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ARTICLE INFO ABSTRACT

Handling Editor: Chang-Ping Yu Cadmium (Cd) is a non-biodegradable pollutant that has become a global threat due to its bioaccumulation and

biomagnification in higher trophic levels of the food chain. Green technologies such as phycoremediation is an

Keywords: emerging approach and possess edge over conventional methods to remediate Cd from the environment. The
Microalga present investigation elucidates the adaptive mechanism of a freshwater microalga, Scenedesmus sp. IITRIND2
z;?;ﬁi:us SP- under Cd stress. The microalga showed excellent tolerance to Cd stress with ICsy value of ~32 ppm. The
Fatty acid methyl esters microalga showed phenomenal removal efficiency (~80%) when exposed to 25 ppm of Cd. Such a high uptake of
Bioremediation Cd by the cells was accompanied with increased total lipid content (~33% of dry cell weight). Additionally, the

elevated level of ROS, lipid peroxidation, glycine-betaine, and antioxidant enzymes evidenced the activation of
efficient antioxidant machinery for alleviating the Cd stress. Further, analysis of the fatty acid methyl ester
(FAME) presented a steady increase in saturated and polyunsaturated fatty acids with biodiesel properties
complying the American and European fuel standards. The study proposes an integrated approach for biore-
mediation of toxic Cd using hyper-tolerant microalgal strains along with biodiesel production from the generated

algal biomass.

1. Introduction

Progressive industrialization and urbanization in the past decades
have significantly contributed to elevated levels of various toxic pol-
lutants in the environment. Industrial activities such as mining, refining,
electroplating, paints, pigments, fertilizer manufacturing, batteries, etc.
are the leading causes for the aggravation of toxic heavy metals (HMs)
such as Cadmium (Cd), Arsenic (As), Mercury (Hg), Lead (Pb), etc., in
the aquatic ecosystem (Tripathi et al., 2019; Zwolak, 2020). Among
these heavy metals, the epidemiological case studies in human beings
established that Cd poisoning has exponentially increased over the years
(Jirup and Akesson, 2009; Satarug et al., 2003). Considering the
severity of Cd poisoning in humans, it has been categorized as group I
carcinogen and the minimal permissible limit of Cd in potable water is
fixed at 5 ppb (Kinuthia et al., 2020; McElroy and Hunter, 2019). Several
existing physicochemical treatment technologies for Cd removal,
including adsorption, precipitation, ion-exchange, membrane filtration,
etc., suffer from a set of limitations such as lower efficiency, high cost,
and generation of secondary wastes (Kanamarlapudi et al., 2018).

Recently, phycoremediation has emerged as an economical, nature-
friendly, and efficient alternative compared to conventional tech-
niques for removing heavy metals such as Cd. The ease of cultivation,
short generation time, unicellular morphology, and rapid uptake ca-
pacity of metals are few imperative properties of microalgae that make
its utilization privileged over existing techniques (Doshi et al., 2007;
Monteiro et al., 2012). Removal of heavy metals (Cd ions) by microalgae
is primarily assisted by the functional groups present on the cell surface
that result in biosorption (Monteiro et al., 2012). Further, uptake of Cd
ions through ion-channels lead to intracellular sequestration in vacu-
oles, chloroplast, or mitochondria (Perales-Vela et al., 2006; Yang et al.,
2015). Bioaccumulation of Cd ions inside the cells can inflict severe
damage to the essential metabolic pathways like photosynthesis, car-
bohydrate, protein, and lipid biosynthesis. Cd ions potentially disrupt
these pathways by displacing the crucial metal ions that act as co-factor
to regulate activity of the involved enzymes (Cheng et al., 2016; Lu et al.,
2019). Microalgae adapt to Cd/heavy metal stress by modulating their
intrinsic defense mechanism comprising of antioxidant machinery,
pigments and biochemical components (Perales-Vela et al., 2006).
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Further, microalgae also synthesize chelating agents (metallothioneins
and phytochelatins) to bind with the excessive Cd ions and regulate the
level of oxidative stress inside the microalgae cells (Dean et al., 2019).
Further, the generated biomass of microalgae during their growth in Cd
supplemented media offers an advantage of proposing a sustainable
biorefinery approach.

Additionally, microalgae under such abiotic stress (Cd) also tend to
accumulate either carbohydrate or lipid molecules. Microalgae synthe-
size more lipid content under stress conditions as these lipid molecules
act as a sink to sequester excessive ROS generated during encounter of
Cd ions (Napan et al., 2015). The Cd present in the biomass can be
separated from the biodiesel/FAME (Fatty Acid Methyl Esters) using
transesterification process, as Cd gets dissolved in the upper layer of
extraction solution containing water and methanolic acid, thus leaving
the biodiesel unaffected (Yang et al., 2015). Indeed, an integrated
approach combining both heavy metal/Cd removal and biofuel pro-
duction could also reduce the associated cost of algae biofuels simulta-
neously with the establishment of efficient heavy metal/Cd treatment
technology. Recently, few researchers have employed this integrated
approach to remediate As, Cr, Cu, and Pb coupled with triacylglyceride
(TAG) accumulation in microalgae cells (Ajayan et al., 2018; Arora et al.,
2017a). Similar studies on Monoraphidium sp. and Auxenochlorella pro-
tothecoides have been also performed to understand the effect of Cd
stress on lipid synthetic pathway (Lu et al., 2019; Samadani et al., 2018).

To this end, the present study aims to investigate an integrated
approach combining bioremediation potential of Cd by freshwater
microalga, Scenedesmus sp. IITRIND2 and utilization of the biomass for
biodiesel production. A comprehensive temporal study has been per-
formed for 12 days to evaluate the changes in biochemical composition
of microalgae in order to dissect the alterations in algal physiology that
aided in toleration of Cd stress. Various biophysical and biochemical
techniques were exploited to decipher the effect of Cd uptake by the
microalgal cells. The tolerance mechanism of the microalga was inves-
tigated by analyzing the active enzymatic and non-enzymatic antioxi-
dant systems during Cd stress. Furthermore, the suitability of integrating
bioremediation with biodiesel production was confirmed by analyzing
the fatty acid composition and estimating the biodiesel properties.

