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Abstract In the present study, the potential role of
hydrogen peroxide (H,O,) and nitric oxide (NO) has been
well recorded in the induction of cadmium (Cd) stress
tolerance in cyanobacteria. In this regard, H,O, and SNP
(sodium nitroprusside, NO donor), were applied to Nostoc
muscorum and Anabaena sp. exposed to Cd (6 uM) stress,
to analyze different physiological and biochemical
parameters. Results revealed that treatment of Cd reduced
the growth, pigment contents, photosynthetic oxygen yield
and performance of PS II photochemistry (decreased
chlorophyll @ fluorescence parameters, i.e., op,, ¥,, OE,,
PIAps along with F,/F, and increased the energy flux pa-
rameters, i.e., ABS/RC, TR,/RC, ET,/RC, DI,/RC along
with F/F,. Similarly, uptake of nitrate (NO3™) and nitrite
(NO,7), as well as the activities of nitrate and ammonia
assimilating enzymes along with carbohydrate content,
were severely affected by Cd toxicity and notwithstanding
this, glutamate dehydrogenase (GDH) activity exhibited
reverse trend. Exogenous application of a very low dose
(1 uM) of H,O, (only for 3 h) and NO (SNP; 10 uM)
notably counteracted Cd-induced toxicity. Nevertheless,
the positive impact of H,O, got reversed under the treat-
ment of PTIO (NO scavenger) and {f NAME (inhibitor of
nitric oxide synthase; NOS) while NO could work effi-
ciently even in the presence of NAC (H,O, scavenger) and
DPI (inhibitor of NADPH oxidase); hence indicated
towards the H,O, mediated NO signaling in averting Cd
induced toxicity in test cyanobacteria. In conclusion,
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current finding demonstrated a positive cross-talk between
H,0, and NO for providing tolerance to cyanobacteria
against Cd stress.
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Introduction

The presence of heterocystous, photosynthetic cyanobac-
teria in paddy fields serves as biofertilizers by directly
fixing the atmospheric nitrogen into ammonia, hence sup-
port the paddy crops. Among them, Nostoc muscorum and
Anabaena sp. are the most valuable and natural inhabitants
of paddy fields (Singh et al. 2016; Tiwari and Prasad 2020).
They can fix atmospheric nitrogen at an average of about
20-25 kg/ha/season, hence considered one of the necessary
components for sustainable agricultural development.
Besides this, they can enhance the aeration capacity of the
soil; release some plant growth-promoting hormones along
with numerous beneficial extracellular products (Prasanna
et al. 2013; Chittora et al. 2020). They can also provide
resistivity to our staple crops against various diseases and
abiotic stresses (Saadatnia and Riahi 2009; Chittora et al.
2020). Thus, the luxuriant growth of cyanobacteria in rice
fields is extremely important for the sustainability of
agriculture thereby enhanced yield of rice may fulfill the
food demand of our fast growing population.

In recent years, as a result of improper waste disposal
management practices, the effluents of industries contain-
ing toxic metals are being discharged directly to the water
of life saving rivers which are frequently used by farmers
to irrigate soils. The metal-contaminated water severely
affects the health of such beneficial microflora as well as
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crop plants by altering their metabolisms, and this leads to
a considerable loss in crop productivity. Among the heavy
metals, cadmium is considered as most toxic one. The
study of Rizwan et al. (2016) reported that 100 mg Cd in
kg~ soil caused chlorosis and necrosis resulting in greater
loss in rice yield and biomass. Overall, rice production as
well as quality of rice are highly affected by Cd contami-
nation. Besides this, the microflora of rice fields are also
found to be affected by excess Cd, thereby the sustainable
production of rice is compromised causing a serious issue
for our agricultural economy. The studies have demon-
strated that a proper input of nitrogen fertilizers (containing
N of 2.2-24% w/v) can alleviate Cd toxicity in rice
seedlings (Jalloh et al. 2009; Lin et al. 2011; Rizwan et al.
2016). So considering this fact we hypothesized that
heterocystous cyanobacteria Nostoc muscorum and An-
abaena sp. might play an important role in the alleviation
of Cd toxicity in rice crops by providing proper N,-supply.
Nevertheless, excess level of Cd in soil interrupts the heath
and metabolic processes of cyanobacteria (Verma and
Prasad 2021). Ahad and Syiem (2018a) have reported the
presence of P-type Cd**ATPases (e.g. cadAl and cadA2)
in Synechocystis sp. Cadmium can easily enter into the
cells of these organisms through P-type Cd*"ATPases,
which leads to excessive ROS production that finally
degrades the membrane integrity and antioxidant machin-
ery (Ahad and Syiem 2019). Such type of damaging
impacts of Cd on protein has also been demonstrated by
Mehta et al. (2014) where FutA2, a periplasmic Fe binding
protein decreased under Cd exposure in Synechocystis. In
recent years, for sustainable growth of cyanobacteria that
are exposed to metal or other abiotic stresses several
medications were suggested by recent studies. Exogenous
application of growth-promoting hormones such as kinetin
(KN) (Tiwari et al. 2018; Tiwari and Prasad 2020) and
indole acetic acid (IAA) (Tiwari et al. 2020a), Ca’" as a
second messenger (Ahad and Syiem 2019), and NO as a
signaling molecule (Verma and Prasad 2021; Tiwari et al.
2019) are the important medications suggested. Among
these modulators, the application of signaling molecules
might be cost-effective and one of the reliable techniques
found to reduce the negative effects of various abiotic
stresses because a very low dose of these signaling mole-
cules is effective and sufficient to alter various physio-
logical and biochemical processes.

