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Selenium (Se) is an essential element for living systems, however, toxic at higher levels. In the present study,
Dundliella salina cells were exposed to different Se concentrations for their growth (ECso 195 mg L—1) as well as
Se accumulation. The cells exposed to 50 mg L—! Se showed photoautotrophic growth parallel to control and
accumulated 65 pg Se g—! DW. A decrease in photosynthetic quantum yield, chlorophyll content, and the in-
crease in intracellular reactive oxygen species, proline content, and lipid peroxidation accompanied by higher
neutral lipid accumulation, were recorded at higher Se level. The enzymes superoxide dismutase and catalase

played a pivotal role in antioxidative defense. Heterogeneity in accumulated carotenoids at varying concen-
trations of selenium was prevalent. The cells exposed to 200 mg L—' Se resulted in the disorganization of or-
ganelles. Thus, the Se enriched biomass obtained at 50 mg L—! may be explored for bio-fortification of food and

feed.

1. Introduction

Selenium (Se) is an essential micronutrient for organisms and
showed toxicity at higher doses, through generation of reactive oxygen
species (ROS), thus leading even to the oxidation of DNA, its breakage
resulting in cell mortality (Letavayova et al., 2006). There is a report of
natural water bodies contain 1-10 pg L—! Se (Sohrin and Bruland,
2011), while levels can exceed beyond 50-1000 pg L—" owing to natural

and anthropogenic sources such as, agricultural runoffs, industrial waste
disposal, atmospheric precipitation, combustion, and mining activities
(Pilon-Smits, 2019).

Interestingly, the majority of plants are very sensitive to Se and are
non-accumulators, and these can accumulate <25 pg Se g—! DW (White
et al., 2004). Selenium utilization in microalgae has gained widespread
recognition due to their ability to accumulate selenium and transform it
into organic forms through sulfur assimilation metabolic pathway
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(Gojkovic et al., 2015). Microalgal species such as Spirulina platensis, and
Scenedesmus quadricauda accumulate higher concentrations of Se (Sun
et al., 2014). The requirement of Se in algal genera is mainly demon-
strated in marine species and is known to protect the cells from oxidative
damage (Ekelund and Danilov, 2001).

The Se toxicity in microalgae at higher concentrations may be
expressed in changes of reactive oxygen species (ROS), causing lipid
peroxidation (LPO) of the cell membranes, oxidation of the proteins and
disorganization of cell membranes resulting in cell death (Helliwel and
Gutteridge, 1999). The excess dose of Se causes a decline in the growth
rate and disruption of the photosynthetic electron transport chain from
PSII to PSI in microalgae (Geoffroy et al., 2007). It is well established
that the reduction in ROS of the target organisms involved both enzy-
matic and non-enzymatic components as a strategy of survival.

Se is incorporated as selenoproteins (selenocysteine (SeCys) and
selenomethionine (Se-Met)). There are 25 different types of selenopro-
teins including glutathione peroxidase (GPx) in humans that are known
to be involved in oxidoreductions and redox signaling (Saito, 2021). The
selenoproteins have implications for human health as low Se status in
the diet leads to fatal Keshan (Wang et al., 2021) and Kashin-Beck dis-
ease (Loscalzo, 2014), cardiovascular disease (Handy et al., 2021), and
Parkinson's disease (Zhang et al., 2019). There is also a report of nega-
tive correlation between SARS-CoV-2 replication and the expression of
selenoproteins (Zhang et al., 2020). Interestingly, various Asian nations,
including India, are reported to be deficient in the Se intake for their
adult population (WHO, 2005). However, the daily recommended Se
requirement for human adults is nearly 55 pg (Thomson, 2004),

Se bioaccumulation and toxicity in cultures of green microalgal
species has been reviewed exhaustively by Gojkovic et al. (2015). The
authors concluded that the Se toxicity in terms of ECs values depends
on its chemical forms and concentrations showing species specificity.
The inorganic water-soluble selenium exists predominantly in natural
water bodies as oxyanions-selenate (Se VI, SeO%—) and selenite (Se IV,
SeO%—) (Zhong and Cheng, 2017). Although, selenite and selenate are
utilized by microalgal systems differently but, literature indicated that
selenate shows a higher toxic effect than selenite. The selenite and
selenate upon uptake are reduced to selenide (Se—2) which gets incor-
porated vis SeCys insertion machinery into proteins and further
metabolized to SeMet and SeCyS (Turanov et al., 2011). Se is also the
constituent of glutathione peroxidase enzyme (GPx) in microalgae.
Selenite is more efficiently utilized as compared to the selenate in the
marine microalga Nannochloropsis oceanica (Guimaraes et al., 2021)
selenomethionine (SeMet) is a suitable nutritional supplement due to its
higher bioavailability and less toxicity than the inorganic Se (Schrauzer,
2003). The presence of different selenoproteins was also reported by
systematic analysis of single-cell eukaryotic selenoproteome of many
algal species (Jiang et al., 2020).