2. Material and methods
2.1. Microalga cultivation

The microalga strain Scenedesmus sp. ITRIND2 was pre-cultivated in
Bold’s Basal media (BBM), pH 7.2-7.4 for 7 days. The culture was
incubated under light intensity of 200 pmol m~2s~! at 27 °C in shaking
condition (180 rpm). The detailed composition of BBM has been
mentioned in Table S1-S2.

2.2. Toxicity assessment of Cd

The toxicity of Cd in the microalga was estimated by measuring cell
numbers and ICso (inhibitory concentration) of Cd. Scenedesmus sp.
IITRIND2 in BBM supplemented with Cd in the range 1-100 ppm of
CdCl, were cultivated for 96 h. The culture without Cd was taken as
control. The initial cell density was kept at 1 x 10° cells/mL that cor-
responds to initial OD of 0.3. After 96 h, the cells were appropriately
stained with trypan blue and counted using a hemocytometer (Arora
et al., 2018). The total cell number (cell/mL) was calculated using the
following formula:

Cell number (cells/mL) = (average no. of cells per square*dilution factor)
/volume of the square

Further, the ICso of Cd that inhibits the growth of cells by 50% was
calculated by plotting a graph between inhibition % and Cd
concentration.
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2.3. Microalga growth under cadmium toxicity

On the basis of obtained ICsy value, growth of Scenedesmus sp.
IITRIND2 was monitored in the presence of 5, 10, and 25 ppm of CdCl,
supplemented in BBM for 12 days. Media with no-Cd was taken as
control. The growth was measured every 48 h by collecting the biomass.
The collected biomass was lyophilized before weighing the dry cell
weight (DCW).

2.4. Cadmium removal by the microalga

To measure the amount of Cd (ppm) removed by the microalga, 10
ml algal suspension was collected from each flask after every 48 h and
centrifuged at 5000 rpm for 10 min. To measure the remaining Cd, the
obtained supernatant was passed through 0.45 pm syringe filter and
then applied to Inductively-Coupled Plasma Mass- Spectroscopy (ICP-
MS, PerkinElmer). The removal percentage of Cd was calculated by the
following equation:

% removal = ((C;- Cp)/C;) *100

Where, C; and Cyis the initial and final concentration of Cd in the media.

Further, the total Cd adsorbed on the cell surface of microalgae was
quantified by treating 100 mg fresh biomass with 10 mM EDTA for 20
min at 150 rpm. The suspension was centrifuged and supernatant was
collected to measure adsorbed Cd on the biomass. After EDTA treatment,
the pellet was incubated in concentrated HNO3 and 30% H205 at 100 °C
for 1 h. The digested samples were appropriately diluted and filtered to
measure the Cd inside the microalgae cells. Further, bioaccumulation of
Cd was confirmed by calculating the bio-concentration factor (BCF) of
Cd inside the microalgae cells.

BCF = Total cadmium inside the biomass/ Initial cadmium concentration in the
media

2.5. Characterization of Cd interaction with microalgae cells

The interaction of Cd ions with the functional groups present on
microalga cell wall was analyzed by Fourier transform infrared spec-
troscopy (FTIR) (Cary 630, Agilent, USA) within wavebands of
400-4000 cm™!. Lyophilized biomass of control and Cd exposed
microalgae cells were directly used for analysis. Further, the net surface
charge on control and Cd exposed cells were measured in PBS suspen-
sion by recording the zeta potential (ZP) under 80 mV electric field at
25 °C (Zeta sizer, Nano-Z590). In total, 10 independent runs were per-
formed to measure the average ZP by using Malvern software (version
7.03).

The morphological variations due to attachment of Cd on microalgae
cells were analyzed by FE-SEM (Field Emission Scanning Electron Mi-
croscope) analysis coupled with EDX (Energy dispersive X-ray). In brief,
control and Cd exposed algal suspensions were fixed on glass slides with
the help of 2.5% glutaraldehyde followed by dehydration in 10-100%
ethanol. The samples were sputtered with gold before FE-SEM analysis.
Further, the topographical variations on cell surface were analyzed by
observing the air-dried samples on glass slide under atomic force mi-
croscopy (NT-MDT-INTEGRA, Ireland). The surface roughness was
quantitatively estimated by using NovaPX software equipped with AFM.

2.6. Estimation of photosynthetic pigments

Chlorophyll a, b, and carotenoids were extracted by incubating equal
weight of fresh biomass in absolute methanol at 45 °C and 180 rpm for
24 h in dark. After incubation, the supernatant was collected to measure
the absorbance at 665, 652, and 470 nm. The pigment content (pg/mL)
was determined by equations (Lichtenthaler, 1987).
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Chl a (pg/mL) = 16.71*A@665.2-9.16% A@652.4

Chl b (pg/mL) = 34.09*A@652.4-15.28 x A@665.2
Carotenoid (pg/mL) = [(1000 *A@470) — (1.63*Chl a) — (104.9 *Chl b)]
Total chlorophyll = Chlorophyll a + Chlorophyll b

PS II efficiency = Carotenoid/ (total chlorophyll)

2.7. Quantification of stress markers and osmolytes

2.7.1. ROS species and lipid peroxidation

Intracellular ROS level in microalgae cells were determined by using
2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA) dye. Briefly, 1 x
107 cells in 50 mM phosphate buffer (pH 7) were mixed with 5 pl of 2
mM H,;,DCFDA (in absolute ethanol) in dark for 45 min. The excitation
and emission of the samples were recorded at 485 nm and 520 nm,
respectively (Yilancioglu et al., 2014). Further, total TBARS (thio-
barbituric acid reacting substance) content was estimated to evaluate
the lipid peroxidation in cells. Briefly, 0.05 g of fresh biomass was
crushed with liquid N3 in 0.1% TCA (trichloroacetic acid). 500 pl of TCA
extract was mixed with an equal volume of 20 mM TBA (made in 0.1%
TCA) and heated for 45 min at 95 °C (Arora et al., 2017b). The following
equation was used for estimating the total TBARS content.

