present-
ed in Figure 5, illustrating their relative contributions to antioxidant activity. 
The loading plot provides insights into the metabolites that contribute most 
significantly to antioxidant activity. Table 3 lists the metabolites with signifi-
cant contributions based on normalised regression coefficient values. 

The most substantial negative peaks in the model were associated with 
pheophorbide a and 3-oxo-nonadecanoic acid, which had regression coefficient 
values of  -14.6047 and -13.9555, respectively. These metabolites are predicted 
to play crucial roles in antioxidant activity, as evidenced by their direction and 
extreme positions on the loading plot. Significant negative regression coeffi-
cient values suggest metabolites with a major impact on biological activity. 
Among them, pheophorbide a, with the most negative regression coefficient 
(−14.6047), showed the highest contribution to antioxidant activity. Although 
pheophorbide a is a well-known chlorophyll degradation product, it has been 
reported to retain strong antioxidant potential due to its ability to quench 
singlet oxygen and scavenge free radicals (M. Saide et al. 2020). Similarly, me-
tabolites such as 3-oxo-nonadecanoic acid and PG(16:1(9Z)/0:0) significantly 
contributed to biological activity, potentially through their involvement in 
lipid metabolism and antioxidant defence pathways. These findings support 
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Figure 5. Weighted regression coefficients of metabolites in the PLS model correlating UPLC-MS data with anti-
oxidant activity (IC50 Values). 

 

Metabolites Label Database Classification 
RT 

(Min) 
CalcMz Formula BW 

Pheophorbide a A KEGG Chlorophyll 
derivative 

20.146 593.2755 C35H36N4O5 -14.6047 

3-oxo-
nonadecanoic acid 

B Lipidmaps Fatty acid 13.884 313.27377 C19H36O3 -13.9555 

PG(16:1(9Z)/0:0) C Lipidmaps Phospholipid 13.783 481.25784 C22H43O9P -13.5928 

PE(19:1(9Z)/0:0) D Lipidmaps Phospholipid 15.863 494.32456 C24H48NO7P -9.00797 

Erucamide E mzCloud Lipid amide 23.826 338.34156 C22H43NO -8.57737 

Elatine F KEGG Terpenoid alka-
loid 

12.655 693.33942 C38H50N2O10 -5.74801 

Stigmatellin Y G KEGG Aromatic polyke-
tide 

14.118 483.27328 C29H40O6 -5.15258 

OOB-PE H lipid maps Phospha-
tidylethanolamine 

derivative 

15.271 562.31698 C27H50NO9P -4.66956 

D-(+)-Maltose I KEGG Disaccharide 0.873 365.10519 C12H22O11 -4.51065 

(2-phenoxy-3-
pyridinyl)[3-(2-
thienyl)-1H-
pyrazol-1-yl]
methanone 

J mzCloud - 0.861 365,1053 C19H13N3O2

S 
  

-4.51065 

Table 3. The compounds identified in the methanol extracts of C. vulgaris using UPLC-MS/MS contributed to the 
antioxidant activity. 
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the notion that more negative regression coefficient values indicate greater 
influence on bioactivity, consistent with the principle that lower IC₅₀ values 
correspond to higher antioxidant capacity. Overall, the results highlight the 
dynamic metabolic adjustments of  Chlorella vulgaris under stress conditions 
and underscore the role of  specific metabolites in enhancing antioxidant po-
tential.  

 
Discussion 
Temporal Dynamics of Antioxidant Response and Metabolic Flexibility 
The antioxidant response of C. vulgaris to cadmium stress demonstrates a 
temporally coordinated cellular adaptation mechanism, with the strongest 
antioxidant activity (IC₅₀ = 79.472 ± 3.3341 ppm, where lower IC₅₀ values 
indicate higher antioxidant activity) observed during the half-log phase. This 
enhanced response during the exponential growth phase reflects the organ-
ism's metabolic flexibility, as cells in this phase possess maximum biosynthet-
ic capacity and energy availability to rapidly deploy defensive mechanisms 
(Zhang et al. 2023). The heightened metabolic activity during exponential 
growth provides the necessary ATP and reducing equivalents to synthesise 
antioxidant compounds and activate enzymatic defence systems, including 
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase 
(GPX) (Jun et al. 2003; Hameed et al. 2011). 

Notably, our findings contrast with Cheng et al. (2016), who reported 
delayed antioxidant responses under similar cadmium exposure conditions. 
This discrepancy likely reflects strain-specific variations in stress response 
kinetics and metabolic capacity, as demonstrated by Bacova et al. (2019), who 
observed distinct epigenetic and metabolic responses between different micro-
algal species under cadmium stress. While Wang et al. (2022) observed peak 
antioxidant activity 48-72 hours post-exposure, our results demonstrate im-
mediate activation within the first growth phase, suggesting that our C. vul-
garis strain possesses more rapid stress-sensing and response mechanisms. 
This rapid response capability may confer ecological advantages in fluctuat-
ing environmental conditions where prompt adaptation is crucial for survival. 