The green microalgae Chlorella and Dunaliella species account for
approximately 50 % of global microalgal biomass production (Becker,
2007). A study with Chlorella sp. indicated that it is a potential alter-
native source of organically bound Se for food supplementation (Goj-
kovic et al., 2014). A study on Chlorella vulgaris estimated the effective
concentration of Se to be >75 mg L—!, whereas a reduced level accel-
erated its antioxidative potential by positively promoting the growth of
C. vulgaris (Sun et al., 2014). Se-enriched microalga C. pyrenoidosa
positively promoted algal growth at lower concentrations (<40 mg L—1)
of Se (Zhong and Cheng, 2017). In mice fed with Se-enriched
C. sorokiniana, the selenium bioavailability was 1.13 fold higher
compared to the basal diet suggesting it to be used as a functional food
(Gomez-Jacinto et al., 2020). Se (IV) is also reported to alleviate Cr (VI)
toxicity in another microalga Chlamydomonas reinhardtii through its
scavenging effect on ROS production (Zhang et al., 2021). Thus, Se is not
only getting transformed into useful selenoproteins but also takes part in
the removal of ROS up to the critical threshold limit of Se concentration.

D. salina, a halotolerant chlorophyte, accumulates a high carotenoid,
lipid, and protein content under conditions that are sub-optimal for
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growth, such as high light intensity, sub-optimal temperatures, nutrient
limitation, and high salt concentrations. It is one of the richest source of
natural carotenoids (up to 10 % of dry biomass), and has been classified
by the US Food and Drug Administration (FDA) as a food source,
generally regarded as safe (GRAS) status (Sui and Vlaeminck, 2020). The
dry biomass of D. salina in bread and pasta has enhanced nutritional
properties such as high protein and mineral contents. D. salina biomass
itself has not been reported to be toxic till to date as the D. salina powder
reversed the hepatic fibrosis in rats because of the hepatoprotective and
antioxidative activity (El-Baz et al., 2020). In spite of nontoxic nature of
D. salina biomass, Se-enriched Dunaliella harvested at particular Se
concentration must be subjected to toxicity tests before recommending
the use in general. This is because Se at higher levels may cause toxicity
as demonstrated in a tilapia fish (Oreochromis mossambicus) (Gobi et al.,
2018; Gopi et al., 2021). These workers assessed the impact of envi-
ronmentally relevant concentrations of Se toxicity, 5, 10, 25, 50, and
100 mg L—" or water only (control) for period of 4 d. Higher Se con-
centrations inhibited the acetyl choline esterase activity in brain tissues.
Thus, there is a little exploration of the optimum Se level to produce a
Se-enriched D. salina biomass to be used for biotechnological purposes
and the same is not inhibitory to D. salina itself. Therefore, the objective
of the present study was to examine the halotolerant D. salina for its
tolerance towards the graded concentration of Se vis a vis its accumu-
lation in Se exposed cells. The physiological status of such cells with
special reference to photosynthetic parameters, organization of thyla-
koids and photopigments, lipid peroxidation, proline, neutral lipid
content along with antioxidative enzymes (SODs and CATs).

2. Materials and methods
2.1. Culture conditions and Se treatment

The strain D. salina was isolated from Sambhar Lake, Rajasthan, India
(26°58' N, 75°05’ E) and cultivated in Modified Johnson Medium (MJM)
amended with 2 M NaCl. The isolated strain was identified as D. salina
morphologically and the molecular identification was based on 18 s
rDNA amplification and sequencing as described by Singh et al. (Singh
et al., 2019). The exponentially growing D. salina cells (100 mL) were
poured into 250 mL flasks, followed by addition of 25, 50, 100, 200, and
500 mg L—! sodium selenite (NaySeO3) (Himedia, Nasik, India) as a
source of Se. The culture without Se acted as a control. The cultures were
maintained at 100 pmol m—2 s—! illumination, 16/8 h light-dark cycle,
and at a temperature of 25 + 2 °C. The cultures with three replicates
were shaken periodically.

2.2. Growth measurement and toxicity test

The growth of D. salina cells exposed to varying Se concentrations (0,
25, 50, 100, 200, 500 mg L-! Se), as described in Section 2.1, was
measured in terms of absorbance at 750 nm (OD) and Chl a content.
These measurements, including carotenoid content, were performed as
described by Myers and Kratz (Myers and Kratz, 1955). D. salina cells
exposed to varying Se concentrations were also monitored for ECsg
calculation on the basis of percent survival. The culture OD and cell
number were monitored at every alternate day up to 6 d.

2.3. Measurement of chlorophyll fluorescence parameters

Chlorophyll fluorescence parameters like Fv/Fm, ETRmax, NPQ, Y
(ID, Y(NPQ), Y(NO), gP, gN, and gL were measured by using pulse
amplitude modulated fluorometer PAM-2500 (Walz, Effeltrich, Ger-
many). The selenium-treated exponentially grown algal samples were
dark-adapted for 20 min. The zero-fluorescence level (Fo) was measured
at 0.001 pmol m—2 s—! after turning off the actinic light. Maximum
fluorescence level (Fm) was measured using a saturating pulse of 3000

pmol m—2s-1,
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2.4. Chlorophyll quantification using flow cytometry (FCM) analysis

The Nile red (9-diethyl amino 5-hexabenzo a-phenoxazine-5-one
(NR)) was procured from Sigma, USA. The stock solution of NR stain
(0.5 mg mL—! was prepared in dimethyl sulfoxide (DMSO). A 5 piL of this
solution was added to 1.0 mL selenium treated D. salina cells (0.6 OD at
750 nm) and incubated under darkness for chlorophyll staining. Flow
cytometry analysis (FCM) was carried out using Beckman Coulter
(CytoFlex LX) equipped with 488 and 633 nm lasers. Low-fluorescence
cell events (APC 200 AU) were considered debris. The chlorophyll
fluorescence measurements were performed using the fluorescence filter
known as APC (670/30 nm excited at 633 nm). The obtained data were
analyzed online using the software (https://www.flowjo.com/).

