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Abstract
The present study examined the regulatory mechanism of hydrogen sulfide (H2S) and nitric oxide (NO) in nickel (Ni) 
stressed cyanobacteria viz., Nostoc muscorum and Anabaena sp. by analyzing growth, photosynthetic pigments, biochemi-
cal components (protein and carbohydrate), exopolysaccharides (EPS), inorganic nitrogen content, and activity of enzymes 
comprised in nitrogen metabolism and Ni accumulation. The 1 µM Ni substantially diminished growth by 18% and 22% in 
N. muscorum and Anabaena sp. respectively, along with declining the pigment contents (Chl a/Car ratio and phycobilipro-
teins), and biochemical components. It also exerted negative impacts on inorganic uptake of nitrate and nitrite contents; 
nitrate reductase and nitrite reductase; and ammonium assimilating enzymes (glutamine synthetase, glutamate synthase, 
and glutamate dehydrogenase exhibited a reverse trend) activities. Nonetheless, the adverse impact of Ni can be mitigated 
through the exogenous supplementation of NaHS [sodium hydrosulfide (8 µM); H2S donor] and SNP [sodium nitroprusside 
(10 µM); NO donor] which showed substantial improvement on growth, pigments, nitrogen metabolism, and EPS layer and 
noticeably occurred as a consequence of a substantial reduction in Ni accumulation content which minimized the toxicity 
effects. The accumulation of Ni on both the cyanobacterial cell surface (EPS layer) are confirmed by the SEM–EDX analysis. 
Further, the addition of NO scavenger (PTIO; 20 µM) and inhibitor of NO (L-NAME; 100 µM); and H2S scavenger (HT; 
20 µM) and H2S inhibitor (PAG; 50 µM) reversed the positive responses of H2S and NO and damages were more prominent 
under Ni stress thereby, suggesting the downstream signaling of H2S on NO-mediated alleviation. Thus, this study concludes 
the crosstalk mechanism of H2S and NO in the mitigation of Ni-induced toxicity in rice field cyanobacteria.
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electron microscopy · Signaling molecules

Abbreviations
APC	� Allophycocyanin
EPS	� Exopolysaccharides
HT	� Hypotaurine
L-NAME	� Nѡ-Nitro-L-arginine methyl ester 

hydrochloride
NaHS	� Sodium hydrosulfide

PAG	� Propargylglycine
PC	� Phycocyanin
PE	� Phycoerythrin
PTIO	� 2-Phenyl-4,4,5,5-tetramethylimidazoline-

1-oxyl-3-oxide
SNP	� Sodium nitroprusside

Introduction

The ongoing expansion of industrialization driven by 
increased human involvement has led to the emergence of 
diverse organic and inorganic pollutants that directly or 
indirectly contaminate the aquatic ecosystem (Chittora et al. 
2020). Through inappropriate waste disposal management 
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exercises, toxic metal-containing industrial sludges are 
directly discharged into water bodies, which are the prime 
source of irrigation of agricultural fields and thereby primar-
ily affect the soil fertility and crop yield along with their 
associated valuable microflora (Singh et al. 2022). Nickel 
(Ni) is a requisite trace element, required at concentration 
0.01–5 µg g dry weight−1 by plants and promotes plant 
growth by coupling several enzymes, e.g., glyoxalase, ure-
ases, hydrogenase, superoxide dismutases, methyl-Coen-
zyme M reductase and peptide deformylases (Khan et al. 
2020; Soliman et al. 2019). But the use of Ni in various 
industries like Ni–Cd battery manufacturing, mining, smelt-
ing, electroplating, stainless steel, and food industries has 
led to the discharge of Ni-contaminated water into aquatic 
bodies, which reach into the soil and negatively hampered 
the photosynthesis, mineral absorption, plant water relation, 
and enzymatic activity of plant and microalgae (Rizwan 
et  al. 2019; Verma et  al. 2022). The previous findings 
showed Ni-induced toxicity in Cucurbita pepo (Valivand 
and Amooaghaie 2021), Scenedesmus quadricauda, (Stre-
jckova et al. 2019), Nostoc muscorum (Verma et al. 2021), 
and Microcystis aeruginosa (Martínez-Ruiz and Martínez-
Jerónimo 2016). The Ni stress enhances the generation of 
reactive oxygen species, disrupts large biomolecules (such as 
proteins, lipids and carbohydrates), and affects exopolysac-
charides. Further, it leads to electrolytic leakage and alters 
various aspects, including growth, photosynthetic pigments, 
oxygen evolution rate and nitrogen metabolism in studied 
organisms.