Among various signaling molecules, NO and H,O, are
potentially active and multitasking signaling molecules. In
the recent past, nitric oxide (NO) has conquered much
attention due to its wider roles in plants at every devel-
opmental stage, from seed germination to plant death
(Kushwaha et al. 2019; Sharma et al. 2020; Verma et al.
2020). Moreover, several studies have shown the positive
implication of NO in the regulation of abiotic stress
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including heavy metals in plants (Corpas and Barroso
2017; Romero-Puertas et al. 2019) as well as in
cyanobacterium Anabaena sp. PCC 7120 (Tiwari et al.
2019). It has been demonstrated that the pretreatment of
H,0,; enhanced the cellular defense against oxidative stress
induced by Cd in rice and Brassica napus seedlings (Hu
et al. 2009; Hasanuzzaman et al. 2017), aluminium (Al)
and salinity in wheat seedlings (Xu et al. 2010; Li et al.
2011). Moreover, interactive responses of H,O, and NO
towards the induction of thermo-tolerance in maize seed-
lings (Li et al. 2015), salinity tolerance in strawberry plants
(Christou et al. 2014) as well as in basil seedlings (Gohari
et al. 2019) have also been recorded. But, the implication
of H,O, and NO and their relative coordination chemistry
in mitigation of Cd stress is still not studied in cyanobac-
teria. Till date the application of HO, and NO in the al-
leviation of abiotic stress is confined only to higher plants.
The positive assessments of H,O, and NO on overall PS 11
photochemistry and N,-metabolism of cyanobacteria under
Cd stress are also the uniqueness of the present study. Thus
the present study followed this unique concept to achieve a
reliable and most significant method to mitigate Cd toxicity
in cyanobacterial cells and it is hypothesized that H,O,
might have a role in NO-mediated management of Cd
toxicity in cyanobacteria.

Materials and methods
Test organisms and culture conditions

The homogenous, filamentous, and heterocystous
cyanobacteria Nostoc muscorum ATCC 27893 and An-
abaena sp. PCC 7120 were cultured in BG-11 medium (pH
7.5) in a temperature- controlled room having 25 + 2 °C
under 75 pmol photons m~> s~ 'photosynthetically active
radiation (PAR, 400-700 nm) provided by white fluores-
cent tubes (Osram L 40 W/25-1) with a 14:10 h regime of
light:dark. The experiments were carried out by using the
cultures of the exponential phase.

Experimental design and culture treatment

For all the experiments, exponential phase cultures of both
the tested cyanobacteria were collected by centrifuging
them at 3,000 g for 15 min and cells were washed twice
with sterile distilled water. Henceforth, cyanobacterial cells
were suspended in a growth medium containing Cd
(6 M), 10 pM SNP (sodium nitroprusside; a donor of
NO), 20 uM PTIO (2-phenyl-4,4,5,5-tetramethylimidazo-
line-1-oxyl 3-oxide; scavenger of NO), 100 uM | NAME
(No-Nitro-L-arginine methyl ester hydrochloride; NOS
enzyme’s inhibitor), 1 uM H,0,, 1 mM NAC (N-acetyl-L-
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cysteine; scavenger of H,0,), 1 uM DPI
(diphenyleneiodonium chloride; an inhibitor of NADPH
oxidase enzyme) wherever required. Accordingly, the
experimental combinations were: Control, Cd, Cd + H,0,,
Cd + NAC, Cd + DPI, Cd + SNP, Cd + PTIO, Cd +
tNAME, Cd + H;0, 4 PTIO, Cd + H,0, + {NAME,
Cd + SNP + NAC, Cd + SNP + DPI, Cd + H,O,.
+ SNP + PTIO + | NAME, Cd + H,O, + SNP +
NAC + DPL

Hydrogen peroxide (H,0,), a short-lived photodegrad-
able molecule has been used for 24 h of the experiment to
treat the cyanobacterial cultures grown for 14:10 dark and
light conditions. So for the present experiment the required
concentration of H,O, was prepared very carefully in dark
and poured into the medium at the end of addition of dif-
ferent components in each experimental setup, and then the
cultures of all the setups were incubated for 3 h in dark
prior to the exposure of cultures under 14:10 h light/dark
period at 25 4+ 2 °C. Each parameter was analyzed just
after 24 h of experiment.

Measurement of growth

The growth of both the test organisms was analyzed in terms
of optical density (OD) for that 3 ml of treated and untreated
cells of both the cultures were harvested and thereafter they
were well homogenized. Then optical density of the culture
of each set was recorded at 750 nm by using a double beam
UV-visible spectrophotometer (Shimadzu, Japan).

Histochemical analysis for cadmium accumulation

Histochemical analysis for Cd accumulation inside the
cells was observed in the form of red patches that appeared
due to the complex formation between dithiozone and Cd.
This analysis was carried out by using the method of
Seregin and Kozhevnikova (2011) with some minor
changes. To detect the intracellular Cd accumulation; 3 ml
of treated and untreated cells were collected by centrifu-
gation after 24 h of the treatment. Thereafter, collected
cells were gently washed twice or thrice with distilled
water (DW) to remove excess Cd. The stock solution of
dithiozone was prepared by dissolving 6 g of dithiozone in
acetone and then DW was added in the ratio of 3:1. Further,
1-2 drops of acetic acid glacial were added to solution. To
the cells of each set up 1 ml of dithiozone solution was
added and after 4 h of incubation cells were observed
under the microscope (Leica, model-DM 2500).

Estimation of carbohydrate content

The content of carbohydrate was determined according to
Dubois et al. (1956). The 100 ml cultures from each set

were centrifuged (10,000 g) for 10 min, the pellets were
suspended in 10 ml DW and 1 ml of cell suspension was
added to the reagent containing 1 ml of 5% phenol and
5 ml H,SO,. The absorbance of respective treatments was
recorded at 490 nm with the help of spectrophotometer and
content was calculated by using a standard curve prepared
with pure glucose.

Estimation of the photosynthetic pigments

The contents of photosynthetic pigments i.e. chlorophyll a
(Chl @) and carotenoids (Car) in test organisms were esti-
mated by following the methods of Porra et al. (1989) and
Goodwin (1954), respectively, and read the absorbance by
using spectrophotometer (Double beam UV-Visible, Shi-
madzu, Japan) at 665 nm and 450 nm, respectively. The
amounts of phycobiliproteins i.e. phycoerythrin (PE),
allophycocyanin (APC) and phycocyanin (PC) were
determined by recording the absorbance at 615, 652 and
562 nm by adopting the method of Bennett and Bogorad,
(1973). The following equations were used to calculate the
contents of phycobiliproteins:

PC =A615—(0.474 * A652)/5.34
APC =Ags5:—0.208(Ag15)/5.09
PE =Asq, * 2.41(PC) — 0.849(APC)/9.62

Measurement of whole cell O, evolution
and respiration

The rate of photosynthesis as whole-cell oxygen evolution
in treated and untreated cells of the test organisms was
measured by using Clark type O, electrode (Digital oxygen
system model-10, Rank Brothers, U.K) under the saturating
light intensity of 360 pmol photons m > s~ ' PAR at tem-
perature 25 °C. Respiratory activity of the same sample as
oxygen consumption was measured under darkness under
similar conditions.

