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Abstract

Heavy metal pollution is one of the most severe ecological problems with Lead (Pb) being present in high concentra-
tions. Cyanobacteria growing in polluted sites have evolved different mechanisms to avoid metal toxicity and continue
to contribute to the biological activity of the site. The present study was undertaken to understand the mechanism of
Pb tolerance in a common diazotroph Desmonostoc muscorum as it tolerated Pb up to 20 mg L', During first 48 h, Pb
toxicity in this organism resulted in 88% increase in superoxide radicals (SOR) which caused morphological alterations,
37-72% decrease in photosynthetic pigments leading to reduced growth of the organism. The cyanobacterium managed
this toxicity by activating antioxidant enzymes superoxide dismutase (SOD) (187% increase) and peroxidase (POD)
(181% increase). Simultaneously, increase in the levels of gluthathione (GSH) (53%) and proline (60%), and activity of
glutathione reductase (GR) was observed. After 48 h, level of SOR, activities of SOD and POD decreased while the level
of GSH and GR remained high. This indicated that Pb toxicity at initial level is managed by the organism by activating
both SOD/POD and GSH/GR systems, while later on the organism adopts some other mechanism and is able to manage
Pb toxicity by only GSH/GR system.
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of organisms but become toxic when present in high con-
centrations (Nagajyoti et al. 2010). Natural processes and
anthropogenic activities such as mining of metal ores, fossil
fuel combustion, wood preservation, production and appli-
cation of fertilizers, pesticides, and herbicides add heavy
metals into the environment (Pinto et al. 2003; Bazihizina et
al. 2014; Hussein et al. 2019; Sirunyan et al. 2019). Excess
release of heavy metals has become significant pollutants
posing a severe threat to water and land ecosystems (Naga-
jyoti et al. 2010). Aquatic ecosystems are more prone to
heavy metal pollutants than terrestrial ecosystems as large
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quantities of industrial effluents and municipal wastes con-
taining hazardous chemicals and metals are being discharged
to the aquatic environment (Ajitha et al. 2021; Tiwari et al.
2020). Non-biodegradable nature of heavy metals leads to
their prolonged persistence in the environment (Mitra et
al. 2021). Moreover, metallic pollutants get biomagnified
through food chain leading to human health risks (Ali et al.
2019; Chakraborty and Mishra 2021; Shen et al. 2021).

Heavy metal toxicity leads to morphological, ultrastruc-
tural and metabolic changes in the microorganisms. Toxic-
ity of heavy metals results from (i) displacement of essential
metal cations from the active sites of the enzymes leading
to impairment of enzyme activity and metabolic pathways
(i1) reaction with low molecular weight compounds such
as glutathione (GSH) and carboxyl, histidyl, thiol groups
of proteins which may result in altered signaling pathways
(iii) similarity to important biochemical functional groups
mainly phosphate, thus when taken up replace these groups
(iv) generation of reactive oxygen species (ROS) (DalCorso
2012). ROS such as the superoxide anion (O,7), singlet
oxygen ('0,), hydroxyl radical (:OH) and the hydrogen per-
oxide (H,O,) pose a severe threat to the organisms when
produced in larger amounts (Ahad and Syiem 2021). Acute
metal toxicity may lead to death of the organisms.

Among various heavy metals, Pb being non-essential
metal, is one of the most hazardous pollutants spread widely
in air, water, soil, and food (Rahman and Singh 2019;
Agustina and Tjahjaingsih 2021). Exhaust of automobiles,
chimneys of factories, industries, mining, and smelting of
Pb ores, finishing operations, fertilizers and pesticides are
the major source of Pb pollution (Hu et al. 2019; Gottes-
feld et al. 2019; Lim et al. 2019). Average concentration of
Pb in the soil ranges from 10 to 100 ppm (Jarostawiecka
and Piotrowska-Seget 2014) and from 0.45 to 14 ppm in the
groundwater (Smedley et al. 2002).