Cyanobacteria, as pioneer photosynthetic oxygen-
evolving microbes, are recognized for their significant 
potential in contributing to sustainable agricultural devel-
opment, particularly in rice (paddy) fields (Tiwari and 
Prasad 2020). Nostoc muscorum and Anabaena sp. are 
the major natural inhabitants of rice fields. They have 
unique heterocyte cells (also known as heterocyst) that 
fix atmospheric nitrogen (20–25 kg ha−1 season−1) into 
ammonia (Tiwari et al. 2020; Verma and Prasad 2021). 
Some Asian countries such as China, India, Sri Lanka, 
Bangladesh, Philippines, Thailand etc., used cyanobacte-
ria as a significant biofertilizer in rice (staple food) fields 
to increase crop productivity to fulfill the food demand 
and security for the growing populations (Singh et al. 
2022). Moreover, cyanobacteria are a significant source 
of lipids, carbohydrates, vitamins, amino acids, sugars, 
and phenolic compounds (Pandey et al. 2022; Patel et al. 
2020). An excessive amount of Ni substantially declined 
the photosynthetic pigments, mineral absorption, nitrogen 
metabolism and uptake of inorganic nitrogen in Zea mays 
(Tipu et al. 2021), Brassica juncea (Allah et al. 2019; 
Khan et al. 2020), Brassica napus (Hannan et al. 2021), 
and N. muscorum (Verma et al. 2021). Nitrogen (N) is a 
pivotal large nutrient and important constituent of amino 

acids (protein), nucleotides, photosynthetic pigments, vita-
mins and enzymes, and it promotes the growth of cyano-
bacteria (Verma et al. 2022). Hence, Ni toxicity signifi-
cantly reduces inorganic nitrogen uptake and, as a result, 
decreases nitrogen and ammonia assimilating enzymes, 
i.e., NR (nitrate reductase), NiR (nitrite reductase), GS 
(glutamine synthetase) and GOGAT (glutamate synthase) 
apart from GDH (glutamate dehydrogenase) (performed 
ammonia assimilation by an alternative pathway), along 
with reduced the protein, lipid and carbohydrate content 
(Martínez-Ruiz and Martínez-Jerónimo 2016; Verma et al. 
2021). Besides this, exopolysaccharides (EPS) are a poly-
meric form of carbohydrate that acts as a defensive layer 
against metal toxicity and were also found to diminish 
under Cd stress (Shen et al. 2021).