 
Cadmium Accumulation in Environmental Context 
The observed cadmium accumulation of 0.7154 % (Figure 1) warrants evalua-
tion against realistic environmental levels. Xu et al. (2024) reported cadmium 
concentrations ranging from 0.15-2.3 % in microalgae from contaminated 
freshwater systems, positioning our experimental levels within environmen-
tally relevant ranges. However, the synergistic effects of cadmium-salinity 
stress create conditions more severe than single-stress scenarios, potentially 
explaining the pronounced metabolic responses observed. The combined 
stress likely disrupts cellular homeostasis through multiple pathways: cadmi-
um interferes with essential metal enzymes while salinity imposes osmotic 
stress, collectively overwhelming cellular defence mechanisms and necessitat-
ing comprehensive metabolic reorganisation. 

 
Photosynthetic Pigment Dynamics and Photoprotection 
The progressive decline in chlorophyll content across growth phases reflects 
cadmium's direct interference with photosynthetic machinery. The identifica-
tion of pheophorbide a (PPBa), a chlorophyll degradation product, suggests 
active chlorophyll catabolism under stress conditions. Beyond indicating pho-
tosynthetic damage, PPBa accumulation may serve photoprotective functions 
by dissipating excess light energy and preventing photo-oxidative damage (A. 
Saide et al. 2020). This dual role of PPBa—as both a stress marker and pro-
tective compound—exemplifies the complex nature of stress-induced meta-
bolic changes, where degradation products can acquire new functional roles in 
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cellular defence. 
The strong positive correlation between pheophorbide a and antioxi-

dant activity (compared with M. Saide et al. 2020) likely stems from its ability 
to scavenge reactive oxygen species (ROS) and its role in modulating light-
harvesting efficiency under stress. This relationship suggests that chlorophyll 
degradation, rather than being merely destructive, represents a regulated 
process that contributes to overall cellular antioxidant capacity. 

 
Carotenoid-Mediated Stress Response 
Carotenoid analysis revealed maximum concentrations of 1.919 mg g-1 during 
the half-log phase under Cd-saline treatment, substantially higher than the 
1.2 mg g-1 reported by Shi et al. (2020) for C. vulgaris under cadmium-only 
stress. This elevated carotenoid accumulation under combined stress condi-
tions indicates that salinity enhances carotenoid biosynthesis, possibly 
through increased expression of carotenoid biosynthetic genes or enhanced 
precursor availability. The temporal coincidence of peak carotenoid levels 
with maximum antioxidant activity underscores the critical role of these pig-
ments in early stress response, functioning as primary (ROS) scavengers and 
membrane stabilisers. 

 
Metabolic Pathway Integration and Osmotic Adjustment 
Maltose Accumulation and Osmotic Regulation 
The accumulation of maltose under Cd-saline stress reflects a sophisticated 
osmotic adjustment mechanism. As a compatible solute, maltose participates 
in cellular osmoregulation while maintaining enzyme functionality under os-
motic stress. The elevated maltose levels likely result from activation of the 
trehalose-6-phosphate synthase pathway, which regulates sugar signalling 
and carbon partitioning during stress conditions. This osmolyte accumulation 
strategy aligns with recent findings by Reignier et al. (2024), who demon-
strated similar osmolyte-based adaptation mechanisms in cyanobacterial com-
munities under salt stress. This pathway not only produces osmolytes but al-
so modulates carbon flux towards stress-protective compounds, demonstrat-
ing the interconnected nature of stress response mechanisms. 

 
Secondary Metabolite Modulation 
The depletion of stigmatellin Y in stressed samples, contrasting with its 
abundance in controls, suggests stress-induced reprioritisation of metabolic 
resources. Stigmatellin Y, associated with mitochondrial electron transport 
and ubiquinol-cytochrome c reductase activity (von Jagow & Ohnishi 1985), 
requires substantial metabolic investment for its biosynthesis. Under stress 
conditions, metabolic resources are redirected towards immediate survival 
mechanisms rather than secondary metabolite production. This finding con-
trasts with Mendes et al. (2024), who reported maintained stigmatellin Y lev-
els in stress-tolerant microalgal strains, suggesting that stigmatellin Y reduc-
tion may serve as a biomarker for stress susceptibility in different strains. 