2.5. Raman spectroscopy

A High-Resolution Confocal Raman Spectrometer (HR-CRS) (Witec
alpha 300 RAS, Ulm, Germany) with a confocal microscope (Witec) and
a Zeiss Epiplan 50x/0.65 objective was used to acquire the spectra. It
was done using a charged coupled device (CCD) detector with an exci-
tation wavelength of 532 nm. Each spectrum was tested 10 times, and
the capture time was 1 s. The spectral range for the chosen microalga
was 400 to 1800 cm—". The Dunaliella cells were chosen under the mi-
croscope based on their physical state. There were variations in total
spectra with changes in the size of microalga.

2.6. Transmission electron microscopy

The control and treated microalgal cells were washed with phos-
phate buffer saline (1x PBS; pH 7.2) and fixed in 2.5 % glutaraldehyde
prepared in sodium cacodylate (Ladd Research Industries, USA, Bur-
lington) buffer (pH 7.2) for 2 h at 4 °C. The cells were washed three
times in 0.1 M sodium cacodylate buffer and post fixed in 1 % osmium
tetroxide for 4 h. Fixed cells were washed with sodium cacodylate,
dehydrated in acetone series (15-100 %), and embedded in araldite-
DDSA mixture (Ladd Research Industries, USA, Burlington). After
baking at 60 °C, blocks were cut (60-80 nm thick) by an ultramicrotome
(Leica EM UC7) and sections were stained by uranyl acetate and lead
citrate. Analysis of sections was done under FEI Tecnai G2 spirit twin.
The transmission electron microscope was equipped with Gatan digital
CCD camera (Netherland) at S8OKV.

2.7. Intracellular Se content

The total Se was determined using inductively coupled plasma mass
spectrometry (ICP MS) (PerkinElmer® Optima™ 7000 DV, Waltham,
USA) (Zheng et al., 2017). The treated D. salina cells were centrifuged at
8000 rpm (1 min) at room temperature. The cell pellets were washed
using EDTA and then lyophilized. The lyophilized biomass (5 mg) of
each sample was digested with concentrated nitric acid (6 mL) and
hydrogen peroxide (2 mL) in a digestion unit at 180 °C for 3 h. After
digestion, the solution was diluted with ultra-pure water (HPLC grade)
to a final volume of 10 mL and analyzed directly for total Se content by
ICP MS.

2.8. Reactive oxygen species (ROS) assay

Cell permeable non-fluorescent probe 2,7-dichlorodihydrofluores-
cein diacetate (DCFH-DA; Sigma-Aldrich, USA) was used for in vivo
detection and quantification of ROS (He and Hader, 2002). D. salina cells
(0.6 OD) exposed to different selenium concentrations were subjected to
DCFH-DA (5 pM) followed by 30 min incubation in a dark room at room
temperature. These samples were washed thoroughly in PBS (50 mM,
pH 7.0), and stained cells were analyzed using a fluorescence micro-
scope (Nikon ECLIPSE 90 i, Melville, NY, USA) having NIS-Elements 4.0
software. Imaging in the epifluorescence mode with a 20 x objective lens
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was used with similar exposure times for all samples. Green (G) and red
(R) fluorescence intensities were obtained for randomly selected cells.

2.9. Antioxidant enzymes assay

In-gel assay of superoxide dismutase (SOD) and catalase (CAT) was
performed as described by Weydert and Cullen (Weydert and Cullen,
2010).

2.9.1. Preparation of enzyme extract

Dunaliella cells (40 mL) were centrifuged (5000 rpm, 5 min, 4 °C).
The pellet was washed thoroughly in extraction buffer (potassium
phosphate buffer (100 mM), EDTA (1 mM), PMSF (1 mM), and PVP (1
%)). The sample was homogenized in extraction buffer (1 mL) at low
temperature by sonication (20 % amplitude, 10 s pulse for 5 min). The
supernatant obtained was used for in-gel antioxidative enzyme (SOD
and CAT) assay. Total soluble protein content was determined by
Bradford assay (Bradford, 1976) using bovine serum albumin (BSA) as
standard. The extracted proteins were electrophoretically separated on
native polyacrylamide gels (10 %) and analyzed for in-gel SOD activity.
The gel was soaked in riboflavin-NBT solution (riboflavin 0.1 mg mL—?,
nitro blue tetrazolium (NBT 0.25 mg mL—l) and kept in the dark at RT
for 10-15 min. After draining riboflavin-NBT solution from the gel,
TEMED (0.1 %) was added and incubated further at RT for 15 min in the
dark and placed under light till distinct bands of SOD appeared (within
15-20 min). For the catalase assay, the gel was treated with HyOq
(0.003 %) for 10 min, washed with distilled water, followed by staining
with ferric chloride (1 %) and potassium ferricyanide (1 %). The catalase
activity was observed as a zone of clearance on a greenish-yellow
background of the gel. The achromatic bands appeared within 10-15
min.