To overcome the adverse impact of various stresses 
such as heavy metals, salinity, and pesticides in plants 
and cyanobacteria, the application of signaling molecules, 
phytohormones and management of numerous nutrients 
is gaining immense importance (Raju and Prasad 2021; 
Tiwari and Prasad 2020; Verma and Prasad 2021). Hydro-
gen sulfide (H2S) and nitric oxide (NO) are two bioac-
tive multitasking signaling molecules, which have shown 
alleviation against different stress responses (Singh et al. 
2022). H2S has been proposed to be the third endogenous 
gaseous transmitter after carbon monoxide and nitric 
oxide. It has a significant role in growth and develop-
ment processes like root development, seed germina-
tion, stomatal movement, photosynthesis, pigmentation, 
nodulation and nitrogen fixation in plants (Mukherjee 
and Corpas 2020; Raju and Prasad 2021). The previous 
studies reported that exogenous supplementation of H2S 
showed amelioration against different stress responses 
such as salinity in Solanum lycopersicum and Solanum 
melongena (Raju and Prasad 2021), Cr toxicity in black 
bean and mung bean seedlings (Husain et al. 2022), and 
allelopathic damage in Chlamydomonas reinhardtii (Chen 
et al. 2020). Similarly, nitric oxide (NO) is also involved 
in various physiological and biochemical processes in 
plants and cyanobacteria (Iqbal et al. 2021; Pandey et al. 
2022). Exogenous exposure of NO increases stress tol-
erance under stress conditions such as in N. muscorum 
and Anabaena sp. (Tiwari et al. 2019; Verma and Prasad 
2021), and showed amelioration under Cd and Al stress 
and in Triticum aestivum (Iqbal et al. 2021; Kaya et al. 
2019) under heat stress and Cd stress. Moreover, there 
are other studies that described the individual and com-
bined alleviating mechanism of H2S and NO on plants 
under stress (Iqbal et al. 2021; Kaya et al. 2019). However, 
their cross-talk function remains unclear in cyanobacteria. 
Hence, the present work focused on the possible role and 
synergistic regulation of H2S and NO under Ni stress on 
growth, photosynthetic pigments, biochemical constituents 
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and nitrogen metabolism of cyanobacteria i.e., Nostoc 
muscorum ATCC 27893 and Anabaena sp. PCC 7120.

Material and methods

Growth conditions and experimental design

The experimental organisms Nostoc muscorum ATCC 
27893 and Anabaena sp. PCC 7120 were grown at pH 7.5 
containing BG-11 medium at 25 ± 2 °C in the culture room 
with the regime of light: dark at 14:10 h under 75 μmol 
photons (PAR) m−2 s−1. The pure inoculum of both tested 
cyanobacteria were initially obtained from the laboratory 
of Prof L. C. Rai, Department of Botany, Banaras Hindu 
University, Varanasi, India. The cultures of Nostoc musco-
rum ATCC 27893 and Anabaena sp. PCC 7120 were main-
tained in the Ranjan plant physiology and biochemistry 
laboratory under aseptic conditions. Unialgal cultures were 
obtained through serial dilution, and the cells were exam-
ined frequently under a light microscope. The homogenous 
cultures were collected at the exponential phase, and cells 
were washed with double sterile distilled water, and cen-
trifugation was performed for 15 min at 3,000 g for each 
experiment. Initially, nickel as NiCl2·6H2O was used at 
0.25–3.0 µM concentrations for screening experiments, 
and finally 1 µM Ni that symbolizes the reduction of 18% 
on growth of N. muscorum and of 22% on growth of Ana-
baena sp. respectively, was chosen for the present study. 
Similarly, screening experiments for hydrogen sulfide as 
NaHS (sodium hydrosulfide; H2S donor), at different con-
centrations such as 1–12 µM and for nitric oxide as SNP 
(sodium nitroprusside; NO donor) at varied concentra-
tions (5–20 µM) were performed. Finally, 8 µM NaHS and 
10 µM SNP were selected for further study. Furthermore, 
doses of hypotaurine (HT, 20 µM; scavenger of H2S), and 
propargylglycine (PAG, 50 µM; biosynthetic inhibitor of 
H2S) were considered from our earlier findings (Husain 
et  al. 2021; Raju and Prasad 2021). Likewise, PTIO 
(2-phenyl-4,4,5,5-tetramethylimidazoline- 1-oxyl 3-oxide, 
20 µM; scavenger of NO) and Nѡ-Nitro-L-arginine methyl 
ester hydrochloride (L-NAME, 100  µM; biosynthetic 
inhibitor of NO) doses were taken in accordance with the 
study of Verma and Prasad (2021). The treatment setup 
consisted of combinations, i.e., Control, Ni, Ni + NaHS, 
Ni + SNP, Ni + NaHS + SNP, Ni + NaHS + PTIO, 
Ni + NaHS + L-NAME, Ni + SNP + HT, Ni + SNP + PAG, 
N i  +  N a H S  +  S N P  +  P T I O  +  L - N A M E  a n d 
Ni + NaHS + SNP + HT + PAG and after 72 h of experi-
ment all the parameters were examined.