It is a common observation that some of the microorgan-
isms survive and grow in heavy metal contaminated sites,
indicating thereby that they self-adapt to such environ-
ment. Microorganisms have evolved a number of different
mechanisms for modulating heavy metal toxicity to adapt to
changes in the concentration of metals in the environment
(Khattar et al. 2015; Parveen et al. 2015; Boden et al. 2021).
Extracellular barrier, active efflux of metal ions, extracel-
lular and intracellular sequestration, biotransformation of
metal ions are main mechanisms by which microorganisms
protect themselves from heavy metal toxicity (Lima de Silva
et al. 2012; Gonzatez-Heano and Ghneim-Herrera 2021).
Cyanobacteria, an ancient group of photosynthetic pro-
karyotic microbes, are an important component of aquatic
systems as well as agriculture fields (Goswami et al. 2019;
Arias et al. 2020; Dutta and Bhadury 2020). These organ-
isms play a fundamental role in the soil biological activity
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by the production of organic matter and release of oxygen
(Qu et al. 2015; Munagamage et al. 2020). Cyanobacteria
also build up soil fertility by excreting growth promoting
substances such as hormones, vitamins, amino acids; by
increasing water holding capacity and phosphate solubility,
adding organic matter and even by fixing nitrogen (Tiwari
et al. 2020; Bhat et al. 2021). Thus these organisms are very
important from ecological point of view. Understanding of
the mechanism of heavy metal tolerance in cyanobacteria
is very significant as these organisms may be exploited for
supporting the biological activity of heavy metal laden sites.
Since mechanism of Pb tolerance in cyanobacteria is not
fully known, the present study was aimed to understand the
mechanism of Pb tolerance in the nitrogen-fixing cyanobac-
terium Desmonostoc muscorum. The selection of this organ-
ism was based on its omni-presence in terrestrial/aquatic
systems. Although heavy metals such as cadmium, arsenic,
nickel, cobalt, nickel have been shown to cause oxidative
stress in cyanobacteria (Kashyap et al. 2021; Verma et al.
2021; Mo et al. 2022; Nowicka et al. 2022; Pandey et al.
2022, Patel et al. 2021; Qiu et al. 2022) but Pb caused oxida-
tive stress in cyanobacteria is not reported. In this study it
is demonstrated that initial toxic effect of Pb in Desmonos-
toc muscorum is the generation of ROS and the organism is
successful in managing this effect by activating antioxidant
defense system.

Materials and methods
Test organism and culture conditions

The cyanobacterium Desmonostoc muscorum
PUPCCC 405.10 employed in the present study is an isolate
from paddy fields of Punjab state of India and was propa-
gated in slightly modified Chu-10 nutrient medium (Singh
et al. 2015). Experimental cultures were maintained in a
culture room at 28 +2 °C and illuminated with LED tube
lights giving a photon flux 45 umol m~2 s~! on the surface
of culture vessels for 14 h every day. The cultures were kept
in actively dividing state by transferring these into fresh
medium after every 6-8 days and actively dividing cul-
tures were used for experiments and each experiment was
repeated three times.

Determination of tolerance level to Pb

The tolerance level of Desmonostoc muscorum towards Pb
was determined by monitoring its growth in graded concen-
tration (428 mg L™!) of Pb. The growth experiment was
performed in 250 mL Erlenmeyer flasks containing 100
mL nutrient medium. Actively dividing stock cultures were
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washed by centrifugation and appropriate volumes were
inoculated in flasks containing nutrient medium with graded
concentrations of Pb so as to obtain an initial absorbance of
the cultures 0.1 at 720 nm. Ten mL aliquots of the cultures
were withdrawn at regular intervals of 2 days, extending up
to 10 days, and the absorbance the of cultures was noted
at 720 nm (A,,) using UV-Visible spectrophotometer (Shi-
madzu 1280, Kyoto, Japan).

Estimation of photosynthetic pigments

At the desired time, known volumes of cultures were with-
drawn, washed, suspended in 80% acetone and incubated
in dark at 4 °C for 8 h. The contents were centrifuged and
absorbance of the supernatant was noted at 665 nm, 645 nm
and 450 nm for the determination of Chlorophyll a (Chl a)
and carotenoids. The pellet obtained above was suspended
in same volume of distilled water, agitated, centrifuged and
absorbance of the supernatant was noted at 652 nm, 615 nm
and 565 nm for the determination of phycobiliproteins.

Amount of Chl a was determined following Holm (1954)
as per the following equation:

(9.78 x A660) — (0.99 x A645) x Volume of acetone extract

Chl ¢/mL) =
a (pg/mL) Volume of culture taken

Amount of carotenoids was determined following Kratz and
Myers (1955) as per the equation:

. A450 x Volume of acetone extract
Carotenoids (ug/mL) = 200 x Volume of culture taken

The equations given by Bennett and Bogorad (1973) were
employed to calculate the amount of water soluble phyco-
cyanin, allophycocyanin and phycoerythrin. The amounts
of these pigments were summed up to get the amount of
phycobiliproteins.