2.10. Neutral lipid analysis

The NR stain was used to detect neutral lipids in D. salina cells
(Yilancioglu et al., 2014). A fluorescence spectrophotometer (Cary
Eclipse, Agilent, USA) was used to quantitatively determine neutral
lipids, with the excitation and emission wavelengths being 485 nm and
612 nm, respectively. NR-stained D. salina micrographs with significant
golden yellow emissions (lipid bodies) were captured using Zen 2010
imaging software and a Zeiss LSM 780 laser-scanning confocal micro-
scope (Carl Zeiss, GmbH, Germany), with a common exposure time and
excitation and emission wavelength were at 525 and 595 nm, respec-
tively (Singh et al., 2019).

2.11. Lipid peroxidation assay

The total 2-thiobarbituric acid-reactive substances (TBA) as a marker
of lipid peroxidation were represented as malondialdehyde (MDA)
equivalents (Dhindsa and Matowe, 1981). D. salina cells were harvested
and homogenized in 3 mL solution containing 20 % TCA and 0.5 % TBA.
The homogenate was then incubated for 30 min at 100 °C. The reaction
mixture was rapidly cooled, and centrifuged (9300g, 10 min), followed
by absorbance measurement at 532 nm. The nonspecific turbidity was
corrected by subtracting the absorbance at 532 nm from the absorbance
at 600 nm. The extinction coefficient (155 mM—' e¢m—') was used to
determine the MDA content.

2.12. Proline estimation

Intercellular free proline was measured as per Bates et al. (Bates
etal., 1973). The D. salina cells were centrifuged and re-suspended in 10
mL of sulfosalicylic acid (SRL, Mumbai, India), followed by sonication
for 5 min using ultrasonicator (Sonics, USA). The broken cell suspension
was centrifuged to remove cell debris. The proline in the resulting su-
pernatant was determined by the acid ninhydrin method. Proline
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concentration was determined from the standard curve prepared by
dissolving proline in 3 % (v/v) sulfosalicylic acid.

2.13. Statistical analysis

Each experiment was performed in triplicates, and the data were
presented as the mean + SD. One-way ANOVA with Duncan's multiple
range test (P < 0.05) was used in the SPSS statistical software (Version
20.0; SPSS Inc. Armonk, NY, USA) to determine the statistical signifi-
cance of the treatments.

3. Results and discussion

3.1. Photoautotrophic growth, evaluation of 50 % growth inhibition and
bioaccumulation of Se in D. salina

The exponentially growing D. salina cells were treated with varying
Se concentrations followed by photoautotrophic growth measurement,
by recording absorbance daily at 750 nm for 6 d (Fig. 1A). The D. salina
cells growing at 100, 200, and 500 mg L—! Se turned reddish on 4th
d after exposure (Fig. S1). Microscopic examination of the cells derived
from such cultures showed a change in their shape through incremental
progression to sub-spherical (Fig. S1). The toxicological effects of Se in
D. salina were assessed by analyzing 50 % growth inhibitory concen-
tration (ECsp) from the dose response curve (Fig. S2). It was calculated
as 195 mg L—! after 6 d. Another strain of D. salina originating from
China also showed 50 % growth inhibition of the strain at 192.7 mg L—?
after 11th d (Jiang et al., 2023 Feb 13). ECsq values for Se (as selenite)
against microalgal systems varied from 4 mg L—! to 302 mg L—! even
varying in different species of same genera as enlisted by Guimaraes
et al. (Guimaraes et al., 2021). These algal genera belong to various
Chlorella, Desmodesmus, Nannochloropsis, Selenastrum, Scenadesmus, and
Pseudokirchneriella. Therefore, overall toxicological differences in
microalgae towards Se depends on the type of species involved in the
study. However, higher ECsg level in the present study indicated the
inherent characteristic feature of D. salina to withstand Se stress. The Chl
a and carotenoid pigments reached their maxima in control and cultures
treated with 25 and 50 mg L—! Se 6th d after inoculation. This result
shows 50 mg L—! Se as a nontoxic concentration. However, Se at 100,
200, and 500 mg L-! concentrations, led to a decline in absorbance, and
Chl a with increase in carotenoid levels. These results are in agreement
with previous reports on microalga, showing Se toxicity at higher con-
centrations i.e., >100 mg L-tinC vulgaris (Sun et al., 2014) and >60
mg L—! in C. pyrenoidosa (Zhong and Cheng, 2017) indicating species
specificity. Some microalgae such as Emiliania huxleyi (173 pg L—1)
(Gojkovic et al., 2015), C. vulgaris (>75 mg L—l) (Sun et al., 2014),
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C. pyrenoidosa (>40 mg L-H (Zhong and Cheng, 2017) require Se for
better growth. These microalgae grew better at reduced Se concentra-
tions, whereas D. salina cells grown in 2 M NaCl (control) containing
media tolerated Se up to 100 mg L—'. Recently, other microalgal strains
Scenedesmus and Chlorella were used directly to sequester Se from the
wastewater and tolerated up to 1 mg L—! Se only from the contaminated
environment (De Morais et al., 2022). In comparison, the D. salina strain
in the present study showed higher tolerance as it was healthy up to 50
mg L—"! Se exposure. These workers also reported that Chlorella accu-
mulated 323 pg Se g—! DW while D. salina grown at 200 mg L—! Se
containing culture media accumulated 2262 pg Se g—! DW, indicating
D. salina as a hyper-accumulator of Se. This finding emphasized the
significance of D. salina in the bioremediation of Se contaminated
environment.