Estimation of growth

In both tested cyanobacteria, growth was assessed using cul-
ture absorbance (optical density, OD). For this purpose, 3 mL 
of both treated and untreated cells from each culture were har-
vested and subsequently homogenized. The absorbance of the 
culture was quantified at 750 nm after 72 h of treatment by 
applying UV–Visible Spectrophotometer (Double beam-1700; 
Shimadzu, Japan).

Measurement of cellular accumulation of nickel (Ni)

For intracellular accumulation of Ni, 80 mL of treated 
cyanobacterial cultures were centrifuged, and the pellets 
were washed with 1 mM EDTA. Subsequently, they were re-
suspended in chilled phosphate buffer for 15 min to remove 
apoplastic Ni. The pellets were oven-dried at 70–80 °C 
for 48 h until completely dry. After that, a tri-acid mix-
ture (5 mL) comprising a 5:1:1 ratio of HNO3, H2SO4 and 
HClO4 respectively, was added to digest the dried samples at 
80 °C until obtaining a clear solution. The Ni was measured 
by applying atomic absorption spectrophotometer (AAS; 
Model-iCE 3300 series, Thermo Scientific, USA). Through 
the standard solution of Ni, the instrument was calibrated.

Measurement of photosynthetic pigment contents

The chlorophyll a (Chl a) and carotenoids (Car) contents 
were estimated according to the method of Porra et  al. 
(1989) and Goodwin (1954) accordingly. The cyanobacte-
rial cultures (10 mL) were centrifuged at 4,000 g for 10 min. 
Chl a and Car contents were extracted in 2 mL chilled pure 
methanol (100%) and incubated overnight at 4 °C. Further, 
absorbance was taken at 665 nm and 470 nm, respectively 
(UV–Visible Spectrophotometer; Double beam-1700; Shi-
madzu, Japan). The amounts of chlorophyll a and carote-
noids were calculated by using formula i.e., 12.5 × A665 and 
5 × A450, respectively. Similarly, measurements were taken 
for phycobiliproteins (PBPs) viz., PC (phycocyanin), APC 
(allophycocyanin), and PE (phycoerythrin), samples treated 
with toluene (0.5 mL) and kept at 4 °C overnight. After that, 
PBPs contents were extracted with 2.5 mM potassium phos-
phate buffer having pH 7.0 and the sample absorbance was 
recorded at 615, 652 and 562 nm according to the method of 
Bennett and Bogorad (1973). The following equations were 
used to calculate the contents of phycobiliproteins:

PC = A
615

−
(

0.474 ∗ A
652

)

∕5.34

APC = A
652

− 0.208
(

A
615

)

∕5.09
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Measurement of inorganic nitrogen contents: 
nitrate (NO3

−) and nitrite (NO2
−) uptake

To measure the uptake rate of NO3
− and NO2

−, cells were 
pre-incubated in 100  µM solution of KNO3 and KNO2 
respectively, for 24 h. Subsequently, cells were collected 
and the amount of uptake of NO3

− was measured at 210 nm 
according to the method of Cawse (1967), and similarly 
the amount of NO2

− uptake was quantified at 540 nm by 
applying the method of Snell and Snell (1949). After cen-
trifugation of the cultures at 4,000 g for 10 min, the pellets 
were subjected to washing with a 25 mM of Tricine-NaOH 
buffer (pH 7.0) and subsequently resuspended in the same 
buffer. The experimental procedure commenced by intro-
ducing 100 μM of KNO3 for NO3

− uptake and KNO2 for 
NO2

− uptake to the cell suspension at time zero. After an 
incubation period of 4 h, cultures were retrieved, subjected 
to centrifugation, and the resulting cell-free supernatants 
were examined for residual NO3

− and NO2
− contents.