TBARS content = (As3y — Agoo)/EC

Where, EC is the extinction coefficient of abduct formed = 155
mMlem™L

2.7.2. Osmoprotectants

Total proline content in Cd exposed microalga cells was estimated
using a standard curve of L-proline ranging from O to 50 pg/mL. The
fresh weight of cells (0.05 g) was homogenized in 3% sulfosalicylic acid.
Soluble content was extracted in toluene, and absorbance was taken at
520 nm (Bates et al., 1973). The same amount of fresh weight was
collected for estimating glycine betaine complex in microalgae cells.
Briefly, cells were homogenized in an equal volume of 2 N H3SO4:
deionized water (200 pl) and incubated at 4 °C for 2 h. Further, chilled
KI-I, reagent was added and incubated for 16-18 h below 5 °C (Vala-
dez-bustos et al., 2016). Total glycine betaine content was extracted in 1,
2-dichloroethane and measured by taking absorbance at 365 nm.

2.7.3. Total antioxidant by ABTS (2,2-Azino-bis-(3-ethylbenzothiazoline-
6-sulfonic acid)) assay

The antioxidant capacity of microalgal extracts was estimated by
performing ABTS scavenging assay as per the protocol by (Belghith
et al., 2016). Dithiothreitol (DTT) was used as a standard for measuring
the reduction of the ABTS cation radicals at 30 °C. Briefly, methanolic
extract (5 mg/mL) was mixed with an activated solution followed by
overnight incubation. The activated solution consists of an equal volume
of ABTS (7 mM) and potassium persulfate (2.45 mM). The decrease in
the absorbance was recorded at 734 nm after mixing the algal extract
and activated solution.

2.7.4. Antioxidant enzymes

The enzymatic extract of Cd spiked and control cells was prepared in
lysis buffer to measure catalase (CAT), glutathione reductase (GR), and
ascorbate peroxidase (APX) activity. CAT activity was evaluated by
observing the fall in absorbance at 240 nm for 3 min where, extinction
coefficient is equal to 0.0436 mM/cm (Arora et al., 2017b). The reaction
mixture (1 ml) constitutes 0.8 ml of phosphate buffer and 0.1 ml of H,O,
(10 mM). GR activity was estimated by monitoring the conversion of
NADPH (10 Mm) to NADP in the presence of glutathione disulfide
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(GSSG) (10 mM). The absorbance was measured at 340 nm taking 6.22
mM/cm as extinction coefficient (Schaedle and Bassham, 1977). GR
activity was calculated by recording the reduction in absorbance. The
reaction mixture containing 0.69 ml of phosphate buffer, 0.1 ml of each
H30,, ascorbic acid, and EDTA was used to measure the APX activity.
The gradual decline in absorbance was measured at 290 nm and
extinction coefficient of 2.8 mM/cm was used for further calculation.
One unit of enzyme activity is defined as the consumption of 1 pmol
substrate per minute and presented in terms of specific activity (Unit/mg
protein). SOD activity was performed according to the method previ-
ously established by Gao et al., 2005). One SOD unit is equal to the
quantity of enzyme required for inhibiting photoreduction of nitro-blue
tetrazolium (NBT) by 50%.

2.8. Estimation of total carbohydrate, soluble protein, and lipid content

Estimation of total carbohydrate was done by phenol sulfuric acid
method. 10 mg lyophilized biomass was subjected to sulfuric acid
treatment at 100 °C for 1 h. The obtained solution was filtered and used
for estimating carbohydrate by taking glucose as standard. Total soluble
protein was estimated by the Bradford method utilizing BSA as standard.
Briefly, 5 mg biomass was lysed with mortar pestle in 1 ml lysis buffer
(Arora et al., 2019). Further, Nile red stained cells were observed under
the Fluorescence microscope to confirm the presence of lipid bodies.
Total lipid from microalgae biomass was recovered in chloroform:
methanol (2:1) solution and weighed gravimetrically (Bligh and Dyer,
1959). The equations mentioned below were used to quantify the total
lipid content (%) and lipid productivity respectively:

Lipid content = (Dry weight of total extracted lipid/ weight of dry biomass)
*100

Lipid productivity (mg/L/day) = Biomass productivity (mg/L/day) *(lipid
content (%)/100)

2.9. FAME (fatty acid methyl ester) profiling and biodiesel
properties

The extracted lipid was transesterified in methanolic HySO4 at 90 °C
for 1 h. The samples were brought at room temperature and mixed with
hexane and distilled water (1:2). Further, the lower phase containing
FAME was aspirated out and utilized for GC-MS (Gas chromatography-
Mass spectrometry) analysis by using helium as carrier gas. DB5 capil-
lary column (split-less mode) was used to separate the constituent
components. The samples at flow rate of 1 ml/min were injected (1 pl) at
250 °C. The initial oven temperature (50 °C) was gradually raised to
180 °C at the rate of 25 °C/min for 1 min, then 220 °C (10 °C/min) and
eventually to 250 °C (15 °C/min) for 15 min (Arora et al., 2016). The ion
source was maintained at 230 °C for detecting fatty acids. The biodiesel
properties including saponification value (SV), iodine value (IV), cetane
number (CN), long chain saturation factor (LCSF), degree of unsatura-
tion (DU), oxidative stability (OS), cold flow plugging property (CFPP),
high heating value (HHV), and kinematic viscosity (KV) were estimated
by empirical formulas as mentioned in Table S2.

2.10. Analysis of statistical significance

All the experiments were performed thrice and the data is repre-
sented in mean + standard deviation. GraphPad Prism V5.0 was used to
analyze the statistical significance by using One-way ANOVA followed
by Tukey’s test. The p-values < 0.05, 0.01, and 0.001 were shown with
‘k’ dedke and ’kv‘:‘k.
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3. Results and discussion
3.1. Tolerance and removal of cadmium by Scenedesmus sp. IITRIND2

The extent of toxicity of a given compound/metal on a given or-
ganism can be estimated by measuring its growth inhibition features.
ICs value represents the concentration of the toxicant responsible for
inhibiting the growth of cells by 50%. To assess the toxicity of Cd on
Scenedesmus sp. IITRIND2, ICs( value was determined by measuring the
growth of the algae at various concentrations (0-100 ppm) of this heavy
metal. At 96 h time period, the ICsy was found to be 31.7 + 3.1 ppm
(Fig. 1A). Comparing the ICsq of Scenedesmus sp. IITRIND2 to those of
the earlier reported studies suggested that this algal strain has high
tolerance towards Cd stress (Table S4). To date, the maximum ICsqy of
20.9 ppm for Cd has been reported for Scenedesmus sp. (Duque et al.,
2019).