Phycocyanin (s/ml) = (A615 — 0.474) x (A652) x Volume of extract
yeocy HE N 5.34 x Volume of culture taken

(A652 — 0.208) x (A615) x Volume of extract

Alloph i g/mL) =
ophycoeyanin (ig/ml) 5.09 x Volume of culture taken

(A565 — 2.41) x (PC — 0.849) x
9.62

APC
Phycoerythrin (ng/mL) = ( )

The amounts of pigments obtained above in pg mL™' were
converted to pg mg~' dry biomass by dividing the amount
of particular pigment with dry biomass (mg) present in one
mL culture.

Extraction and determination of enzymatic and
non- enzymatic antioxidants

At the desired time, thick cell suspension of control and Pb
grown cultures was obtained by centrifugation (4000 g for

10 min), washed twice with double distilled, suspended in
phosphate buffer (100 mM, pH 7.8) and disintegrated at 4
°C using sonicator (Soniprep 150, Sanyo, USA). The con-
tents were centrifuged (4 °C) at 12,000 g for 10 min and the
supernatant was used as cell free extract for the determina-
tion of amount of proteins, superoxide radicals, non-enzyme
antioxidants and for the activity of enzymes.

Estimation of superoxide radicals

Content of superoxide radicals (SOR) was determined by
following the method of Elstener and Heupel (1976). The
assay mixture containing 3 mL phosphate buffer (65 mM,
pH 7.8), 2 mL cell free extract, 0.1 mL hydroxylamine
hydrochloride (10 mM) was incubated at room temperature
for 30 min and then 0.2 mL sulphanilamide (8.5 mM) and
0.2 mL o-naphthylamine (3 mM) were added and mixed
well. After 10 min, absorbance was recorded at 530 nm.
Standard curve was prepared by using sodium nitrite.

Estimation of superoxide dismutase (EC 1.15.1.1) activity

The activity of superoxide dismutase (SOD) was measured
as inhibition of photochemical reduction of nitro blue tet-
razolium chloride (NBT) (Beauchamp and Fridovich 1971).
The assay mixture for SOD activity was prepared by mixing
27 mL of 100 mM sodium phosphate buffer (pH 7.8), 1.5
mL methionine (3%), 1 mL NBT (0.014%), 1 mL Na,CO,
(23.4%) and 1.5 mL of 2 mM ethylenediamine tetraacetic
acid (EDTA). To 2.7 mL of the above assay mixture, 0.1 mL
cell free enzyme extract was added followed by the addi-
tion of 0.2 mL riboflavin (0.015%). After proper mixing, test
tubes were illuminated with LED tube lights for 5 min. The
enzyme activity was terminated by transferring these test
tubes to dark. Test tubes containing reaction mixture with
enzyme extract and kept in dark served as blank. Test tubes
without enzyme extract and kept under light served as con-
trol. The absorbance of the solution was noted at 560 nm.
One unit of SOD activity is the enzyme required to inhibit the
reduction of NBT by 50% under light min~!' mg~! protein.

Estimation of peroxidase (EC 1.11.1.7) activity

The method of Gahagan et al. (1968) was followed to deter-
mine the activity of peroxidase (POD). The assay mixture (3
mL) contained 50 mM phosphate buffer (pH 6.1), 3% (w/v)
pyrogallol, 0.4% (w/v) H,O, and 0.2 mL cell free enzyme
extract. The reaction was started by the addition of H,O, and
change in absorbance of the assay mixture was recorded for
3 min. The enzyme activity was calculated using an extinc-
tion coefficient of 25.5 mM~' cm™!. One unit of enzyme
activity is defined as enzyme required to oxidize one umol
pyrogallol min~! mg~! protein.
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Estimation of catalase (EC 1.11.1.6) activity

Catalase (CAT) activity was measured following the method
of Aebi (1984). The reaction mixture (3 mL) in the cuvette
contained 100 mM phosphate buffer (pH 7.0), 20 mmol
H,0, and 0.1 mL cell free extract. The substrate H,0, was
added at the last and immediately decrease in absorbance
of the solution was noted at 240 nm at an interval of 30 s
for 5 min using a UV-Vis spectrophotometer. Concentration
of H,0, was calculated using molar extinction coefficient
43.6 M~! cm™!. One unit of the enzyme activity is defined
as amount of enzyme required to decompose one pmol of
H,0, min~! mg~! protein.