 
Aromatic Compound Induction 
The increased abundance of the aromatic organic compound ((2-phenoxy-3-
pyridinyl)[3-(2-thienyl)-1H-pyrazol-1-yl]methanone) under stress conditions 
reflects activation of detoxification pathways. The pyridine and pyrazole 
rings in this compound can interact with key metabolic enzymes, potentially 
serving antioxidant functions or facilitating xenobiotic metabolism (Nowicka 
2022). This compound's accumulation represents the organism's attempt to 
neutralise toxic effects through enhanced detoxification capacity. 
 
Membrane Remodelling and Lipid Metabolism 
The observed reduction in glycolipid levels, particularly (2S)-1-palmitoyl-3-O
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-(6-sulfo-α-D-quinovopyranosyl)-glycerol (SQMG(16:0/0:0)), indicates ex-
tensive membrane remodelling under combined stress. Glycolipids play cru-
cial roles in membrane stability, cell recognition, and osmotic regulation. 
Their depletion suggests that membrane restructuring prioritises basic mem-
brane integrity over specialised functions, with increased presence of phos-
phatidylglycerol and phosphatidylethanolamine derivatives compensating for 
lost glycolipid functions. 

 
Proposed Integrated Stress Response Model 
Based on our findings, we propose a comprehensive model of metabolic path-
way integration under combined Cd-salinity stress. The response begins with 
initial stress detection through rapid activation of ROS-scavenging systems 
and carotenoid biosynthesis, followed by osmotic adjustment via maltose ac-
cumulation through trehalose-6-phosphate synthase pathway activation. Sim-
ultaneously, membrane adaptation occurs through glycolipid reduction and 
phospholipid restructuring to maintain membrane integrity. Resource reallo-
cation becomes evident as secondary metabolite synthesis (stigmatellin Y) 
decreases in favour of primary defence mechanisms, while detoxification en-
hancement proceeds through aromatic compound accumulation to neutralize 
toxic effects. Finally, photosynthetic adjustment involves controlled chloro-
phyll degradation with pheophorbide a accumulation for photoprotection, cre-
ating an integrated cellular response that maintains viability under combined 
stress conditions. 

 
Methodological Considerations and Limitations 
Several methodological limitations warrant acknowledgment. The untargeted 
metabolomics approach, while comprehensive, may miss low-abundance 
stress-responsive metabolites such as proline, which is commonly induced un-
der abiotic stress but was not detected in our analysis. This absence likely re-
flects either concentrations below detection limits or matrix effects during LC
-MS/MS analysis. Additionally, ionisation efficiency variations and matrix 
effects in LC-MS/MS analysis may lead to underestimation of certain metab-
olite classes. 

The batch culture system employed may introduce temporal variations 
in nutrient availability and waste accumulation, potentially confounding met-
abolic responses attributed solely to cadmium-salinity stress. Future investi-
gations would benefit from continuous culture systems and integration of 
multiple analytical platforms (NMR, GC-MS, targeted metabolomics) to 
achieve more complete metabolic profiling. 

 
Environmental and Biotechnological Implications 
The demonstrated cadmium accumulation capacity (0.7154 %) within envi-
ronmentally relevant ranges, coupled with maintained antioxidant activity, 
positions C. vulgaris as a promising candidate for bioremediation applications. 
The strain's ability to rapidly activate defensive mechanisms while accumulat-
ing significant metal concentrations suggests potential for dual-purpose sys-
tems combining wastewater treatment with valuable biomass production. 

The temporal specificity of antioxidant responses highlights the im-
portance of harvest timing for maximising bioactive compound yields. The 
half-og phase emergence as the optimal harvest point for antioxidant activity 
provides practical guidance for industrial cultivation protocols. 

 
CONCLUSIONS 
This study successfully investigated the effects of combined cadmium-salinity 
stress on C. vulgaris InaCCM49, revealing significant enhancements in anti-
oxidant capacity (IC₅₀ = 79.472 ppm, 51.8% improvement over controls) and 
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carotenoid content (1.919 mg g⁻¹) during the half-log phase. UPLC-MS/MS 
coupled with PLS analysis identified key metabolites contributing to antioxi-
dant activity, with pheophorbide a and 3-oxo-nonadecanoic acid showing the 
strongest correlations (regression coefficients of -14.6047 and -13.9555, re-
spectively). Metabolomic profiling revealed distinct stress-responsive metabo-
lites: maltose and phenolic derivatives accumulated under stress, while stig-
matellin Y and glycolipids were depleted, indicating metabolic resource real-
location toward primary defence mechanisms. These findings demonstrate 
strain-specific metabolic adaptations of C. vulgaris InaCCM49 under com-
bined stress, providing insights for optimizing algal cultivation in polluted 
environments and strategic harvest timing to maximize bioactive compound 
yields.  
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