Estimation of nitrate assimilating enzymes: assay 
of nitrate reductase (NR) and nitrite reductase (NiR)

According to the method of Herrero et al. (1981, 1984) 
and Herrero and Guerrero (1986), accordingly, the NR (EC 
1.6.6.1) and NiR (EC 1.7.7.1) activity were estimated. The 
cyanobacterial cells treated with dithionite reduced methyl-
viologen (reductant) and permeabilized by adding alkyl 
trimethyl ammonium bromide (MTA) to the reaction mix-
ture. After that, the reaction mixture was incubated at 25 °C 
for 5 min, and NO2

− was quantified in correlating cell-free 
media following the method of Snell and Snell (1949). One 
unit (U) activity of NR is described as 1 nmol NO2

− formed 
min−1 while one unit (U) activity of NiR is described as 
1 nmol NO2

− consumed min−1.

Estimation of ammonium‑assimilating enzymes 
activity

Glutamine synthetase (GS) activity

The activity of glutamine synthetase (GS; EC 6.3.1.2)) was 
quantified by using the method of Mérida et al. (1991). By 
method of sonication (Model VCX-130 PB, Sonics Vibra 
Cell, USA), cyanobacterial cells were disrupted and cen-
trifuged at 15,000 g at 4 °C for 20 min (Remi, Model CPR-
30, India), and by nitrogen-free media cells were washed 
and resuspended in HEPES–NaOH buffer containing pH 7, 
and the enzyme activity was estimated as the generation of 
γ-glutamylhydroxamate. The reaction mixture, comprised 

PE = A
562

∗ 2.41(PC) − 0.849(APC)∕9.62 of 50 μL of cell extract, 60 μM of HEPES–NaOH buffer 
(pH 7.0), 40 μM of l-glutamine, 4 μM of MnCl2, 60 μM 
of hydroxylamine, 1 μM of ADP, and 20 μM of sodium 
arsenate, was initiated by the addition of sodium arsenate. 
The quantity of γ-glutamylhydroxamate generated after 
10 min incubation at 28 °C was determined by measuring 
the absorbance at 500 nm. One unit (U) of GS activity is 
determined as 1 nmol γ-glutamylhydroxamate formed min−1.

Glutamate synthase (GOGAT) activity

The GOGAT (glutamine 2-oxoglutarate aminotransferase; 
EC 1.4.1.14) activity was estimated according to the method 
of Meers et al. (1970) and Navarro et al. (1995) accordingly, 
for NADH-GOGAT in N. muscorum and Fd-GOGAT in 
Anabaena sp. Samples were centrifuged and resuspended in 
buffer (Tris–HCl) solution (pH 7.6), and cells were cleaved 
by sonication and again performed centrifugation for 15 min 
at 15,000 g (4 °C). The obtained enzyme extract was utilized 
to measure the activity of GOGAT by taking sample absorb-
ance at 340 nm to quantify the NADH oxidation for N. mus-
corum and glutamate formation for Anabaena sp. One unit 
(U) activity of GOGAT is described as 1 nmol NADH oxi-
dized min−1 for N. muscorum and 1 nmol glutamate formed 
min−1 for Anabaena sp.

Glutamate dehydrogenase (NADH‑GDH) activity

According to the method of Chávez and Candau (1991), the 
GDH (EC 1.4.1.2) activity was estimated. Treated cells were 
harvested and centrifuged for 10 min at 4,000 g and pellets 
were collected and crushed in buffer (HEPES–NaOH) solu-
tion (pH 7.0). The initiation of the reaction occurred through 
the addition of NH4Cl. The obtained enzyme extract was 
utilized to measure the NADH oxidation activity at 340 nm. 
One unit (U) activity of GDH is described as 1 nmol NADH 
oxidized min−1.