3.2. Effect of Se on photosynthetic parameters

The photosynthetic status of D. salina exposed to Se from 0 to 500 mg
L—! concentrations were evaluated for 6 d. The maximum photochem-
ical quantum yield (Fv/Fm) above 0.6 is suggestive of photosynthetically
active and viable microalgal cells, indicating maximum efficiency of
reducing QA photosystem II as described by Butler (Butler, 1978). A
decline in Fv/Fm value was observed at higher Se levels (100, 200, and
500 mg L—l), 4 d after treatment (Fig. 2A). Similar result was reported
for the microalga Haematococcus pluvialis (Zheng et al., 2017). The Fv/
Fm values were maintained near (~0.6) till 50 mg L—! selenite for 6 d. In
contrast, a significant decline in Fv/Fm values occurred with an average
2.2 fold in 100 (1.78 fold), 200 (2.64 fold) and 500 mg L—1(2.23 fold) Se
treated cells compared to control (Fig. 2A). Se being sulfur analog
probably inhibits electron transport from PS II to PS I by competing with
sulfur in Fe—S complex of the Cyt b6f complex (Geoffroy et al., 2007)).
As the water splitting complex is linked to PS II, the Se interference with
the photosynthetic electron transfer chain indirectly impacts the rate of
O, evolution. Exposure of C. reinhardtii to 10 pM selenate concentration
caused a decline in maximal quantum yield at 66 % and effective
photochemical productivity of PS II at 83 % after 96 h (Geoffroy et al.,
2007). The overall response of D. salina suggests 50 mg L— selenite as
the optimum concentration for biomass production.

The maximum electron transport rate (ETRmax) represents effective
photochemistry and is expressed as pmol electrons m—2 s—!. The elec-
tron transport rate of D. salina cells at different Se concentrations is
presented in Fig. 2B. The increase in ETRmax till 3rd d and decline
thereafter in cells exposed to 100, 200, and 500 mg L-! Se in compar-
ison to control may be attributed to the stress caused by Se at higher
doses.

The non-photochemical quenching (NPQ) value is indicative of the
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quenching process in the form of maximum heat dissipation high-
lighting, the photoprotective mechanisms of PS II other than photo-
chemistry. It is associated with the number of quenching centres in the
light-harvesting antenna and monitors the apparent rate constant for
heat loss. It was evident that the NPQ values declined in 100, 200, and
500 mg L— Se treated cells (Fig. 2C) compared to control on 6th d after
incubation. It was observed that with the increase in Se concentration,
the Y(NPQ) value increased initially, followed by a gradual decline
compared to control on 6th d (Fig. 2D). Thus, the energy dissipation
pattern causing yield loss at higher Se concentrations is evident from the
increase in Y(NO) accompanied by a reduction in Y(NPQ) levels, indi-
cating the photo-protective damage (Schreiber and Klughammer, 2008).
The Y(II) is effective photochemical quantum yield of PS Il mainly due to
closed reaction centres (Klughammer and Schreiber, 2008). This
explained the decline in Y(II) at the higher Se concentration compared to
control on 6th d (Fig. 2F). The Y(NO) determines the quantum yield of
non-regulated energy dissipation of PS II. Y(NO) values continued to
increase all through the 6th d when cells were exposed to higher Se
concentration (Fig. 2I), indicating thereby the decline in photosynthetic
activity. The quantum yield, Y(NO), and Y(NPQ) values under Se
exposure indicated the fate of excitation energy in PS II (Schreiber and
Klughammer, 2008), where Y(NPQ) in particular was associated with
the quantum yield of regulated energy dissipation in PS II. The higher
value of NPQ suggested a high photoprotective capacity, whereas a
higher value of Y(NO) reflected the inability of the microalgal system to
protect PS II damage under Se stress beyond 50 mg L—'. Thus, high Y
(NPQ) values can possibly compensate for the decrease in Y(II) and even
a lowering of Y(NO). Our data are in tune with reports of Klughammer
and Schreiber (Klughammer and Schreiber, 2008), that the PS II inhi-
bition occurred under stress conditions, and the decrease in Y(II) was
compensated by the corresponding increase of Y(NO).

The qP and gN are the coefficients of respective photochemical
fluorescence quenching and non-photochemical fluorescence

quenching. The qE denotes energy-dependent quenching linked with the
PS II reaction centre excitation rate and light-induced proton transport
into the thylakoid lumen. The significant decrease in qP (Fig. 2G) may be
attributed to the reduction in the fraction of open PS II reaction centers
that limited the proportion of captured light energy. The qL was asso-
ciated with the PS II redox state, indicating the fraction of the open
reaction centre (Baker, 2008). The assessment of dissipation energy
pathways demonstrated that the D. salina exposed beyond 50 mg L—' Se
(100, 200, and 500 mg L—1) was not used in photochemical and non-
photochemical processes, as shown by the decrease in P, gN, and qL
on 6th d after Se exposure (Fig. 2G, H, and I).