Measurement of PS II photochemistry (JIP-Test)

The parameters of Chl a fluorescence kinetics were mea-
sured by using handheld fluorometer (AquaPen AP 100,
Photon System Instruments, Czech Republic) as per the
method of Strasser et al. (2000) in the dark-adapted (to
make the reaction centers open) cyanobacterial samples.
The analyzed parameters i.e. F,/F, (size and number of
active reaction centers); F,/F, (efficiency of water splitting
complex); Plsgs (Overall performance index); Phi_P,or
(P, (quantum yield of primary photochemistry); Psi_, or
Y, (yield of electron transport per trapped exciton); Phi_E,
or OE, (quantum yield of electron transport); Phi_D, or
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(D, (probability of dissipation of an absorbed photon); the
specific energy fluxes i.e. ABS/RC (absorption flux per
reaction center); TR,/RC (trapping flux per reaction cen-
ter); ET,/RC (electron transport per reaction center); DI/
RC (dissipation energy per reaction center) represent the
overall status of PSII photochemistry under tested
conditions.

Uptake of inorganic nitrogen
Nitrate uptake

Nitrate (NO3~) uptake was estimated spectrophotometri-
cally at 210 nm by measuring the depletion of NO3~ from
the medium of untreated and treated cultures as per the
method of Cawse (1967).

Nitrite uptake

Nitrite (NO, ) uptake in each sample was estimated as per
the method of Snell and Snell (1949), Depletion of NO, ™
from the medium was determined by recording the
absorption at 540 nm.

Assay of nitrogen assimilating enzymes

Nitrate reductase (NR; EC 1.6.6.1) and nitrite reductase
(NiR; EC 1.7.7.1) activities

Methods proposed by Herrero et al. (1981, 1984) and
Herrero and Guerrero (1986) were adopted to analyze the
activities of nitrate reductase (NR; EC 1.6.6.1) and nitrite
reductase (NiR; EC 1.7.7.1), respectively. The experiments
were performed with dithionite-reduced methyl viologen as
a reductant in cyanobacterial cells which were perme-
abilzed by adding alkyltrimethyl ammonium bromide
(MTA). The ions of NO, in cell-free reaction mixture
were estimated according to the method of Snell and Snell
(1949). One unit (U) NR activity is defined as 1 nmol NO,~
formed min~" whereas one unit (U) NiR activity is defined

as 1 nmol NO,™ consumed min".

Glutamine synthetase (GS; EC 6.3.1.2) activity

Method of Mérida et al. (1991) was adopted for the
determination of glutamine synthetase (GS) enzyme
activity considering the production of y—glutamylhydrox-
amate. Treated and untreated cells were collected, cen-
trifuged and washed with nitrogen-free medium and
resuspended in HEPES—NaOH buffer (pH 7.0). Cells were
disrupted by sonication (by using Vibra-sonicator, Sonics
and materials) and homogenate was centrifuged at
15,000 g for 20 min at 4 °C. The 50 pl of cell extract
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added to the reaction mixture containing 60 pM of
HEPES-NaOH buffer (pH 7.0), 40 uM of L—glutamine,
4 uM of MnCl,, 60 uM of hydroxylamine, 1 uM of ADP,
20 uM of sodium arsenate. The reaction was started by
adding sodium arsenate and the amount of y—glutamylhy-
droxamate formed after 10 min of incubation at 28 °C was
determined by recording the absorbance at 500 nm. One
unit (U) GS activity is defined as 1 nmol y-glutamylhy-

droxamate formed min~'.

Glutamate synthase (GOGAT; EC 1.4.1.14) activity

GOGAT activity was measured by following the methods of
Meers et al. (1970) and Navarro et al. (1995), respectively for
NADH-GOGAT in Nostoc muscorum and Fd-GOGAT in
Anabaena sp. Enzyme activity was estimated by recording
the absorbance at 340 nm to measure the oxidation of NADH
for Nostoc muscorum and formation of glutamate for An-
abaena sp. One unit of GOGAT activity is defined as 1 nmol
NADH oxidized min~" for Nostoc muscorum and 1 nmol
glutamate formed min~' for Anabaena sp.

Glutamate dehydrogenase (NADH-GDH; EC 1.4.1.2)
activity

Glutamate dehydrogenase activity was determined by fol-
lowing the method of Chavez and Candau (1991). Treated
and untreated cells were collected, centrifuged and crushed
in HEPES-NaOH buffer (pH 7.0) and supernatant obtained
was used as the enzyme extract. The reaction was started
by the addition NH4CI. The activity was analyzed spec-
trophotometrically at 340 nm by measuring the oxidation
of NADH. One unit (U) of GDH activity is defined as
1 nmol NADH oxidized min™".

Statistical analysis

Analysis of variance (ANOVA) was used for the statistical
analysis of results with the help of SPSS 16.0. Tukey test was
used for mean separation for significant differences among the
treatments at P < 0.05 significance levels. Presented results
are the means + standard error of three replicates (n = 3).