Biochemical components

Measurement of protein content

The estimation of protein content was done according to 
the method of Bradford (1976). Cells were subjected to 
centrifugation at 4,000 g and homogenized using a 50 mM 
potassium phosphate buffer (PPB) with a pH of 7.8, which 
included 1 mM EDTA and 2% polyvinyl pyrrolidone at 4 °C. 
Subsequently, 0.1 mL of the resulting homogenate was com-
bined with 2.5 mL of Coomassie brilliant blue G-250 rea-
gent. The mixture was then incubated for 2 min in the dark 
at 25 °C, and the absorbance was measured at 595 nm.



525Journal of Plant Research (2024) 137:521–543	

Measurement of carbohydrate content

The carbohydrate content was measured as per the given 
method by Dubois et al. (1956) and dried samples (10 mg) 
were extracted in 2.5 N HCl, and centrifugation as per-
formed for 10 min at 10,000 g. The 1.0 mL of supernatant 
was mixed with 1 mL phenol (5%) and 5 mL H2SO4 and the 
sample absorbance was taken at 490 nm. Each sample of 
carbohydrate content was estimated by applying a standard 
curve prepared with a glucose graded solution.

Measurement of exopolysaccharide (EPS) content

Exopolysaccharide content was quantified as per the given 
method by Sharma et al. (2008). The 100 mL cyanobacterial 
culture was taken and each treated sample was centrifuged 
for 20 min at 3,000 g to determine the EPS extraction. The 
obtained supernatant comprising soluble EPS was collected 
and concentrated to tenfold by evaporation at 40 °C and the 
precipitate was washed three times with isopropanol and 
again dried at 37 °C and acid hydrolyzed (HCl, 2 M) at 
90 °C. Further, the hydrolysate was examined for glucose 
(Dubois et al. 1956) and EPS content was estimated as per 
the standard curve obtained for glucose.

Scanning electron micrography (SEM) 
and energy‑dispersive X‑ray (EDX)

The surface morphology of the dry absorbent (exopoly-
saccharide) of both tested cyanobacteria, before (control 
samples) and after exposing to Ni stress (treated samples) 
was studied by using a SEM and EDX analysis. The cyano-
bacterial cultures were centrifuged, and the obtained pel-
lets were washed with double sterile distilled water and 
ethanol to eliminate any impurities. The resulting samples 
were then oven-dried. Subsequently, the dried samples were 
mounted on a holder with a two-side carbon tab attached. 
Finally, before EDX analysis in the machine, the samples 
were coated with gold to prevent charging under the elec-
tron beam, and then samples were analyzed. The SEM 
images were taken by using a field emission microscope 
(Carl Zeiss, Merlin Gemini II, Germany). The analysis of 
elemental mapping and energy-dispersive X-ray (EDX) were 
completed by using a scanning electron microscope (Carl 
Zeiss, ZEISS EVO 60, Germany) equipped with an energy 
dispersive X-ray spectroscopy (EDS) system (Oxford INCA 
Energy 400; Oxford instruments, UK).

Statistical analysis

The presented results are the means ± standard error of 
three replicates (n = 3). By using analysis of variance (one-
way ANOVA) the results were statistically confirmed. The 

DMRT (Duncan multiple range test) was applied for mean 
separation to exhibit substantial variations among treat-
ments at P < 0.05 significance level. Principal component 
analysis (PCA) plot was also performed by applying SPSS 
16.0 software to describe the correlation between growth 
and other experimental parameters with an alleviatory set 
of treatments. Furthermore, the correlation matrix test was 
performed on experimental parameters viz., photosynthetic 
pigments (Chl a/Car, PC, APC, PE), intracellular Ni con-
tent, biochemical constituents, inorganic nitrogen (nitrate 
and nitrite) content, and enzymatic actions of GS, GOGAT 
and GDH that are required in nitrogen metabolism to recog-
nize the effect of all treatment sets on examined parameters.