3.3. Quantification of Chl a using flow cytometry (FCM)

A decline in the photosynthetic status of D. salina cells beyond 50 mg
L—! Se exposure prompted to monitor the effect of Se concentrations on
chlorophyll content by FCM in NR-stained D. salina cells. The FCM sig-
nals based on APC A channel fluorescence in D. salina cells exposed to
higher Se concentrations revealed altered Chl a fluorescence (Fig. 3).
These results demonstrated that the decrease in photosynthetic activity
at higher Se levels was manifested by a decline in chlorophyll levels to
92.96 %, 91.95 % and 91.14 % in 100, 200, and 500 mg L-! Se
respectively, as compared to the control (96.54 %), 25 mg L—1! (95.06)
and 50 mg L—! (94.84 %). Likewise, FCM analysis for Tetraselmis cells
under nitrogen deprivation and high irradiance conditions caused
declined chlorophyll levels (Dammak et al., 2021). These findings are in
agreement with the previous study highlighting the detrimental impact
of stress on photosynthetic machinery (Yao et al., 2016).

3.4. Effect of Se on Raman spectra in D. salina cells

Carotenoids serve as auxiliary light-harvesting pigments, non-
photochemical quenching modifiers, and reactive oxygen species
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scavengers in photosynthetic organisms. The Raman spectra of D. salina
cells exposed to varying concentrations of Se (0-500 mg L—') were
recorded, and the characteristic bands of carotenoids 1000-1020cm ™7,
1150-1170cm %, and 1500-1550cm ™! on exposure to visible laser
excitation are shown in Fig. 4. The inherently weak Raman signal was
negated as background noise. There were other medium intensity peaks,
of which 1003-1010 and 1189-1197 cm—" having a slight deviation of

7-8 cm—" from the Raman peaks, corresponding to related carotenoid,
B-carotene, and astaxanthin. The strong Raman shifts at 1156 cm—?
(C—C stretching vibration) and 1513-1515 cm—! (C=C stretching vi-
bration) were observed in all Se exposed D. salina cells. The displace-
ment of the similar peaks at increasing concentrations of Se was
conclusive of the changes in the type of carotenoid, particularly the
astaxanthin component of D. salina. The significant change in Raman
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Fig. 4. Raman spectra of standard carotenoid, and D. salina exposed to varying levels Se (0-500 mg L™1).
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Shift and peak intensity of three corresponding Raman lines at
1003-1010, 1155-1158, 1194-1197, and 1513-1525 cm—! indicated
heterogeneity in the carotenoid production across varying concentra-
tions of Se. The Raman spectrum for Se treated D. salina cells was very
similar to the Raman spectra of the astaxanthin standard (Fig. 4), as
reported by Shao et al. (Shao et al., 2019). In another study, the signa-
ture peak positions from the reference standards of lycopene (1004
em—! C-CHsz, 1155 em—' C—C and 1519 ecm—! C=C), xanthophyll
(1005 em-! C-CH3, 1157 em-! C—C, and 1525 em—! C=C), and
B-carotene (1010 cm—! C-CHs, 1158 em—! C—C, and 1518 em—! C=C)
recorded (Winters et al., 2013) were in congruence with our data.
However, additional factors may also be showing interference with
overlapping bands of other components such as lipids, proteins, etc.
Therefore, it was concluded that the selective peaks at 1522-1526 cm—?
(C=C) were specific for the relative changes in carotenoids. It can be
seen that in addition to the standard astaxanthin observed at 1520 cm—!

(C=C shift) there was an apparent deviation of 5-6 cm—".

3.5. Ultrastructure of D. salina cells under Se exposure and intracellular
Se accumulation

The exponentially grown D. salina cells exposed to 200 mg L—! Se
were examined for the ultrastructural changes in microalgal cells at 4th
d exposure in reference to the control, using TEM (Fig. 5). It was
apparent that control cells possessed intact nucleus, eye spot, thylakoid,
endoplasmic reticulum, mitochondria, and Golgi complex (Fig. 5A and
C). However, the 200 mg L—" Se exposed cells showed drastic change in
ultrastructural details of major organelles including, the nucleus,
thylakoid, mitochondria and vacuoles along with accumulation of Se in
cytoplasm (Fig. 5B). Likewise, the higher level of Se exposed D. salina
cells resulted in ultrastructural variations, showing organellar destruc-
tion (Renouva et al., 2007). The predominant changes in the ultra-
structure of D. tertiolecta caused by the selenate and selenite toxicity
were reported (Wong and Oliveira, 1991) and ascribed to damage in the
energy transducing systems. Other microalga C. sorokiniana showed
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disoriented thylakoids with less dense stroma, having plastoglobules at
higher Se levels (Gojkovic et al., 2014). The acclimation of D. salina to
high salt concentration has probably resulted in increased Se tolerance,
as 50 mg L—" exposure did not become unfavorable for photoautotro-
phic growth. However, beyond 50 mg L—! of Se exposure, the ultra-
structural details of the D. salina cells evidenced its impact on the
cellular organelles. Therefore, we have selected only control as well as
200 mg L— Se exposed D. salina cells because the prominent changes in
the ultrastructure of the cells became apparent at this concentration.
Ultrastructural changes in D. salina led us to investigate intracellular
Se accumulation, as it was supposed to reveal the toxicity threshold. The
basal level of Se in D. salina cells was 35 pg g—! DW in contrast to other
microalgal species such as Nannochloropsis oceanica (10 pg g—' DW)
(Guimaraes et al., 2021), and Haematococcus pluvialis (11 pg g—! DW)
(Zheng et al., 2017). The differences in the basal levels of the microalgae
may be attributed to species specificity itself. In 25 and 50 mg L—* Se
exposed D. salina cells, the intracellular accumulation occurred up to 52
pg g—! DW (1.4 fold) and 65 pg g—! DW (1.8 fold), respectively in
comparison to control (Fig. 5E). It is noteworthy that the Se accumula-
tion in D. salina up to a certain level may be used as a food and feed
supplement. An absolute recommended dose for dietary Se intake will be
determined by geographical location, the dietary status of the popula-
tion and maximization of selenoenzymes activity. The Recommended
Dietary Allowance (RDA) for adult population are 55 pg day—! (United
States), 60-75 pg day—' (United Kingdom and Belgium) and populations
of the world, deficient in Se intake (Waegeneers et al., 2013). Therefore,
it is suggested that the incorporation of selenoproteins through fortified
Se enriched D. salina may be used in the future after toxicity evaluation
of such biomass and compliance with the safety standards. The D. salina
cells showed healthy status up to 50 mg L— Se as reflected by Fv/Fm and
Chl a content. However, with the increase in Se up to 200 mg L—1, the
intracellular accumulation reached 2262 pg g—1 DW (64.2 fold) over the
basal level causing apparent toxicity to cells as reflected by photo pig-
ments and even ultrastructural details showing disrupted thylakoids and
other organelles (Fig. 5B and D). Zheng et al. (Zheng et al., 2017)