Results and discussion

H,0, promotes NO to enhance the growth of Cd
stressed cyanobacteria

The impact of exogenous H,O, and NO on the growth of
Cd stressed Nostoc muscorum ATCC 27893 and Anabaena
sp. PCC 7120 was analyzed by recording optical density
(OD750nm) and the results have been displayed in Fig. 1a, b.
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Fig. 1 Impact of exogenous H,O, and NO on growth (optical
density) (a, b) and carbohydrate content (¢) of Nostoc muscorum
ATCC 27893 and Anabaena sp. PCC 7120 exposed to Cd after 24 h
of experiments. Data represent the mean value £ standard error of

The 6 uM of Cd significantly (P < 0.05) declined the
growth as it was diminished by 28% in N. muscorum and
30% in Anabaena sp., as compared with respective con-
trols. The H,O, and NO, two physiologically and biolog-
ically important signaling molecules are reported to be
essential for the overall growth and development of plants
(Qiao et al. 2014; Saxena et al. 2016). The H,O, can enter
into the cell directly via the cell wall and regulates
the antioxidant defence system. Once signaling is initiated
inside the cell, the cyanobacteria get empowered to cope up
the stress. In the present study, exogenous H,O, or NO
(SNP) markedly reduced the negative effect of Cd on
growth (the effect of NO was found to be more prominent
than H,O,), and the reduction in growth was remained only
9 and 7%, in N. muscorum and 11 and 7%, in Anabaena sp.
respectively in comparison to control. The alleviation in Cd
toxicity on growth due to exogenous H,O, and NO (SNP)
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three replicates (n = 3). Bars followed by different letters show
significant difference at P < 0.05 significance level according to
Tukey test

could be correlated with (i) enhanced photosynthase car-
bohydrate content (Fig. 1c) (ii) reduced intracellular
accumulation of Cd (Fig. 2) (iii) improved photosynthetic
pigments (Fig. 3) and N-metabolism (Tables 1 and 2) and
(iv) appreciable recovery in PS II performance (Figs. 5, 6,
7). Similar to current finding, Christou et al. (2014) also
noticed positive role of H,O, and SNP in salt stress alle-
viation in strawberry plants. Further, the scavengers (NAC
for H,O, and PTIO for NO) and inhibitors (DPI for H,O,
biosynthetic enzyme NADPH-oxidase and | NAME for NO
biosynthetic enzyme NOS-synthase) of H,O, and NO were
applied exogenously and a crucial decrease in growth was
noticed thereby suggesting the role of NOS and NADPH
oxidase enzymes in maintenance of endogenous basal
levels of NO and H,0, in Cd stress alleviation (Fig. 1b).
Similar positive response of NO and H,O, was also noticed
in soybean plants under arsenate stress (Singh et al. 2020).
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Nostoc muscorum ATCC 27893

Anabaena sp. PCC 7120

Fig. 2 In vivo analysis of Cd accumulation (red patches indicated by
red arrows) inside the cells of Nostoc muscorum ATCC 27893 and
Anabaena sp. PCC 7120 exposed to Cd stress. Where lane I: Control,
lane II: Cd, lane III: Cd + H,O,, lane IV: Cd 4+ SNP, lane V:
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IX

Cd + H,0, + PTIO, lane VI: Cd + H,O, + {NAME, lane VII:
Cd + SNP + NAGC, lane VIII: Cd + SNP + DPI, lane IX: Cd 4+ H,.
0O, + SNP + PTIO + | NAME, lane X:
Cd + H,0, + SNP + NAC + DPI
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Fig. 3 Impact of exogenous H,O, and NO on photosynthetic
pigments contents: chlorophyll a (a), carotenoids (b), phycoerythrin
(¢), phycocyanin (d) and allophycocyanin (e) of Nostoc muscorum
ATCC 27893 and Anabaena sp. PCC 7120 exposed to Cd after 24 h

Furthermore, to understand the interaction between H,O,
and NO in Cd toxicity alleviation, scavengers and inhibi-
tors were also applied exogenously together with the con-
trasting signaling molecules (Fig. 1a). Thus, the results
revealed that H,O, alone was not able to alleviate the Cd
toxicity in the presence PTIO or | NAME hence indicated
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of experiments. Data represent the mean value =+ standard error of
three replicates (n = 3). Bars followed by different letters show
significant difference at P < 0.05 significance level according to
Tukey test

that H,O, might be acting as upstream-regulator of NO in
Cd stress alleviation. On the other hand, NO (SNP) could
work independently even in the presence of NAC or DPI,
however its action may be initiated by H,0, to release Cd
stress in test cyanobacterial strains. Our study is in con-
gruence with other findings where cross-talk between H,O,
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Nitrogen metabolizing enzyme activity (U mg~" protein)

dry

—1

Nutrient uptake (i mole g

Table 1 Impact of exogenous H,O, and NO on nutrient uptake (NO3~ and NO,~) and activities of nitrogen (NO3;~ and NH,") metabolizing enzymes of Nostoc muscorum ATCC 27893
weight h™h)

exposed to Cd after 24 h of experiments

Treatments

@ Springer

Glutamate

Glutamate synthase
(GOGAT)

Glutamine

Nitrite reductase

(NiR)

Nitrate

Nitrite (NO, )

uptake

Nitrate (NO3 ™)

uptake

dehydrogenase (GDH)

synthetase (GS)

reductase (NR)

27.50 &+ 0.71¢F

24.90 + 0.59*
17.38 + 0.45¢

1850 + 43.06"

19.70 £+ 0.47*
13.34 + 0.35°

35.60 + 0.88"
23.07 &+ 0.51¢

42.16 £ 0.73*
30.35 4+ 0.53°
39.14 + 0.68°

72.28 + 1.25°
50.71 £ 0.88¢

67.89 + 1.18*

Control
Cd

35.04 £+ 0.77°

1269 =+ 23.44°f

24.67 £ 0.53 ¢

22.86 &+ 0.51%°
23.83 & 0.67*

17.67 £ 0.38™ 1680 + 35.88%"°

32.40 + 0.69%
33.40 £ 0.75

Cd + H,0O,

2332 +£ 0.57 ¢

1737 + 42.12%

18.48 + 0.42%°

39.92 + 0.69%

68.91 & 1.19*
39.99 + 0.69°
37.01 £ 0.64

Cd + SNP

38.56 + 1.07%
40.18 £ 0.70

13.87 + 0.38°f
12.10 + 0.31F
19.90 + 0.42°

981 + 28.30%"