Estimation of glutathione reductase (1.6.4.2) activity

Glutathione reductase (GR) activity was determined by
monitoring decrease in amount of NADPH in assay mixture
as NADPH gets oxidized while GR reducing glutathione
as per the method of Carlberg and Mannervik (1985). The
assay mixture was prepared in the cuvette by adding 2 mL
of 100 mM phosphate buffer (pH 7.5), 200 puL of 2 mM
NADPH (in 10 mM Tris-HCL, pH 7.0) and 80 pL cell free
enzyme extract. The reaction was started by the quick addi-
tion and mixing of 200 pL of 20 mM glutathione disulphide
(GSSG) and decrease in absorbance was recorded at 340 nm
for 10 min. Decrease in the amount of NADPH was calcu-
lated using molar extinction coefficient 6220 M~! cm™!. A
unit of GR is defined as the amount of enzyme that catalyzes
reduction of 1 pmol of NADPH min~! mg™! protein.

Estimation of ascorbate peroxidase (EC 1.11.1.11) activity

The activity of ascorbate peroxidase (APX) was estimated
following the method of Nakano and Asada (1981). The
assay mixture in a total volume of 3.0 mL contained 50
mM phosphate buffer (pH 7.0), 0.5 mM ascorbate, 0.1 mM
hydrogen peroxide, 0.1 mM EDTA and 0.1 mL cell free
enzyme extract. The reaction was started by the addition of
enzyme extract. The activity of the enzyme was determined
from the decrease in absorbance at 290 nm (an absorbance
coefficient of 2.8 mM~! cm™!) as ascorbate was oxidized.
One unit of enzyme activity is defined as 1 nmol ascorbate
oxidized min~! mg~! protein.

Estimation of reduced glutathione content
Amount of reduced glutathione (GSH) was estimated
according to Ellman’s method (1959). The reaction mix-

ture was prepared by mixing 3 mL of phosphate buffer
(50 mM, pH 8.0), 0.2 mL cell free extract, and 0.5 mL of
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5,5’-dithiobis-(2-nitrobenzoic acid) solution. Absorbance
of coloured solution was noted at 412 nm. Glutathione
(reduced) was used as standard.

Estimation of ascorbate content

Method of Oser (1979) was followed to determine ascorbate
(AsA) content. The assay mixture contained 2 mL of 5% of
sulfosalicylic acid, 2 mL of 2% sodium molybdate, 2 mL of
0.15 N H,SO,, I mL of 1.5 mM K,HPO, and 1 mL of cell
free extract. The contents were incubated at 80 °C in a water
bath for 60 min and centrifuged at 12,000 g for 15 min.
Absorbance of colour developed was recorded at 660 nm.
Ascorbic acid was used to prepare the standard curve.

Estimation of proline content

The protocol given by Bates et al. (1973) was followed
to measure proline content. Proline from the cells was
extracted in 3% sulpho-salicylic acid by disintegrating the
washed and concentrated cells using sonicator. One mL cell
free extract obtained above was mixed with pre-prepared 2
mL ninhydrin reagent (3.75 g ninhydrin was dissolved in
90 mL glacial acetic acid, to this 24 mL ortho-phosphoric
acid and 36 mL distilled water were added and mixed) and
2 mL glacial acetic acid. The contents were incubated in a
boiling water bath for 1 h and the reaction was terminated
by transferring and keeping the tubes in ice for 5 min. Then
4 mL toluene were added and vortexed for 1 min to transfer
proline in the toluene layer. The contents were centrifuged
at low speed and the upper pink toluene layer containing
proline was pipetted out and its absorbance was noted at
520 nm using a UV-Vis spectrophotometer. Proline was
used to obtain standard curve.

Isoenzyme profiling of SOD, POD and CAT

The separation of isoenzymes of the SOD, POD and CAT
was performed in a vertical gel electrophoretic unit (Bio-
rad, India) following Laemmli (1970). The isozymes of
SOD, POD and CAT were stained according to the methods
of Fornazier et al. (2002), Van Loon (1971) and Woodbury
etal. (1971), respectively, as described by Verma and Prasad
(2021). Photographs of stained gels were captured with Gel
Doc (ImageQuantLAS500, GE Healthcare Bio—Science
AB751 Uppasala, Sweden).