% %

-
(24
(=4
o

200

100

Intracellular Se (ung g™ DW)

~imini
0 25 50 200

Selenium (mg L'1)

Fig. 5. Ultrastructural details of D. salina cell, observed under transmission electron microscopy (TEM): (A) control cell (intact organelles), (B) cell exposed to 200
mg L~ Se showing disruptive cell organelles with accumulated Se (C) control cell with intact thylakoid and (D) 200 mg L~ treated cell with deteriorated thylakoid,

and (E) intracellular Se accumulation in D. salina.



P. Singh et al.

reported that H. pluvialis accumulated the highest organic Se at 13 mg
L—1 of selenite, and so establishing it to be an effective concentration for
biomass production. In C. pyrenoidosa, the highest total Se content was
found to be 435 pg g—' DW, along with the maximum accumulation of
organic Se at 337 pg g—! DW, indicating its efficacy as an efficient Se
accumulator (Schrauzer, 2003). Likewise, the study with C. vulgaris
revealed the highest total Se content at 857 pg g—! DW with maximum
accumulation for organic selenium recording at 316 pg—! g DW at 75
mg L—! Se concentration (Sun et al., 2014).

3.6. Effect of Se on intracellular ROS generation

Abiotic stress induces a powerful intrinsic antioxidant mechanism in
photosynthetic cells that controls ROS generation. The 2'-7' dichlor-
odihydrofluorescein diacetate (DCFH-DA) is a frequently used stain to
measure ROS accumulation in living cells. Cells emitted red (auto-
fluorescence) having lesser ROS accumulation and green due to the
oxidation of DCFH-DA with higher ROS species generating fluorescent
DCF (dichlorofluorescein) molecule. The red colored D. salina cells
exposed to 0, 25, and 50 mg L-! Se (Fig. 6) indicated minimal ROS
accumulation, whereas the green colored D. salina cells exposed to 100,
200, and 500 mg L—! Se showed higher ROS accumulation (Fig. 6). The
growth retardation in D. salina cells exposed to Se above 50 mg L—! may
be ascribed to increases in ROS and lipid peroxidation, which are well-
known oxidative stress markers. In an earlier report, a lower concen-
tration of Se (75 mg L—!) stimulated the growth of microalga C. vulgaris
(Sun et al., 2014) by decreasing ROS generation and lipid peroxidation
in the cells, whereas exposure to a higher concentration of Se (100 mg
L-1) led to oxidative stress by increasing the ROS content and lipid
peroxidation (Sun et al., 2014).

3.7. Effect of selenium on antioxidative enzymes (SOD and CAT)

Excess ROS accumulation and oxidative stress resulting from
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elevated Se concentration were countered with antioxidative enzymes as
part of the defense mechanism. The SOD and CAT activity in D. salina
cells exposed to varying Se concentrations were investigated in native
PAGE. The CAT activity staining showed seven differentially expressed
isoforms. However, all these isoforms were expressed in 50, and 100 mg
L—! Se treated D. salina cells (Fig. 7A). Among seven isoforms, CAT6
expressed prominently in all treatments, as well as in the control, and its
expression increased significantly with a rise in Se levels. The other
isoforms showed weak expression patterns and varied with treatment
levels. The CAT1 and CAT2 expressions were similar in control (0), 25,
50, and 100 mg L—! Se treated cells, whereas negligible expressions
were recorded in 200 and 500 mg L—! treated cells. The expression of
CAT3 was only observed at 50, 100, and 200 mg L—! Se treated D. salina
cells. The CAT4 expression increased with increasing Se concentrations.
CATS5 expressed constitutively in each treated and control cell, whereas
CAT?7 expressed better in 50 and 100 mg L— Se exposed D. salina cells.
However, its expression was negligible in control, 25, 200, and 500 mg
L—! Se treated cells. The differential expression of CAT isoforms may be
attributed to varying levels of ROS in response to Se treatments. Three
isoforms were reported in C. reinhardtii irrespective of culture conditions
(Kato et al.,, 1997). On the contrary, a decrease in CAT activity in
C. pyrenoidosa at higher Se concentrations has been reported (Sun et al.,
2014).