901 + 17.68 ®
1513 & 39.31 4

1121+ 032
10.18 £ 0.21¢

18.76 + 0.48°
16.95 + 0.35
28.02 £ 0.76°
26.59 + 0.69°

22.49 4+ 0.39 &

Cd + H,0, + PTIO

20.69 + 0.36 €

Cd + H,0, + NAME
Cd + SNP 4+ NAC
Cd + SNP + DPI

30.91 £ 0.80%

16.67 + 0.29 <4
15.70 &+ 0.31¢

34.65 £ 0.60 ¢

58.30 &+ 1.01%°

31.71 £+ 0.79 <

19.62 & 0.41 ¢
14.94 + 0.41°

1441 + 35.77%

32.33 £ 0.56%
26.72 + 0.46

55.51 &+ 0.96 <4

Cd + H,0, + SNP + PTIO + ;NAME  45.62 & 0.79°

36.41 + 0.99%°

12.00 + 0.33¢F 1143 £ 31.02 2

21.25 4+ 0.45%

28.35 + 0.72%¢f

37.38 + 0.65°  29.87 £+ 0.83"  17.10 & 0.37°¢ 1589 + 33.94° 21.31 + 0.53%

62.60 + 1.08°

Cd + H,0, + SNP + NAC + DPI

Data represent the mean value =+ standard error of three replicates (n = 3). Values within same column followed by different letters show significant difference at P < 0.05 significance level

and NO was also observed during equipping the copper
stress tolerance in alga Ulva compressa (Gonzalez et al.
2012), thermotolerance in maize seedlings (Li et al. 2015)
and salt stress tolerance in Oscimum basilicum (Gohari
et al. 2019).

H,0, up regulates NO to enhance carbohydrate
content in Cd stressed cyanobacteria

The data pertaining to the carbohydrate content in both the
test cyanobacteria have been portrayed in Fig. 1c. Carbo-
hydrates are the principle components of cyanobacterial
exopolysaccharides (EPS) which act as a defensive layer
around the cell environment and are important for their
survival in stressed conditions (Chakraborty and Pal 2014).
A simplified lipopolysaccharide contains about 31-80%
carbohydrates (Bhatnagar and Bhatnagar 2019). Despite
this, carbohydrates are also reserved as food products
inside the cyanobacterial cells which are directly utilized
by them as the energy source for survival under stressful
environments, hence directly linked with the growth of
cyanobacteria. Results revealed that Cd at the elevated
concentration (6 uM) declined the content of carbohydrate
by 31% in N. muscorum and 32% in Anabaena sp. with
respect to controls (Fig. 1c). Substantial reduction in car-
bohydrate content in both the cyanobacteria under Cd
stress might have led to the formation of a weak defensive
layer of exopolysaccharides subsequently allowed more Cd
to enter inside the cell as evident by the histochemical
analysis (Fig. 2). The in vivo analysis of intracellular Cd
accumulation has been displayed by the appearance of
intense red patches in the cells of both the test cyanobac-
teria. Excessive Cd accumulation caused more damages to
the cell thereby disturbing the cellular metabolisms i.e.
photosynthesis and nitrogen metabolism of test organisms.
Nonetheless, exogenous application of H,O, or NO (SNP)
significantly (P < 0.05) recovered the cell from the nega-
tive impact of Cd on carbohydrates content which was
significantly increased by 9 and 12% in N. muscorum and 8
and 10% in Anabaena sp., respectively with the more
pronounced effect of NO. Improved carbohydrate content
(Fig. 1c) probably strengthened the exopolysacchride
defensive layer, hence reduced Cd accumulation (Fig. 2) as
shown in our results (less red patches) when cells were
exposed to Cd + H,0, and Cd + NO (SNP). The previous
study of Ahad and Syiem (2018a) also reported that Cd
reduced the carbohydrate content but exogenously applied
calcium significantly improved the carbohydrate content in
Cd challenged cyanobacterium Nostoc muscorum Meg 1.
Similarly, Weifeng et al. (2018) reported that exogenous
SNP potentially reduced the Cd content in leaves of
perennial ryegrass. A recent study by Liu et al. (2020) has
experimentally demonstrated that Cd uptake was
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Table 2 Tmpact of exogenous H,0, and NO on nutrient uptake (NO;~ and NO, ™) and activities of nitrogen (NO;~ and NH,") metabolizing enzymes of Anabaena sp. PCC 7120 exposed to Cd

after 24 h of experiments

Nitrogen metabolizing enzyme activity (U mg~' protein)

Nutrient uptake (it mole g~' dry

weight h™h)

Treatments

Glutamate

Glutamate synthase

(GOGAT)

Glutamine

Nitrite reductase

(NiR)

Nitrate

Nitrite (NO, ™)

uptake

Nitrate (NO3;™)

uptake

dehydrogenase (GDH)

synthetase (GS)

reductase (NR)

25.90 + 0.67%"

21.80 + 0.52%
14.78 + 0.38°

1692 + 43.96*

17.10 £ 0.40°
11.12 & 0.29¢
15.18 &+ 0.41°

33.90 + 0.76"
21.29 + 0.55°

40.27 £ 0.70°
28.37 & 0.49°

70.58 £ 1.22°
4779 + 0.83°
65.60 + 1.14°

Control
Cd

33.26 &+ 0.61 <

1128 + 20.85°F

24.04 £+ 051"

19.82 + 0.45%

1368 & 29.24 <4

30.07 £ 0.56

36.82 + 0.64%

Cd + H,0,

2220 £+ 0.54 P

20.64 + 0.44%°

37.89 £+ 0.66™  31.05 &+ 0.88* 1571 & 0.40® 1553 + 37.66™

66.53 £ 1.15%°

Cd + SNP

37.61 + 0.96*°
39.19 + 0.86"

11.03 £ 030 '®

842 + 23.35%"
776 £ 19.29 "

1715 £ 042 937 £ 027"
1348 + 35.04 4

20.80 £ 0.36 "

37.24 £ 0.65 ¢

Cd + H,0, + PTIO

9.98 + 0.21 ¢
17.20 £+ 0.38¢

8.52 + 0.19f
14.18 + 0.29%°
13.46 £ 0.28°

15.56 + 0.32 ¢
26.04 + 0.71¢
24.64 + 0.64¢

Cd + H,0, + | NAME 3402 +£ 059 & 18.66 &+ 0.32 "