Results

Growth

The growth of both cyanobacteria were estimated in terms of 
absorbance (optical density) at 750 nm, presented in Fig. 1a. 
In the present study, 1 µM nickel (Ni) significantly dimin-
ished (P < 0.05) the growth by 18% in Nostoc muscorum and 
by 22% in Anabaena sp., respectively. Nonetheless, the exog-
enous application of NaHS (as H2S donor; 8 µM) and SNP 
(as NO donor; 10 µM) along with Ni stress showed inhibi-
tion in growth by only 8% and 8% in N. muscorum and by 
12% and 12% in Anabaena sp. accordingly, while combined 
exposure i.e., Ni + NaHS + SNP, showed maximum allevia-
tion and inhibition was noticed by 5% in N. muscorum and by 
7% in Anabaena sp. To know the regulatory role of endog-
enous H2S and NO in toxicity amelioration, the scavengers 
(PTIO and HT) and inhibitors (L-NAME and PAG) of NO 
and H2S, respectively, were added on to the growth medium 
with Ni stress (Ni + NaHS + PTIO, Ni + NaHS + L-NAME, 
Ni + SNP + HT and Ni + SNP + PAG) and the results showed 
a significant reduction in growth i.e., 26%, 30%, 33% and 
37% in N. muscorum and by 30%, 33%, 37% and 39% in 
Anabaena sp. accordingly. Furthermore, we observed in 
combination with Ni + NaHS + SNP + PTIO + L-NAME 
and Ni + NaHS + SNP + HT + PAG, the damaging effect on 
growth was more pronounced and inhibition in growth was 
noticed by 38% and 41% in N. muscorum and by 43% and 
46% in Anabaena sp. accordingly, even in the presence of 
both contrasting signaling molecules.

Nickel accumulation

The result regarding the accumulation of intracellular Ni 
has been illustrated in Fig. 1b. The cellular accumulation 
of Ni was recorded as 78.50 ± 1.35 μg Ni g dry weight−1 
in N. muscorum and 86.35 ± 1.49 μg Ni g dry weight−1 in 
Anabaena sp. upon exposure of 1 µM. Nonetheless, the 
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exogenous application of NaHS and SNP (Ni + NaHS, 
Ni + SNP and Ni + NaHS + SNP) significantly declined 
the intracellular Ni concentration by 69.78 ± 1.20 μg Ni 
g dry weight−1, 70.15 ± 1.21 μg Ni g dry weight−1 and 
63.80 ± 1.10 μg Ni g dry weight−1 in N. muscorum and by 
76.70 ± 1.32 μg Ni g dry weight−1, 77.16 ± 1.33 μg Ni g dry 
weight−1 and 70.18 ± 1.21 μg Ni g dry weight−1 in Ana-
baena sp. accordingly. Furthermore, excessive Ni accumu-
lation was noticed on supplementation of PTIO, L-NAME, 

HT and PAG (Ni + NaHS + PTIO, Ni + NaHS + L-NAME, 
Ni + SNP + HT and Ni + SNP + PAG) by 82.50 ± 1.42 μg 
Ni g dry weight−1, 86.77 ± 1.50  μg Ni g dry weight−1, 
91.36 ± 1.58 μg Ni g dry weight−1 and 94.70 ± 1.63 μg Ni 
g dry weight−1 in N. muscorum and by 90.75 ± 1.57 μg 
Ni g dry weight−1, 95.45 ± 1.65  μg Ni g dry weight−1, 
100.49 ± 1.74 μg Ni g dry weight−1 and 104.16 ± 1.80 μg 
Ni g dry weight−1 in Anabaena sp. respectively. Moreover, 
the combined treatment of both signaling molecules along 