Estimation of protein content

Protein content was determined following Lowry et al.
(1951).
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Scanning electron microscopy analysis

Pb treated and untreated cells of the organism were used
for Scanning Electron Microscopy (SEM) analyses (JSM,
6510LV, JEOL, Japan) following the method of Zhang et al.
(2019) as described by Shen et al. (2021).

Chemicals

The chemicals used in the present study were procured from
Sigma Aldrich, USA, SdFine Chemical Limited India and
Merck India. The commercial grade Pb(NO;), was used as
Pb. Stock solution of known concentration of lead nitrate
was prepared and diluted appropriately to get desired con-
centration of only Pb in mg L™

Statistical analysis

All the data are the average of three independent experi-
ments + Standard Deviation (SD). Data were statistically
analyzed by applying ANOVA and Tukey’s honest signifi-
cance difference test. All statistical analyses were tested
against the probability value at 95% confidence level
(p>0.05) using GraphPad Prism 8.0 version 8.0 (www.
graphpad.com).

Results and discussion
Tolerance limit

Tolerance limit of the test organism towards Pb was deter-
mined in terms of ICy, by studying its growth in graded
concentrations of the metal (Fig. 1). In the presence of Pb,
concentration-dependent decrease in growth of the organ-
ism was observed. On day 10, decrease in growth of the test
organism by 14%, 31%, 41%, 50%, 69%, 84% and 95% was
noted in presence of 4, 8, 12, 16, 20, 24 and 28 mg Pb L1,
respectively. The organism survived in Pb up to 20 mg L™!
(Fig. 1) but most of the cells in presence of 24 and 28 mg
Pb L~! lysed with release of the pigments. Further it was
observed that the organism experienced severe toxic effect
of Pb during the first two days as no growth was observed,
however the organism resumed growth after 2 days, though
slowly, in all the tested concentrations of Pb. When growth
data of day 6 was considered, it was noted that 12 mg Pb
L~ ! caused 50% decrease in growth of the organism and this
ICy, concentration was chosen to create experimental Pb
stress for this organism. The growth inhibition in presence
of Pb indicated that this metal is cytotoxic like other met-
als such as arsenate in Nostoc muscorum and Anabaena sp.
(Dhuldhaj et al. 2018; Patel et al. 2018), zinc and mercury

12
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Fig. 1 Absorbance of Desmonostoc muscorum in basal medium
(Royal-blue diagonal box/diamond ¢) supplemented with 4 (maroon
square m), 8 (green triangle A), 12 (indigo cross X), 16 (blue-ocean
circle @), 20 (pink square m), 24 (black triangle A) and 28 (red plus
sign +) mg Pb L~!

in Chlorella vulgaris (Ajitha et al. 2021), cadmium in Syn-
echocystis sp. and Nostoc muscorum (Ahad and Syiem
2021; Shen et al. 2021) and chromium in Nostoc musco-
rum and Anabaena sp. (Tiwari et al. 2020). The growth data
further indicated that the organism has the capacity to bear
the Pb toxicity to a certain concentration of Pb, toxic effect
on growth is more severe during first 2 days and later the
organism is able to manage toxicity and resumes growth.
The decrease in growth may be due to interaction with pho-
tosynthetic pigments, generation of reactive oxygen species,
and interference with enzyme activity by replacing metal
ion cofactors.

Photosynthetic pigments

ICs, concentration of Pb caused reduction in the content of
Chl a, carotenoids and PBP of the test organism by 37%,
60% and 67%, respectively (Table 1). Pb caused decrease
in Chl @ may be due to the fact that heavy metal ions are
known to replace essential metal ions from proteins/
enzymes. Similarly Mg?* from chlorophyll molecules might
have been replaced with Pb leading to damage to chloro-
phyll molecules. Pb is also known to strongly inhibit chlo-
rophyll biosynthesis, has the capacity to replace Mn** in PS
IT and inhibits many enzymes of the Calvin cycle, which
ultimately leads to a decrease in photosynthetic rate and
consequently growth of the organism (Sharma and Dubey
2005; DalCorso 2012; Baracho et al. 2019). Pb caused inhi-
bition of carotenoids and plastoquinone synthesis has also
been reported (Pourrut et al. 2011).
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Table 1 Amount of photosynthetic pigments in Desmonostoc musco-
rum cultures on day 4 grown in presence of Pb