Cd + SNP + NAC
Cd + SNP + DPI

29.34 £ 0.71°F

32.37 £ 0.56%

55.72 + 0.97 <4

30.87 £ 0.77%

16.74 £ 0.44%
12.14 + 0.33F

1279 + 31.76%

29.97 + 0.52°F

52.40 + 0.919

Cd + H,0, + SNP + PTIO + (NAME 42.39 + 0.73'

3471 £ 0.94%¢

991 + 26.90 &
1433 + 27.31%

19.56 &+ 0.42°°  10.19 £ 0.28%¢

2490 £ 043 ¢

27.56 & 0.80°

18.25 & 0.39 <«

34.66 &+ 0.60 ¢ 2773 £ 0.77 ¢ 14.47 £+ 035"

59.76 + 1.04°

Cd + H,0, + SNP + NAC -+ DPI

Data represent the mean value + standard error of three replicates (n = 3). Values within same column followed by different letters show significant difference at P < 0.05 significance level

significantly reduced in maize grain by exogenous NO
supplementation. Furthermore, H,O, alone (with the
addition of PTIO or | NAME) did not show significant
recovery in carbohydrate content under Cd stress, while
NO effectively regulated the negative effect as consider-
able improvement in carbohydrate content was recorded
even in presence of NAC or DPI. The PTIO and { NAME
addition to cells worsened the Cd toxicity due to increased
accumulation of Cd. Thus, when cells of both the organ-
isms were subjected to Cd + PTIO + H,O, and Cd + .
NAME + H,0,, intense red patches were found while the
intensity became considerably low under the treatment of
Cd 4+ SNP(NO) + NAC and Cd + SNP(NO) + DPI
combinations (Figs. lc, 2). The results indicated that the
NO appears to be prime player in regulating the accumu-
lation of Cd inside the cells in both the cyanobacteria
(Verma and Prasad 2021).

H,0, indorses NO to enhance photosynthetic
pigments in Cd stressed cyanobacteria

Being crucial constituents of photosynthesis, photosyn-
thetic pigments (Chl a and Car) and prime light-harvesting
antenna complexes (PE, APC and PC) of PS II were also
evaluated in both the test cyanobacteria exposed to Cd
stress together with different modulators (Fig. 3). Results
revealed that 6 pM Cd caused a significant (P < 0.05)
decrease in the contents of Chl a and Car by 29 and 31% in
N. muscorum and 32 and 33% in Anabaena sp., respec-
tively in comparison to control. Hence, these results are in
corroboration with the previous study of Ahad and Syiem
(2018b). This damaging impact induced by Cd might be
due to the decrease in pigment biosynthesis as reported by
Prasad et al. (2015) in Azolla pinnata under cypermethrin
stress or degradation of precursors related to chlorophyll
biosynthesis (Mishra et al. 2016). Furthermore, the reason
behind the more reduction in phycobilisomes contents
might be due to their presence at the outward direction of
the thylakoid membrane which gets directly and simply
accessible to stress agents such as heavy metals. Reverse to
this, the application of H,O, effectively reduced the neg-
ative impact of Cd on Chl a and Car contents. However,
exogenous NO (SNP) more efficiently minimized the
reduction in contents of Chl a and Car showing only 5 and
7% reduction in N. muscorum and 8 and 9% reduction in
Anabaena sp., respectively (Fig. 3a, b). Phycobilisomes
contents (PE, PC and APC) also showed a similar response
in the presence of Cd alone as well as in combination with
H,0, or NO (SNP) (Fig. 3c—e). The exogenous H,O, and
NO (SNP) alleviated the damaging impact of Cd possibly
by promoting the biosynthesis of these pigments. Similarly,
Christou et al. (2014), recorded that pretreatment of H,O,
and SNP significantly enhanced the contents of Chl g,
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Fig. 4 Impact of exogenous 330
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b and Car in salt challenged strawberry plants. Further, in
the present study, it was noticed that exogenous PTIO or
LNAME were maximally abolished the positive influence
of H,O,, whereas NAC or DPI application could not hinder
the alleviatory mechanism of NO in both the tested
cyanobacteria suggesting the importance of NO in H,O,
signaling mechanism.

@ Springer

H,0, mediates NO to enhance the rate
of photosynthesis in Cd stressed cyanobacteria

Our findings revealed that the most important growth-
promoting biological process, photosynthesis is adversely
affected by Cd stress. Exposure of Cd significantly
(P < 0.05) declined the photosynthetic oxygen evolution
rate by 25% in N. muscorum and 28% in Anabaena sp.
over the respective control values (Fig. 4a). Similar to
this, Ahad and Syiem (2018b) also reported that Cd
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Fig. 5 Impact of exogenous H,O, and NO on chlorophyll a fluorescence (JIP-test) parameters of Nostoc muscorum ATCC 27893 (a, b) and

Anabaena sp. PCC 7120 (¢, d) exposed to Cd stress

reduced the rate of photosynthesis in N. muscorum Meg
1. The possible causes behind the loss of photosynthetic
efficiency could be the damage in light harvesting sys-
tem or the direct interference of Cd with light reac-
tion that occurred in the thylakoid membrane as
suggested by Tiwari et al. (2020b) in cypermethrin
stressed N. muscorum. Notwithstanding to this, in the
present study under Cd stress H,O, and NO (SNP) up
regulated the rate of photosynthesis by improving the
levels of photosynthetic pigments and by bringing down
ROS level under the limit (data not shown). However,
the effect was found more pronounced with NO, which
showed a 14 and 12% increase the in rate of photosyn-
thesis in N. muscorum and Anabaena sp., respectively
(Fig. 4a). But PTIO and | NAME reversed the positive
effects of exogenous H,O, and thus critical damage to
photosynthesis occurred. However, NO (SNP) efficiently

improved the rate of O, evolution even in the presence
of NAC or DPI, hence suggests towards the importance
of NO in the regulation of photosynthesis under Cd
stress even in absence of H,O,.