Based on the obtained ICsy value, Scenedesmus sp. IITRIND2 was
cultivated in BBM supplemented with varying concentrations of Cd (5,
10 and 25 ppm) for 12 days to monitor the biomass production (Fig. 1B).
The data suggested that the cells showed concentration dependent in-
hibition in biomass production for Cd stressed cells. Among all the tested
concentrations, cells cultivated in 25 ppm of Cd exhibited maximum
reduction ¢ 50%) in biomass during first 2 days, which was followed by
10 ppm and 5 ppm cultures. All the Scenedesmus sp. IITRIND2 cultures
entered the exponential phase on day 2 of growth; however, a slower
growth rate was observed in Cd spiked cells. The exponential phase
lasted for 9 days (day 2 - day 10) in control cells, whereas Cd spiked cells
showed reduced span of log phase (6 days). The onset of stationary
phase was characterized by no significant increase in dry cell weight
(DCW) after day 8 in Cd spiked cells, whereas day 10 in control cells.
After incubation of 12 days, maximum biomass production was

12 B Control [l 5ppm & 10 ppm 53X 25 ppm

No. of days

Il 5ppm @@ 10 ppm 3 25 ppm
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Fig. 1. (A) ICso value of Cd for Scenedesmus sp.
IITRIND2 after 96 h of exposure; (B) Dry cell weight
of Scenedesmus sp. IITRIND2 recorded every 48 h up
to 12 days; (C) Time-dependent removal percentage
of cadmium from media; (D) Time dependent quan-
tification of adsorbed Cd content on algal cell surface;
(E) Time dependent quantification of accumulated Cd
content inside the microalga; (F) Bioconcentration
factor for Scenedesmus sp. IITRIND2 in tested Cd
concentrations (5, 10 and 25 ppm) after 12 days of
incubation.
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observed in control cells (1.07 + 0.09 g/L) followed by cells cultivated in
5 ppm (0.77 £+ 0.02 g/L), 10 ppm (0.72 + 0.01 g/L) and 25 ppm (0.57 +
0.04 g/L) Cd. The observed reduction in biomass was also visible from
the color of Cd spiked cultures (Fig. S1). Several other studies have also
reported the inhibitory action of Cd on the growth of different micro-
algae (Belghith et al., 2016; P.S et al., 2020; Zhao et al., 2019). For
instance, Chlorella vulgaris showed more than 50% inhibition of growth
in the presence of 7 ppm Cd in media (Cheng et al., 2016).

The microalga was able to maintain its growth and survival in
presence of Cd, hence it was further evaluated for its removal efficacy.
The time course removal profile of Cd from media containing initial
concentrations of 5, 10 and 25 ppm has been presented in Fig. 1C. The
data suggest that removal of Cd increased with time, and reached a
plateau at day 10 in all the tested concentrations. Around ~50-60%
removal was observed in all the tested conditions during initial 4 days.
The data suggested that by 12th day ~80% (~20 ppm) of Cd has been
efficiently removed at its highest concentration of 25 ppm present in the
medium. At low initial concentrations (~5 ppm) of Cd, the cells have
efficient removed ~ 90% (~4.5 ppm) of Cd. Moreover, the recorded
removal efficiency of Scenedesmus sp. ITRIND2 was exceptionally high
in comparison to other microalgae species like Tetraselmis suecia, Sce-
nedesmus, Chlorella etc., (Table S4) (Duque et al., 2019; P.S et al., 2020;
Pérez-Rama et al., 2002).

Microalgae cells remove heavy metals from media by a combined
action of biosorption (extracellular) and bioaccumulation (intracel-
lular). Biosorption involves the attachment of metal ions on the surface
by virtue of functional groups. After attachment these metal ions are
further internalized and get accumulated inside the cells (Samadani
et al,, 2018). To understand the key phenomenon responsible for
removal of Cd ions by Scenedesmus sp. IITRIND2, it is essential to
quantify the portion of Cd ions removed extracellularly and
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Fig. 2. (A) FE-SEM images at 2 pm scale bar; magnification 5,000x (Top panel), EDX analysis of cell surface showing the adsorption of Cd ions (middle panel), and 3-
D AFM images (x and y axis having scale of 50 pm and z-axis of 5 pm) (bottom panel) of control and cadmium exposed microalgae cells; (B) Surface roughness by
AFM analysis; (C) Zeta potential; and (D) FTIR analysis of control and Cd spiked microalgae cells after 12 days of incubation.

intracellularly. The time course quantification of extracellular Cd
attached on the microalgae cell surface and Cd accumulated inside the
cells are presented in Fig. 1D and E. The data suggested that the cells
showed rapid biosorption of Cd during initial 4 days and eventually
attained a constant value at the later stage of incubation. Initially the Cd
ions get rapidly adsorbed on the cell surface, and slowly get internalized
inside the cells after certain time point. The maximum adsorbed (186 +
2 mg/g) and accumulated (14 + 0.2 mg/g) Cd content was observed for
cells cultivated in 25 ppm Cd. Similarly, 10 ppm Cd cultures showed
higher adsorption (77 + 2 mg/g) and accumulation (8 + 0.2 mg/g) in

comparison to 5 ppm Cd cultures (38 + 1 mg/g; 6.4 + 0.2 mg/g).

The experimental results obtained in the current study established
that biosorption contributes to the significant portion of removed Cd
from the media as compared to bioaccumulation. On a similar note,
rapid biosorption of Cd was observed in Chlamydomonas reinhardtii,
Tetraselmis suecica, Dunaliella salina, Scenedesmus acutus and Chlorella
pyrenoidosa (Belghith et al., 2016; P.S et al., 2020; Pérez-Rama et al.,
2002; Samadani et al., 2018). Further, accumulation of Cd inside Sce-
nedesmus sp. IITRIND2 cells was also substantiated by analyzing the
bioconcentration factor (BCF) after 12 days. The obtained values of BCF
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Fig. 3. (A) Chlorophyll a; (B) Chlorophyll b; (C) Total Chlorophyll; (D) Ratio of Chlorophyll a to Chlorophyll b; (E) Carotenoid content; and (F) PS II efficiency of
Scenedesmus sp. IITRIND2 recorded every 48 h under different Cd concentrations (5, 10, 25 ppm) up to 12 days.

were >1000 in all the Cd spiked cultures, indicating that Scenedesmus sp.
IITRIND2 is a hyperaccumulator of Cd metal (Fig. 1F) (Zhu et al., 1999).