Photosynthetic Pigment (ug mg~' dry ~ Pb (mgL™")

weight biomass) 0 12
Chlorophyll a 1.0+0.05 0.63+0.03
(37%)!
Carotenoids 0.22+0.01  0.09+0.004
(60%)]
Phycobiliproteins 512+25.6 168+9.5
(67%)]

Values are average of three independent experiments + SD

Value in rows are significantly different from each other at the 95%
confidence level (p <0.05)

Values in parenthesis with down arrow indicate decrease compared
to control cultures

SOR content

Heavy metals have been reported to target photosynthetic
as well as respiratory activities of the organisms leading
to the production of superoxide radicals (Ahad and Syiem
2021; Ren et al. 2021). Exposure of the test cyanobacte-
rium to 12 mg Pb L™! resulted in continuous enhancement
of SOR up to 48 h over control cultures (88% increase on
48 h), afterwards slow decline in SOR content was observed
(Fig. 2a). Increase in SOR during initial hours indicated
that Pb entered into the cells of the test organism, is highly
reactive under cellular conditions leading to the generation
of SOR. The results of growth experiment, photosynthetic
pigments and SOR content indicated that the reduction in
growth of the organism in presence of Pb was possibly as
a result of degradation/decrease in synthesis of photosyn-
thetic pigments by increased level of SOR. Similar reports
on other microalgae and cyanobacteria with other heavy
metals stress are available which support our results (Patel
et al. 2018; Ajitha et al. 2021; Tiwari et al. 2020; Shen et
al. 2021; Shivagangaiah et al. 2020; Kashyasp et al. 2021;
Wang et al. 2021). Initial increase and then decrease in SOR
content further indicated that the test organism experienced
severe Pb toxicity during first 48 h and later somehow it
was able to manage. This is also evident from the resumed
growth of the organism after 2 days.

SEM analysis

SEM provides a direct observation of the cell(s) in which high
magnification and resolving power facilitate the improved
examination of morphological features and surface attach-
ments (Shen et al. 2021). SEM analysis during the present
study revealed that control cultures had intact integrated
filamentous structures having healthy cells with smooth
surface. Cells grown in 12 mg Pb L™! exhibited changed
morphology with structural deformities, high floccules and
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Fig. 2 Effect of Pb on (a) SOR content and SOD activity, (b) POD
and GR activity of Desmonostoc muscorum in basal medium (SOR
and POD: Royal-blue diagonal box/diamond ¢; SOD and GR: green
triangle A ) supplemented with 12 mg Pb L™! (SOR and POD: maroon
square m; SOD: and GR: indigo cross x)

One Unit of SOD: Amount of enzyme required for 50% inhibition of
reduction of NBT min~! mg™"! protein

One Unit of POD: Amount of enzyme required to oxidize one pmol of
pyrogallol min~! mg~! protein

One unit of GR: Amount of enzyme that catalyzes reduction of 1 pmol
of NADPH min~' mg~! protein

All data are the mean values of three independent experiments + SD.
Data of control and 12 mg Pb L™! grown cultures at different times
of experiment are significantly different at 95% confidence level
(p<0.05)

rough cell surface (Fig. S1). These observations pointed that
the test organism experienced severe stress caused by Pb
resulting in cell deformities, probably due to lipid peroxida-
tion caused by generation of SOR. The exterior morphology
of Ulva lactuca and Synechocystis sp. treated with Cd>* was
irregular with some attachments aggregated on the outside
of cell (Ghoneium et al. 2014; Shen et al. 2021). Pb toxicity
affects biological morphology, growth and photosynthetic
pigments thereby disrupting growth and development of
plants and microbes (Leung et al. 2017; Etesami 2018; Li et
al. 2019; Kushwaha et al. 2018; Shivagangaiah et al. 2021).
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SOD, POD and CAT activity