H,0, mediates NO to maintain PS II
photochemistry in Cd stressed cyanobacteria

To pinpoint the target sites of Cd in photosynthesis, pho-
tochemistry of PS II in the form of the fast signals of Chl
a fluorescence were analyzed by JIP test and related results
have been displayed in Fig. 5a—d in the form of a radar
chart. In our findings, under Cd stress decreased kinetic
parameters i.e. OP,, ¥,, OE, and Pl,pg along with the
significant reduction in size and number of active reaction
centers (F,/F,) were recorded in both the test cyanobacteria
(Fig. 5). This indicates the hindrance in electron flow from
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«Fig. 6 The membrane pipeline model (left side) of specific energy
fluxes per reaction center and the cell suspension pipeline model
(right side) showing phenomenological energy fluxes (absorption,
trapping, dissipation and electron transport) per cross section in
Nostoc muscorum ATCC 27893

PS II to PS I which might be due to the difficulty in
the reoxidation of Q,~ which could be related to deprived
dispersal of PQ throughout the thylakoid membrane
(Magyar et al. 2018). However, these kinetic parameters
were normalized in both the Cd stressed cyanobacteria
when cells were subjected to exogenous H,O, and NO
(SNP). Similarly, Christou et al. (2014) recorded the
maximum photochemical efficiency of PS II in salt chal-
lenged strawberry plants pretreated with NO and H,O,.
The adverse impacts of Cd on PS II activity were reduced
significantly by exogenous H,O, and NO (SNP) applica-
tion which could be due to: (i) considerable reduction in
intracellular Cd accumulation that might have improved
the overall functioning of thylakoid membrane and/or (ii)
significant rise in the number of active reaction centers
which was evident by the increased values of F,/F,,
thereby reduction in specific energy fluxes i.e. ABS/RC,
TR,/RC, ET,/RC, DI,/RC was observed. But the positive
impacts of H;O, and NO (SNP) on these parameters were
diminished by PTIO and | NAME thereby pointing towards
the importance of NO in sustaining the overall PS II pho-
tochemistry in Cd stressed cyanobacteria. Moreover,
increased F,/F, values under Cd exposure in both the test
organisms pointed towards the Cd induced damaging
effects on OEC (oxygen-evolving complex) and increased
dissipation (DIo/RC) of an absorbed photon which also get
normalized under exogenous supplementation of H,O, and
NO (SNP). However, PTIO and [ NAME addition to cul-
tures weakened the positive influence of exogenously
supplied H,O, and NO (SNP).

The specific energy flux parameters, i.e., ABS/RC, TR/
RC, ET,/RC, DI/RC were also represented by the phe-
nomenological membrane pipeline model per reaction
center (RS) and cell suspension pipeline modal in per ml
cell- suspension or cross-section (CS) in both N. muscorum
and Anabaena sp. (Figs. 6 and 7). The presented model has
been constructed with the experimental data. In the figures,
the width of each arrow signifies the intensity of the
respective energy fluxes. In the cell suspension pipeline
modal, each white small circle directs about active reaction
centers having the capacity to reduce Q, and each black
small circle denotes inactive reaction centers or so-called
silent reaction centers because of non-Q, reducing ability.
In the membrane model, the outer oval corresponds to all
absorbing pigments per one active reaction center and
the inner oval represents the absorbing pigments specially
belonging to that particular active reaction center. The
membrane model clearly showed that exposure of Cd

enhanced the electron transport (ET,/RC) per active reac-
tion center. However, the apparent activity, ET,/RC of the
cells per cross-section was not as much increased because
of the presence of less active reaction centers which were
damaged by Cd toxicity. But the supplementation of H,O,
or NO (SNP), significantly detoxified the Cd stress resulted
in an increased number of active reaction centers that’s
why electron transport per RC gets normalized and at per
CS condition, it was increased significantly. Further, the
positive responses of H,O, or NO (SNP) got hindered by
PTIO or | NAME supplementation. Similar responses were
observed in the case of trapping flux per RC (TR,/RC). On
the other hand, dissipation energy per RC (DI,/RC) was
found increased under Cd stressed condition because of the
extra load on remaining active RCs, whereas in the entire
cell means per CS condition dissipation energy compara-
tively not as much increased due to presence of less active
RCs per cell. But DI/RC had been normalized under the
exposure of H,O, and NO (SNP) and got aberrantly
enhanced under PTIO or | NAME application. Enlarged
width of energy fluxes in the membrane model showed the
adverse impacts of Cd on energy fluxes, successively
indicated towards the need for extra energy absorption,
trapping of electrons and electron transport but due to
damage caused by Cd inside the thylakoid membrane
electrons were not utilized properly and dissipation of
energy was also increased. But in the case of per CS
condition energy fluxes were not found crucially increased
due to the presence of a higher number of active reaction
centers. Furthermore, this adverse condition created by Cd
was normalized by supplementation of H,O, and NO
(SNP) and again suppressed under exposure of PTIO and
L NAME which indicated the beneficial role of NO in bal-
ancing of energy flux parameters. Next to this, the color
intensity in the cell suspension model represents the con-
centration of chlorophyll in the respective cell culture or
ABS/RC that showed a similar response to other specific
energy fluxes in both test cyanobacteria.

H,0, stimulates NO to normalize the rate
of respiration in test cyanobacteria under Cd stress

Reverse to photosynthesis, enhanced rate of respiration was
recorded by 20% in N. muscorum and 25% in Anabaena sp.
over the respective control values under Cd exposure
(Fig. 4b). This probably occurred to maintain the ATP
production needed for the basal metabolism and/or exces-
sive consumption of oxygen to generate ROS under Cd
stress. Similar results were also reported by Tiwari et al.
(2019) in Al stressed Anabaena sp. Further, the abnormal
high rate of respiration was brought to the normal level by
the exogenous application of H,O, and NO (SNP) (Fig. 4b)
which again supports the previous study of Tiwari et al.
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(2019). However, PTIO and | NAME again abolished the
effects of H,O, and NO which indicated towards the fact
that NO is more important for the normalization of
abnormally increased rate of respiration caused by Cd
toxicity.