3.2. Characterization of surface morphology of cadmium exposed
microalga cells

The biosorption of Cd on the cell surface could cause some notable
morphological changes like an increase or decrease in cell size,
appearance of ridged surface topography, etc. The morphological vari-
ations on the cell surface due to Cd toxicity were visualized by FE-SEM
analysis and confirmed by EDX (energy-dispersive X-ray) analysis. The
SEM images showed no significant variation in the cell size, but surface
aberrations were visible in the Cd spiked cells. Further, EDX analysis
showed prominent peaks of Cd confirming its adsorption on the cell
surface, which led to the rough and ridged cell surface of Cd spiked cells
in comparison to control cells (Fig. 2A). In addition to this, the AFM
analysis was performed to obtain detailed visual insights into the surface
topography of the cells. The quantitative estimation of topographical
changes in the cell surface was denoted by the increased root mean
square (RMS) value of surface roughness in Cd spiked cells (Fig. 2B). The
maximum RMS value of ~ 966 nm was observed in 25 ppm Cd cells,
which was ~ 1.4 fold higher than in control (~ 677 nm). Similar results
were obtained for Ochrobactrum anthropi where bioaccumulation of
chromium (Cr) led to an increased surface roughness of the cells either
due to strong binding of metal ligands or upon rupture of cells in
response to toxic metal ions (Li et al., 2008).

Further, a reduction in zeta potential (cell surface charge) with an
increase in Cd concentration also validated the binding of Cd ions on the
cell surface. The zeta potential decreased from —38 mV in control to —29
mV in 25 ppm Cd spiked culture after 12 days (Fig. 2C). It has been
reported that the binding of divalent cations such as Cu?* and Cd**
present in the growth media reduces the negative potential in Dunalliela
sp. (Gimmler et al., 1991).

To study the interaction of Cd ions with the microalgae cell wall,
FTIR study was performed. The cell surface of microalgae comprises of
prominent functional groups, namely, -COOH, -NHjy, - PO3, -SH3, and

—OH that help in metal adherence and lead to its detoxification (Arora
et al., 2018). The FTIR spectra of Scenedesmus sp. IITRIND2 exposed to
different concentrations of Cd indicated notable peak shifts in compar-
ison to control (Fig. 2D). For instance, distinct peak at 3280 cm ! in
control and its shift to 3558 cm ™" in Cd spiked cells represent changes in
O-H stretching (P.S et al., 2020). Further, interaction of Cd ions with
aliphatic C-H and aldehyde C-H was confirmed with a peak shift from
2922 cm ™! in no Cd cells to 2914 cm ™! in Cd spiked cells. Similarly, peak
shift from 1535 cm™! in control cells to 1547 em ™! in 25 ppm Cd cells
highlighted the involvement of N-H bending, which generally repre-
sents the protein amide (II) bond (Shanmugam et al., 2012). Further-
more, interaction between phosphate groups on cell wall and Cd ions
was confirmed by stretched phosphodiester bonds (>P—O0) representing
the peak shift from 1252 em ! to 1244 cm ™! (D’Souza et al., 2008). The
overall spectral changes in Cd treated cells represent the possible
interaction of metal ions with amino, amide, and anionic functional
groups on the algae cell surface.

3.3. Attenuation of photosynthetic pigments in response to cadmium stress

Photosynthesis machinery is the most vulnerable target of any metal-
induced stress (Pfeiffer et al., 2018). Cd ions can potentially hamper the
photosynthetic performance of microalgae cells by replacing the Mg ions
in chlorophyll (Arunakumara and Zhang, 2007). To elucidate the
changes in the microalgae photosynthetic system, chlorophyll a, b,
carotenoid and PS 1II efficiency were analyzed under Cd stress. The data
suggested that chlorophyll a dropped significantly on day 2 under Cd
stress conditions during initial adapting phase, which later onwards
showed a consistent recovery. However, the total chlorophyll a content
in the Cd stressed cells was significantly lower by 30-55% respectively
with respect to control cells on 12th day (Fig. 3A). Similar pattern was
observed for chlorophyll b, and total chlorophyll (a+b) content. It has
been observed that the content of chlorophyll b and total chlorophyll
(a+b) reduced by 25-50% in Cd spiked cells by the end of 12th day
(Fig. 3B-C). A constant ratio of chlorophyll a/b has been obtained
indicating that both chlorophyll a and chlorophyll b were similarly
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attenuated under Cd stress (Fig. 3D). Overall, the data suggested that the
synthesis of chlorophyll changed in a time dependent manner in both
control and Cd spiked cells. Further, the toxic effect of Cd ions was
clearly evident with the reduced chlorophyll content observed in Cd
spiked cells in later stage of growth. Interestingly, chlorophyll content in
control cells did not showed any reduction till day 12, which could be
attributed to the increased rate of chlorophyll synthesis in late growth
phase. Chlorophyll synthesis in microalgae depend on the stage of the
growth and also on the amount of light intensity reaching to each of the
cells. During growth , as the cell density increases, the cells face shading
effect where due to higher biomass, less intensity of light is available to
each cell. This in turn lead to reduced photosynthesis for formation of
starch but increased synthesis of compounds like chlorophyll a as
observed in the present case (da Silva Ferreira and Sant’Anna, 2017).
Carotenoids play crucial role in protecting the unsaturated lipids
from peroxidation under stress conditions (Zhang et al., 2013). The
analysis of carotenoid content in microalgae cells cultivated under 5, 10,
and 25 ppm Cd highlighted significant accumulation of carotenoids in
all cultures by day 8, which remained constant for the rest of the incu-
bation time. In comparison to control, the Cd spiked cells encountered ~
37-46% decline in carotenoid content by 12th day of incubation
(Fig. 3E). However, the data on PS II efficiency did not represent any
significant changes among control and Cd spiked cells on 12th day
(Fig. 3F). The constant values of chlorophyll a/b and carotenoid/total
chlorophyll suggested that Scenedesmus sp. IITRIND2 was capable to
adapt itself under Cd stress by maintaining a balance between the
biosynthesis of pigment to protect the photosynthetic machinery from
oxidative damage. These results are in line with previous reports on
Monoraphidium sp. QLY-1 and Chlorella vulgaris where Cd stress inhibited
synthesis of chlorophyll a b, and carotenoid biosynthesis (Cheng et al.,

2016; Zhao et al., 2019).