SOD is one of the most important antioxidant enzymes,
present in all sub-cellular compartments of aerobic organ-
isms which are produced in high amounts in response to
ROS-mediated oxidative stress (Das and Roychoudhury
2014). SOD mediates conversion of superoxide radicals into
less toxic H,O,. SOD activity of the test cyanobacterium
increased up to 48 h in presence of Pb with 187% increase
on 48 h. The increased SOD activity is attributed to counter
the oxidative stress caused by elevated generation of reac-
tive oxygen species. After 48 h, decrease in SOD activity
up to 120 h was noticed (Fig. 2a). The SOD played a sig-
nificant role in scavenging SOR produced by Pb to convert
it into less toxic radical in green microalgae (Kashyap et
al. 2021). H,0, produced by SOD is further converted into
O, and H,0 by either POD or/and CAT (Patel et al. 2018;
Nowicka 2022). In presence of Pb, POD activity in the test
organism also increased up to 48 h (with 181% increase on
48 h over control cultures) and later decreased continuously
up to 120 h (Fig. 2b). This increase in POD activity is in
parallel with increase in SOD activity. Thus the test organ-
ism simultaneously detoxified H,O, produced by the activ-
ity of SOD. CAT activity of control and Pb grown cultures,
however, remained almost same during the course of experi-
ment, being 82 U in control and 84 U in Pb grown cultures
on 48 h. This observation indicated that CAT did not appear
to play an important role in detoxification of H,0O, in this
organism and only POD did this job. Most of the studies
on metal stress and antioxidant enzymes have demonstrated
that generally both POD and CAT activities are enhanced in
response to oxidative stress (Verma and Prasad 2021; Verma
et al. 2021; Pandey et al. 2022; Qiu et al. 2022) while some
other workers have studied only SOD and CAT (Ahad and
Syiem 2021; Kashyap et al. 2021; Mo et al. 2022). Increase
or decrease of antioxidant enzymes in cyanobacteria depends
upon the test organism and the nature of heavy metals (Dan-
ouche et al. 2020; Farooqui et al. 2017; Ajitha et al. 2021;
Ahad and Syiem 2021). Most of the organisms have been
reported to induce CAT to scavenge H,0O, (Chakraborty and
Mishra 2021) but in Anabaena, Scenedesmus and Chlorella
sp. CAT activity did not change in response to metal stress
(Kashyap et al. 2021; Verma et al. 2021). The increase in
the activity of SOD and POD of test organism was also
confirmed by their activity on polyacrylamide gel (Fig. S2).
Separation of enzymes on PAGE followed by staining of
their activity on the gel revealed that there were two isoen-
zymes for SOD, while isoenzymes for POD and CAT were
not observed. Bands of SOD and POD on gel corresponding
to Pb grown culture were more intense compared to control
cultures while no change in band intensity corresponding
to CAT was observed. These observations supported the
results obtained for these enzymes by biochemical analysis.

Glutathione, ascorbate content and gluthathione
reductase activity

Glutathione is the major low-molecular-weight thiol in
both prokaryotes and eukaryotes and represents as a major
pool of non-protein reduced sulphur (Sirikhachornkit and
Niyogi 2010, Nowicka 2022). Glutathione mainly exists in
a reduced form (GSH) under cellular physiological condi-
tions, while in oxidized conditions it is glutathione disul-
phide (GSSG). Glutathione reductase (GR) reduces GSSG
back to GSH (Sirikhachornkit and Niyogi 2010). GSH also
plays important role in antioxidant defense as it has the abil-
ity to scavenge H,0,, 0,", '0, and organic radicals (Pikula
et al. 2019; Tiwari et al. 2020). Cellular GSH content of the
test organism was significantly higher in Pb grown cultures
as compared to control ones. The GSH content continuously
increased up to 120 h and was 65% higher in Pb grown cul-
tures over control cultures at 120 h (Fig. 3). The activity of
GR in the test organism increased by 59.37% in Pb contain-
ing cultures compared to the control cultures (Fig. 2b). The
GR utilizes NAD(P)H to reduce GSSG to GSH and main-
tains an increased level of GSH in the cells (Ahad and Syiem
2021). High activity of GR in Pb grown cultures indicated
its involvement in maintaining high levels of GSH. Its activ-
ity was positively correlated with enhanced GSH content
under Pb exposure (Figs. 2b and 3). Ascorbic acid (AsA) is
another low molecular weight antioxidant reported to help
organisms in oxidative stress. At cellular physiological pH,
AsA is predominantly present in the form of ascorbate anion
which is an effective reducing agent able to directly scavenge
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Fig. 3 Effect of Pb on glutathione and proline content of Desmonostoc
muscorum grown in basal medium (glutathione: green triangle A ; pro-
line: Royal-blue diagonal box/diamond ¢) supplemented with 12 mg
Pb L~ (glutathione: indigo cross x; proline: maroon square m)