H,0, mediates NO to enhance the inorganic
nitrogen uptake and the activities of nitrate
assimilating enzymes in Cd stressed test
cyanobacteria

To maintain the nitrogen status inside the cells,
cyanobacteria use nitrate (NO; ™) as the most preferential
source of nitrogen and then convert it to nitrite (NO, ™) and
ammonia (NH4 ") by involving some specific enzymes i.e.
NR and NiR. Results stated that Cd markedly reduced the
uptake of NO3;™~ and NO,~ by 30 and 28% in N. muscorum
and 32 and 30% in Anabaena sp., respectively over the
control values (Tables 1 and 2) which could be mainly due
to the damage in transporter proteins as a result of the
overproduction of ROS that ultimately leads to the mem-
brane damage (data not shown). Another possibility behind
the less uptake of NO3;~ may be Cd mediated heavy
damage in electron transport chain (ETC) of the
cyanobacterial cells thereby possible reduction in ATP
supply might have hindered the functioning of ABC-type
transporter needed for NO3~ transport and this view was
substantiated by Sheeba et al. (2011) in UV-B stressed
Nostoc muscorum and Phormedium foveolarum. On the
other hand, results indicated that under Cd exposure
activities of NR and NiR were also declined significantly
(P < 0.05) by 35 and 32% in N. muscorum and 37 and 35%
in Anabaena sp., respectively over the control values that
might be due to the less uptake of NO;~ and NO, . Fur-
ther, it may be assumed that Cd could decrease the activ-
ities of NR and NiR enzymes by affecting the biosynthesis
of enzymes or by changing the structure of enzyme con-
figuration as a result of excess ROS accumulation. Nev-
ertheless, exogenous H,0, and NO (SNP) reversed the
negative impact of Cd on nutrient uptake and very less
reduction was remained i.e. only by 6 and 7% for NO;~
uptake and by 7 and 9% for NO, ™ uptake in N. muscorum
and Anabaena sp., respectively. On the other hand, when
Cd stressed cells were subjected to the H,O, or NO (SNP),
a significant recovery was noticed as the decrease was
noticed only by 9 and 6% in NR and by 10 and 6% in NiR
activity in N. muscorum and by 11 and 8% in NR and 12
and 9% in NiR activity in Anabaena sp., respectively
(Tables 1 and 2). Similarly, Balotf et al. (2018) also noticed
the increased NR and NiR activities under the treatment of
SNP in wheat seedlings. However, uptake of inorganic
nitrogen and the activities of nitrate assimilating enzymes
were found critically reduced due to addition of PTIO and
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LNAME together with Cd (Tables 1 and 2), hence clearly
points towards the involvement of NO in transcriptional
and post-transcriptional regulation of nitrogen assimilation
pathway enzymes as discussed in the previous study of
Balotf et al. (2018).

H,0, up-regulates NO to normalize the activities
of ammonia assimilating enzymes in Cd stressed
cyanobacteria

Ammonium ion (NH,") is the end product of nitrate
assimilation and is highly toxic to cells so it must be
removed from the vicinity of cells quickly or be assimilated
into other organic compounds. In cyanobacterial cells,
assimilation of ammonia is performed by the GS-GOGAT
pathway (Dai et al. 2008; Singh et al. 2012). In the present
study, it was observed that under Cd stress GS and
GOGAT activities were declined by 31 and 30% in N.
muscorum and by 33 and 32% in Anabaena sp., respec-
tively in comparison to control (Tables 1 and 2) which led
to the over accumulation of NH," ions inside the cells
hence that was responsible for reduced growth, cellular
osmotic imbalance and reduction in the rate of photosyn-
thesis (Bajguz 2011). Similar to our study, Ahad and Syiem
(2018b) have also found reduced activity of GS in Cd
stressed N. muscorum Meg 1. To release the cells from
excessive ammonium toxicity another ammonium assimi-
lating enzyme GDH is involved in an alternative pathway
that was found more active under excessive ammonium
accumulation. In the current study, GDH activity under Cd
stress exhibited a significant (P < 0.05) increment showing
a rise of 27% in N. muscorum and 28% Anabaena sp.
However, under the exogenous supplementation of H,O,
and NO (SNP), the improved activities of GS and GOGAT
were noticed that ultimately weakened the GDH activity
(Tables 1 and 2) because of less availability of NH,* as the
substrate for GDH enzyme. Similar to this, the previous
study of Balotf et al. (2018) also reported that exogenously
provided SNP enhanced the activities of ammonia assimi-
lating enzymes; GS and GOGAT and alleviated NH,"™
toxicity in wheat seedlings. Contrary to this, PTIO and
LNAME along with H,O, under similar stress, again
diminished the activities of GS and GOGAT and critically
enhanced GDH (Tables 1 and 2) activity was found that
indicated towards the importance of NO signaling in
releasing the ammonium toxicity from the cells of both
tested cyanobacteria. The adverse impacts of PTIO and
LNAME were found more crucial in Anabaena sp. indi-
cated its sensitive behavior in comparison to N. muscorum.
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Conclusions

In summary, our data showed that the signaling molecules
H,0O, and NO have an important role in Cd stress removal
from the cells of cyanobacteria N. muscorum ATCC 27893
and Anabaena sp. PCC 7120. Excessive Cd can cause the
damaging impacts on vital cellular metabolism: PS II
photochemistry as well as nitrogen metabolism, directly or/
and indirectly by inducing excessive generation of ROS in
cells thereby diminished the growth of the test cyanobac-
teria. Furthermore, exogenous application of H,O, and NO
regulated the cellular metabolism positively even under Cd
stress and abolished the negative effects (Fig. 8). Hence,
H,0O, and NO appeared to be primary acquisition for the
tolerance of cyanobacteria N. muscorum and Anabaena sp.
against heavy metal toxicity particularly Cd (Fig. 8). Fur-
thermore, these extraordinary signaling molecules exhibit
interdependency on each other, which defined that their
signaling pathway is not so linear. In order to this, the
present study clarifies that H,O, regulates NO and further
NO leads to govern the several physiological and bio-
chemical processes as well as genetic modifications inside
the stress challenged organisms that make them more
capable to face environmental stress conditions.

The present study recommends the application of quite
a cheap source of NO (SNP) as a growth regulator in paddy
fields to grow efficient biofertilzers; cyanobacteria luxuri-
antly. The exogenous supplementation of a very low dose
of NO (SNP) can provide full tolerance to these
cyanobacteria to face Cd stress hence finally enhance the
quality and productivity of rice crop.
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