3.4. Alterations in stress metabolites and antioxidant system of
microalgae under Cd exposure

The oxidative metabolism in the cells leads to the production as well
as removal of ROS in a regulated manner (Zhu et al., 2019). Accumu-
lation of Cd ions inside the cells generate excessive ROS that can hamper
the cell membrane integrity by inducing lipid peroxidation (Pio-
trowska-Niczyporuk et al., 2012). To regulate the extent of oxidative
damage caused due to ROS, microalgae cells activate their antioxidant
machinery comprising both metabolites/osmolytes and enzymes (Sytar
et al., 2013; Tripathi et al., 2021a,b). To unveil the survival mechanism
adopted by the cells under Cd toxicity, modulation in stress metabolites
(ROS), osmolytes (glycine-betaine and proline), and activity of antiox-
idant enzymes GR (glutathione reductase), APX (ascorbate peroxidase),
CAT (catalase), and SOD (superoxide dismutase) were investigated.

The data obtained for cellular ROS indicated that cell cultivated in 10
and 25 ppm Cd spiked cells represent ~ 1.3-1.5 fold rise in the
H,DCFDA fluorescence intensity, whereas 5 ppm Cd cells does not show
any significant change (Fig. 4A). The level of TBARS content increased
by ~ 1.4-3 fold in all 5, 10, and 25 ppm Cd spiked cultures thus con-
firming the generation of oxidative stress in cells (Fig. 4B). To amelio-
rate the ROS toxicity, microalgae cells produce antioxidant molecules
along with small osmolytes such as proline and glycine betaine (GB)
(Arora et al., 2017b). The total antioxidant activity measured in terms of
DTT equivalent does not represent any significant rise in 5 and 10 ppm
Cd cultures, whereas ~ 1.5 fold increase was observed in 25 ppm Cd
cultures (Fig. 4C). Further, estimation of osmolytes (GB and proline)
revealed that Cd spiked cells accumulated significant amount of GB
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corresponding to ~ 2-4 fold rise in comparison to control (Fig. 4D). On
contrary, opposite trend was followed by proline accumulation, where
~ 1.5-2 fold decline was observed in 5, 10, and 25 ppm Cd exposed cells
(Fig. 4E). In line with these observations, Dhir et al. reported a reduced
proline content in Ceratophyllum, Wolffia, and Hydrilla in presence of Cd
(Dhir et al., 2004). Similarly, decline in proline content was also
observed in C. vulgaris cells when exposed to higher concentration of Cu
(>2.5 pM) or Cr (>5 pM) (Mehta and Gaur, 1999).

Increase in proline and glycine betaine components have been
widely reported in different microalgae to confer tolerance to heavy
metals as they can act as osmoprotectants, metal chelators and/or ROS
quencher etc. (Hossain et al., 2015; Liang et al., 2013; Sharma and Dietz,
2006). The possible reason of depletion in proline content might be
related to the substrate unavailability for proline. Under heavy metal
stress in cells, glutamate is rapidly utilized to maintain the GSH
(glutathione) pool and eventually contribute in the formation of phy-
tochelatin to chelate excess metal ions (Hossain et al., 2012). It might
also be possible that under Cd stress Scenedesmus sp. IITRIND2 prefer
formation of phytochelatin rather than proline, thus regulating the
proline attenuation. The overall results suggested that GB conferred
tolerance to Cd toxicity in Scenedesmus sp. IITRIND2 to imbibe high ROS
levels, and to maintain the osmotic balance inside the cells.

The enzymatic antioxidant system comprises of APX, CAT, GR, and
SOD which play a crucial role in managing excessive oxidative stress.
Further assessment of the enzyme-based antioxidant machinery of Sce-
nedesmus sp. IITRIND2 revealed that GR and APX activity increased by ~
1.5-2 fold and ~ 1.5-3 folds in 5, 10, and 25 ppm Cd cells respectively
(Fig. 4F-G). In contrast to this, significant increase in CAT activity (~ 5
fold) was only observed in 25 ppm Cd cultures (Fig. 4H). Interestingly,
no significant changes were observed in SOD activity of Cd spiked cells
(Fig. 41). The results obtained were in agreement with the earlier reports
where Cd stress in C. vulgaris and D. salina led to higher activity of GR,
APX and CAT (Cheng et al., 2016; Zhu et al., 2019).

The higher activity of GR in Cd spiked cells suggests the enhanced
GSH level in the cells. GSH itself or by further forming phytochelatins
help to chelate the excess Cd ions in the subcellular compartment of cells
and relieves the oxidative burden (Balzano et al., 2020; Kovacik et al.,
2017; Tripathi et al., 2021a,b). In addition, GSH also detoxifies
hydrogen peroxides (H203) by taking part in glutathione-ascorbate cycle
(Cheng et al., 2016). This metabolic cycle is primarily involved in
detoxification of ROS species by involving GSH, ascorbate and NADPH,
by the action of APX, monodehydroascorbate reductase and dehy-
droascorbate reductase along with GR (Hasanuzzaman et al., 2019).
Thus, the significant rise in GR and APX activity of Cd stressed cells

highlights the combined action of these enzymes in detoxifying ROS.
The overall variations in activities of enzyme-based antioxidant systems
suggest that the defense system is being active inside the cell that is
responsible for relieving the stress to support the survival of Scenedesmus
sp. IITRIND2 under Cd toxicity.