All data are the mean values of three independent experiments + SD.
Data of control and 12 mg Pb L~! grown cultures at different times
of experiment are significantly different at 95% confidence level
(p<0.05)
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free radicals and has role in regulation of photosynthesis
(Sirikhachornkit and Niyogi 2010; Piotrowska-Niczyporuk
et al. 2015). Ascorbate is also a cofactor of ascorbate per-
oxidase (APX), an H,0, detoxifying enzyme. There was no
significant difference between the levels of AsA of Pb grown
and control cultures. Ascorbate-Glutathione cycle has also
been reported to detoxify H,O, (Ahmad et al. 2010). Non-
enhancement of AsA in Pb grown cultures indicated that
AsA has no direct role in scavenging of free radicals in this
organism. It has been reported that the rate of the reaction
catalysed by APX is higher than the rate of direct scaveng-
ing of H,O, by ascorbate (Tamaki et al. 2021). APX activity
was not observed in Pb grown and control cultures of the
test organism. These observations suggest that Ascorbate-
Glutathione cycle is not operative in this organism. APX
is widely distributed in plants and eukaryotic algae but is
absent in prokaryotes (Ishikawa and Shigeoka 2008; Gest et
al. 2013). Organisms overcome the oxidative stress caused
by heavy metals and exhibit growth by maintaining the level
of AsA and GSH for efficient detoxification of highly toxic
ROS component (Chattergee et al. 2018).

Proline content

Proline (Pro) is able to scavange 102 and radicals, inhibits
lipid peroxidation, acts as an osmoregulator, metal chela-
tor and molecular chaperon, balances cellular redox status,
is considered to act as a regulatory molecule in activating
physiological and/or molecular responses, enhances antiox-
idant response in organisms exposed to various stress fac-
tors (Verbruggen and Hermans 2008; Hossain et al. 2014;
Rejeb et al. 2014; Zhang et al. 2019; Ahad and Syiem 2021).
Proline content of the Pb grown cultures increased by 60%
over control cultures at 120 h (Fig. 3). It is likely that Pro
helped in enhancing antioxidant defense mechanism of the

Fig.4 Conclusions in graphical
mode

GENERATION
OF ROS
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organism under Pb stress. Cyanobacteria such as Nostoc
muscorum, Anabaena sp. Spirulina platensis and Westiel-
lopsis sp. have been shown to produce proline in response
to Cu?*, Pb?*, Zn>* and As stress (Choudhary et al. 2007;
Fatma et al. 2007; Patel et al. 2021).

Microorganisms defend themselves against ROS by
stimulating SOD, POD, CAT, GR enzymes and by produc-
ing non-enzymatic antioxidants; glutathione, ascorbate and
proline (Dhuldhaj et al. 2018; Zhang et al. 2019; Kashyap
et al. 2021; Patel et al. 2021; Shen et al. 2021; Verma et
al. 2021; Mo et al. 2022; Nowicka et al. 2022; Pandey et
al. 2022; Qiu et al. 2022). In most of the above studies it
has been shown that level of all of the above antioxidants
is altered in response to metal stress, but the present study
has demonstrated that glutathione/GR system more strongly
helps the organism to manage Pb toxicity.

Conclusions

Observations and data analysis of the present study revealed
that (i) Pb caused toxicity to the test organism as revealed by
decrease in its growth. Severe effect on growth was observed
during first 48 h, later the organism resumed growth. This
indicated that the organism was able to manage Pb toxicity.
(i1) Severe toxic effect of Pb during initial 48 h was due
to high levels of SOR which affected photosynthetic pig-
ments, which in turn led to decrease in growth. (iii) Del-
eterious effect of SOR was avoided by the test organism by
producing high levels of SOD and POD which detoxified
SOR. Simultaneously GSH/GR levels were enhanced which
helped in detoxification of H,0,. (iv) After 48 h, the level of
SOR decreased, the organism also reduced the level of SOD
and POD but the levels of GSH and GR were kept high to
detoxify decreased levels of SOR (Fig. 4). Decrease in the
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level of SOR after 48 h indicated that the test organism was
somehow able to reduce the toxic effect of Pb which helped
it to resume growth. The mechanism by which it reduces
toxic effect of Pb after 48 h is being investigated.
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supplementary material available at https://doi.org/10.1007/s11756-
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