The SOD activity also revealed considerable variation in the banding
profile of five isoforms with regard to Se treatments (Fig. 7B). The
expression of SOD1 increased significantly from control to 100 mg L—!
Se exposed D. salina cells and declined at 200 and 500 mg L— Se levels.
Interestingly, the SOD2, SOD3, and SOD4 expressed constitutively
across all the treatment levels. An increase in the expression of SOD5
was recorded with increasing Se concentrations. Such differential
expression of SOD isoforms under varying Se concentrations clearly
indicated Se dose-specific isoforms expression. Interestingly, D. salina
CCAP 19/18, subjected to N, Mn, Zn, and Fe stress, showed eight iso-
forms of SODs (Saha et al., 2013). The differential expression of

Fig. 6. Fluorescent microscopic analysis of D. salina, exposed to varying Se levels: 0 (A), 25 (B), 50 (C), 100 (D), 200 (E) and, 500 mg Lt showing ROS accumulation.
D. salina cells stained with DCFH-DA, emitted red (autofluorescence) having lesser ROS accumulation, and green due to the oxidation of DCFDA with higher ROS
species, generating fluorescent DCF molecule (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 7. In-gel assay of catalase (A) and SOD enzyme activity (B) of D. salina cells exposed to varying Se levels (0, 25, 50, 100, 200, 500 mg L™1).

antioxidative enzymes such as CAT and SOD were previously studied in
D. salina cells under varying salinity levels (Singh et al., 2019). These
workers also reported eight isoforms of SODs under salinity stress,
wherein few isoforms expressed constitutively and some differentially.

3.8. Effect of Se on lipid accumulation in D. salina cells

The neutral lipids in NR-stained D. salina cells exposed to Se (0-500
mg L—1) concentration were visualized using confocal microscopy
(Fig. 8A). The increase in Se concentration from 25 mg L-! to 500 mg
L—! led to rise in neutral lipid accumulation. Increase in the number of
cytoplasmic lipid droplets was recorded at higher Se levels (100, 200,
and 500 mg L—1), accompanied by change in the shape of D. salina cells
from elongated to semi-spherical. The fluorescence intensity (AU) vs. Se

concentration was also plotted (Fig. 8B). It showed a rise in lipid accu-
mulation with increases in Se concentrations. However, increase in lipid
accumulation was not significant up to 50 mg L—' Se exposure, whereas
a significant rise in lipid accumulation was recorded at higher Se con-
centrations. These observations pointed out that 50 mg L—! Se exposure
was not acting as an effective lipid inductor in the D. salina strain. In
contrast to our observations, the lower doses of the Se (10-20 mg L-Y
enhanced the lipid production in D. tertiolecta more than two fold
(Perecinec et al., 2022). This difference between the two strains of
Dunaliella sp. may be ascribed to strain specificity towards the Se,
rendering D. salina’s inherent capacity to withstand stress. We have
already reported higher lipid accumulation in this strain beyond 2 M
NaCl exposure, showing its ability to tolerate salinity stress (Singh et al.,
2019).
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3.9. Effect of Se on lipid peroxidation (LPO) and proline content

The impact of varying levels of Se on lipid peroxidation of D. salina is
represented in Fig. 8C. There was a marginal decline in LPO level (5.15
nmol cell—-1) of 50 mg L—! Se exposed cells in comparison to the control
(7.39 nmol cell—l) indicating no Se stress at lower levels. The rise in LPO
from 6.93 to 8.69 nmol cell—' at 100 and 200 mg L—! Se treated cells
may be attributed to stress caused by higher Se doses. The cells exposed
to 500 mg L—! Se showed 2.8 fold rise in LPO over that of 200 mg L—! Se
exposed cells. Cells exposed to 500 mg L—! Se had 4.77 fold rise in lipid
peroxidation with respect to cells exposed to 50 mg L—" Se. Overall data
on Se exposure to D. salina cells suggested that Se at lower concentration
help ROS scavenging by decreasing LPO, whereas at higher Se level, the
induced LPO leads to membrane damage through oxidative stress and
ROS generation.

Higher selenium tolerance might be attributed to an increase in the
proline content of D. salina cells. The key role of proline was to maintain
the metabolic status of the stressed cells. Therefore, in this study, the
accumulation of proline at varying concentrations of Se was monitored
(Fig. 8D). The target strain exposed to 25 mg L—! could not induce a
significant level of proline content. However, 50 mg L—! exposed
D. salina cells registered a 1.41 fold rise in proline content over the
control and 1.75 fold at 100 mg L—! Se exposed cells. An increase in Se
concentrations beyond 100 mg L—' did not cause a further rise in
intracellular proline content. The proline is known for its multifunc-
tional role as osmoticum, a store of energy in the form of ATP (Atkinson,
1977). Therefore, a rise in proline content at 50 mg L—! Se played a role
in scavenging the stress.

3.10. Conclusions

This study demonstrates impact of Se on photoautotrophic growth of
D. salina and its bioaccumulation. D. salina experienced stress beyond
50 mg L—! Se exposure, evident from the decline in photosynthetic ac-
tivity and increased ROS, LPO, intracellular proline, and neutral lipid
contents. The differential expression of various SOD and CAT isoforms
played a pivotal role. As Se is a requirement in biomedicine, Se-enriched
D. salina biomass may be used as food and feed supplement after eval-
uating the toxicity assay. Also, the inherent capacity of D. salina to
tolerate higher Se levels may be used for the bioremediation of Se.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2023.114842.
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