3.5. Alterations in the total lipid, carbohydrate and soluble protein in
cadmium spiked microalgal cells

Microalgae are capable of adjusting their carbon flux towards syn-
thesis of storage molecules such as carbohydrates and lipids to inhabit
themselves under various stress conditions. To analyze the detrimental
effect of Cd toxicity on microalgae, temporal analysis of Scenedesmus sp.
IITRIND2 biochemical components (carbohydrate, lipid, and protein)
was performed for 12 days. The total carbohydrate content of Scene-
desmus sp. IITRIND2 in all the cultures increased up to day 6 and reached
a maximum value of 38.1 + 2.0% in control, after which a steady decline
in carbohydrate content was observed indicating a bell-shaped curve. In
control cultures, at initial stages of growth, carbohydrate is the primary
product of photosynthesis in microalgae cells that is rapidly accumu-
lated and is utilized for other essential metabolic activities like DNA
replication, nuclear division, cytokinesis etc., (Vitova et al., 2014).
However, as the growth proceeds towards the end of exponential phase,
starch degradation takes place and the carbon skeleton is fluxed towards
lipid biosynthesis (Laurens et al., 2014; Sharma et al., 2012). Similarly,
by the end of 12th day, ~ 1.4 fold decline in carbohydrate content was
observed for Cd spiked cells in comparison to control cells (25.0 + 1.7%)
(Fig. 5A). The decrease in total carbohydrate content under Cd stress
could be explained by the possible inhibition of carbon metabolism due
to the interaction of Cd with reactive sites of essential enzymes such as
ribulose biphosphate carboxylase (Stiborova et al., 1987). The
time-course estimation for lipid content revealed that 25 ppm Cd spiked
cultures exhibited a significant rise in lipid accumulation during day 8 -
day 12 and attained ~ 1.3 fold higher lipid content (%) as compared to
control (Fig. 5B). Further calculation for lipid productivity revealed that
Cd spiked cells exhibited a decline in comparison to control. The control
cultures having lipid productivity of 24 &+ 1.2 mg/L/day was followed by
5 ppm (19 + 2 mg/L/day), 10 ppm (17 + 1.5 mg/L/day), and 25 ppm
(16 + 1.7 mg/L/day). The observed decline of 21%, 28%, 33% in the
presence of 5, 10, 25 ppm Cd can be directly attributed to the decrease in
algal biomass due to Cd toxicity. Indeed, the lipid productivity can be
enhanced by adapting a continuous mode of cultivation as reported by
Lu et al. in a recent study. The authors showed 1.5- and 1.3-fold increase
in biomass of Chlorella vulgaris exposed to 0.5 and 1 mg/L Cr (VI)
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Comparative analyses of biodiesel properties of Fatty Acid Methyl Esters from Scenedesmus sp. grown in different concentrations of cadmium with ASTM D6751, EN
14214 (Knothe, 2006) fuel standards and plant oil methyl esters (Ganapathy et al., 2009; Ramos et al., 2009).

Physical properties Standard fuel parameter Control Cadmium exposed cells Plant oil methyl esters
ASTM (D6751-02) EN (14214) BBM 5 ppm 10 ppm 25 ppm JME PME
Saponification value (mg KOH) - - 120 130 140 150 96 49
Iodine value (g I,/100 g) - 120 (max) 46 32 43 53 - -
Cetane number 47 (min) - 78 80 75 69 54 61
Degree of unsaturation (% weight) - - 51 35 44 51 - -
Long Chain Saturation Factor (% weight) - - 3.6 4.8 4.8 5.1 - -
High heating value (MJ/kg) - - 44 44 43 43 - -
Cold flow plugging property (°C) - <5/< -20 -4 -1 -1 -5 -2 13
Kinematic viscosity (mm?/s) 1.9-6.0 3.5-5.0 3.7 2.7 2.5 2.8 4.3 4.4
Oxidative stability (h) - >6 19 25 18 19 3.9 16.5

respectively, when cultivated in a continuous membrane photo-
bioreactor, in comparison to batch cultivation (Lu et al., 2021). Adopt-
ing such continuous cultivation methods can further enhance the overall
lipid productivity of Cd spiked Scenedesmus sp. IITRIND2 by increasing
its biomass production.

The quantitative data on lipid content was confirmed by Nile red
staining images of the control and Cd spiked microalgal cells. The cells
under Cd stress emitted brighter yellow color fluorescence as compared
to control, thus confirming the enhanced accumulation of lipid droplets
(Fig. S2). Further analysis for total protein content illustrated a signifi-
cant rise in Cd spiked cells during the initial adaptive phase, which
eventually encountered ~1.3 fold decline by the end of 12th day
(Fig. 5C). A significant increase in protein content in Cd spiked cells on
day 2 suggests the expression of metal-binding factors or chelating
agents responsible for reducing the availability of the free ions (Fig. 5C).
A similar increase in protein content was also reported in Monoraphidium
cells spiked with Cd (Zhao et al., 2019). The long-term incubation of 12
days representing a significant decrease in protein content might be due
to the fragmentation of proteins by the induced ROS and oxidative stress
(John et al., 2008). Moreover, reduction in photosynthetic rate also
contributes in lowering the protein content due to limited supply of
carbon (Afkar et al., 2010). However, slight reduction in protein content
of control cells could be attributed to the nutrient limitation and reduced
photosynthesis in later phase of growth, where cells start to reduce the
protein build up and catabolize proteins to synthesize storage molecules
like neutral lipids (Shaikh et al., 2019). The temporal changes in the
biochemical composition analyzed in the present study evidenced that
under Cd stress, Scenedesmus sp. IITRIND2 initially accumulated car-
bohydrates for stress mitigation, and later it reallocated its carbon flux
towards lipid biosynthesis in the late phase of growth. Moreover, decline
in protein content also contributed to the lipid synthesis. Similar results
were reported for Dunaliella sp. and Scenedesmus rotundus, where Cd
stress led to a significant decrease in carbohydrate and protein content
(Belghith et al., 2016; Shivaji and Dro, 2019).

3.6. FAME profiling and estimation of biodiesel properties

Scenedesmus sp. IITRIND2 accumulated significant quantity of
neutral lipid under Cd stress; hence it is essential to analyze its fatty acid
composition. The primary constituents of FAME in control culture were
contributed by methyl ester chain of C16 and C18 having a highest
portion of C18:1 (oleic acid) followed by C16:0 (palmitic acid), C18:2
(linoleic acid), C18:0 (stearic acid), C16:2 (hexadecadienoic acid) and
C14:0 (myristic acid) (Fig. 5D). The FAME composition of the micro-
algae cultivated under 5, 10 and 25 ppm Cd exhibited prominent vari-
ation in their profiles in comparison to control. The relative quantities of
saturated fatty acids (C16:0, C18:0) increased under all Cd spiked cul-
tures. The content of palmitic acid (C16:0) increased by ~ 1.7-1.9 fold
for all cultures, whereas enhanced quantity of stearic acid (C18:0) (~2
fold) was observed only in 5 ppm Cd cultures (Fig. 5D). These results are
in line with the earlier report on Monoraphidium sp. QLY-1, where Cd

stress led to significant increase in palmitic acid (Zhao et al., 2019).
Among the unsaturated fatty acids (C18:1, C18:2), relative quantities of
oleic acid (C18:1) and linoleic acid (C18:2) reduced by ~ 1.3-1.5 fold in
Cd spiked cells. Interestingly cultures cultivated at 10 ppm and 25 ppm
Cd augmented ~4% palmitoleic acid (C16:1). In addition to palmitoleic
acid, presence of ~5% hexadecatrienoic acid (C16:3) was observed in
25 ppm Cd cells which highlights the role of PUFA in combating the
oxidative stress (Fig. 5D). A complete absence of myristic acid (C14:0)
and hexadecadienoic acid methyl ester (C16:2) was recorded in all Cd
spiked cultures. The overall changes in fatty acid components resulted in
significant decline in UFA/SFA ratio from 2.26 in control to 1.03, 1.32,
and 1.13 in 5, 10, and 25 ppm Cd spiked, respectively. Such change in
UFA/SFA ratio clearly indicates the extent of Cd toxicity in the cells, and
the adaptive modulations accompanied by the cells to maintain the
fluidity of their cell membrane.

In order to evaluate the applicability of derived lipid for utilization as
biodiesel, physical properties based on empirical formula were calcu-
lated and has been presented in Table 1. Saponification value (SV) gives
a direct measure of ester linkage present in the sample. The high SV
(>240 mg KOH) shows the applicability of the oil more as soap rather
than biodiesel. The SV obtained for Cd spiked cultures falls in the range
of 130-150 mg/KOH which lie under the acceptable limit (220-240 mg
KOH). Further, the estimation of iodine values (IV) obtained for Cd
spiked cells were between 32 and 53 g I5/100 g indicated that oil pro-
duced under Cd stress has low tendency to form gum. Cetane number
(CN) represents the combustion and ignition properties of the derived
fuel (Francisco et al., 2010). The CN values in Cd spiked cells were
decreased in comparison to control (78), but were still higher than the
prescribed minimum limit of 47, which ensures lower NOx emission.

Long chain saturation factor (LCSF) represents the portion of satu-
rated fatty acids in the oil and is useful to estimate the applicability of
the derived oil in cold countries in terms of cold filter plugging point
(CFFP). CFPP is the transition temperature where oil gets converted to
solid and is significant in determining the feasibility of the oil. The
derived biodiesel in this study has CFFP value in the range of —1 to
—5 °C, suggesting its acceptable performance at lower temperatures.
Oxidative stability (OS) and higher heating value (HHV) are other
crucial parameters that address the degradation propensity and energy
potential of the derived fuel (Pullen and Saeed, 2014). In this study,
oxidative stability of 25-19 h with a higher heating value of 43-44
MJ/kg in Cd spiked cells, ensure long storage and high energy potential
of the derived fuel. Kinematic viscosity (KV) is an important fuel prop-
erty that signifies the adequate supply of fuel to the combustion chamber
in terms of its flow and speed. The values of KV obtained for all the
cultures fall within the range of 1.9-6.0 mm?/s and ensured appropriate
fuel supply to engine (Ramirez-Verduzco et al., 2012). All the estimated
biodiesel properties in this study abided the American and European
standards and suggest that biodiesel derived from Scenedesmus sp.
IITRIND2 during Cd mitigation is of vehicular quality.


astm:D6751
astm:EN

S. Tripathi et al.

CAT, APX, GR , Glycine
betaine
Antioxidant systemn <
i g,
s> rrotein Carbohydrate
~~
a
= , et
‘ ’ Pigments ‘

Total ROS
TBARS

|

Oxidative stress

#

7] - cooH, ’-PO,‘, ‘-sof, DO, (g-sH

Fig. 6. Schematic representation illustrating the tolerance mechanism adopted
by Scenedesmus sp. IITRIND2 to survive in the toxic concentrations of cadmium.
Various steps involved in the bioremediation of Cd by Scenedesmus sp. IITRIND2
involves: (A) Interaction of Cd ions with functional groups present on the cell
surface; (B) bioaccumulation of Cd ions inside the cell; (C) ROS generation/
oxidative stress causing lipid peroxidation and inhibiting biosynthesis of
photosynthetic pigments; (D) activation of antioxidant machinery comprising
enzymes and osmolytes and; (E) alteration in biochemical components thus
resulting in enhanced lipid production.

4. Conclusions

The current study demonstrated the dynamic and temporal behavior
of Scenedesmus sp. IITRIND2 to adapt itself under high concentrations of
Cd (5-25 ppm). The microalga exhibited a high ICsg value of 31.7 ppm,
and effectively removed ~80-90% Cd from the media. The Cd ions
attached with the functional groups on the cells surface eventually get
internalized and generate excessive ROS causing increased lipid perox-
idation (TBARS) and inhibited synthesis of pigments. The oxidative
stress due to ROS was scavenged by the enzymatic (CAT, GR, and APX)
and non-enzymatic (glycine-betaine) antioxidant molecules. Further,
the microalgae cells accustomed their carbon pools towards lipid
biosynthesis on expenditure of carbohydrate and protein pools to rein-
state cellular redox balance aiding their survival under Cd stress. The
schematic representing the underlying mechanism adopted by Scene-
desmus sp. IITRIND2 against Cd toxicity has been depicted in Fig. 6. In a
nut-shell, the current study highlights an integrative approach
combining phycoremediation of Cd ions along with lipid production as a
sustainable concept of biorefinery. Moreover, the fatty acid composition
and physical properties of the derived biodiesel following the American
and European standards evidenced the applicability of Scenedesmus sp.
IITRIND2 for cost-effective and eco-friendly biodiesel production.
Further studies involving integrated omics approaches are essential to
shed light on the details of interconnected molecular pathways involved
in the adaptive response to Cd.
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