Fig. 1   Effect of exogenous 
hydrogen sulfide and nitric 
oxide on (a) growth (absorb-
ance) and (b) intracellular Ni 
accumulation of cyanobacteria 
N. muscorum and Anabaena sp. 
exposed to Ni stress after 72 h 
of treatment. Data presented 
as means ± standard error of 
three replicates (n = 3). Bars fol-
lowed by different letters show 
significant difference at P < 0.05 
significance level according to 
the Duncan’s multiple range 
test (DMRT). NaHS (sodium 
hydrosulfide as donor of 
hydrogen sulfide); SNP (sodium 
nitroprusside as donor of nitric 
oxide)
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with their respective scavenger and inhibitor (Ni + NaHS + S
NP + PTIO + L-NAME and Ni + NaHS + SNP + HT + PAG) 
showed the crucial accumulation of cellular Ni content i.e., 
by 96.96 ± 1.67 μg Ni g dry weight−1 and 102.91 ± 1.78 μg 
Ni g dry weight−1 in N. muscorum and by 106.66 ± 1.84 μg 
Ni g dry weight−1 and 113.20 ± 1.96 μg Ni g dry weight−1 
in Anabaena sp. respectively.

Photosynthetic pigments

Results regarding the photosynthetic pigment contents, i.e., 
chlorophyll a (Chl a) to carotenoids (Car) ratio and phyco-
biliproteins (PBPs) contents in N. muscorum and Anabaena 
sp. exposed to Ni stress have been illustrated in Table 1. 
Substantial reduction (P < 0.05) in the ratio of Chl a/Car by 
only 4% in N. muscorum and by 5% in Anabaena sp. was 
observed under 1 µM Ni stress. Further, substantial improve-
ment was noticed under the exogenous supplementation of 
NaHS and SNP as an individual and in combination i.e., 
(Ni + NaHS, Ni + SNP and Ni + NaHS + SNP) and inhibition 
was noticed by 2%, 2% and 1% in N. muscorum and by 3%, 
3% and 2% in Anabaena sp. accordingly under Ni stress. 
Notwithstanding, amelioration responses of H2S and NO on 
Chl a/Car ratio were reversed upon the exogenous exposure 
of PTIO, L-NAME, HT and PAG and showed critical reduc-
tion under Ni stress.

Similarly, the main light-harvesting pigments [phy-
cobiliproteins (PBPs); phycocyanin (PC), allophycocya-
nin (APC), and phycoerythrin (PE)] of cyanobacteria were 
also observed to be severely influenced under Ni stress 
(Table 1). The contents of PBPs; PC, APE and PE contents 
were majorly affected and significantly reduced (P < 0.05) 

by 23%, 22% and 26% in N. muscorum and by 25%, 24% and 
28% in Anabaena sp. accordingly, exposed with Ni (1 µM) 
stress. Further, exogenous supplementation of NaHS and 
SNP (Ni + NaHS, Ni + SNP and Ni + NaHS + SNP) caused 
substantial improvement and inhibition was noticed only 
13%, 14% and 7% in PC, by 13%, 13% and 6% in APC and 
16%, 16% and 10% in PE contents of N. muscorum while in 
Anabaena sp. by 16%, 16% and 10% in PC, by 15%, 15% and 
9% in APC and 18%, 18% and 13% in PE contents respec-
tively. Although, under similar stress, on the exposure of 
PTIO, L-NAME, HT and PAG along with NaHS and SNP 
(Ni + NaHS + PTIO, Ni + NaHS + L-NAME, Ni + SNP + HT 
and Ni + SNP + PAG), more inhibition was noticed i.e., 26%, 
28%, 30% and 32% in PC content, by 25%, 27%, 29% and 
32% in APC content and by 31%, 33%, 37% and 39% in PE 
content in N. muscorum respectively, and in Anabaena sp. 
by 30%, 32%, 34% and 36% in PC content, by 29%, 32%, 
34% and 37% in APC content and by 34%, 37%, 41% and 
44% in PE content respectively. Moreover, combined exog-
enous supplementation of NaHS and SNP along with their 
respective scavenger and inhibitor under Ni stress exhibited 
a critical reduction in the PBPs contents.

Nitrate (NO3
−) and nitrite (NO2

−) uptake

Results regarding the uptake of NO3
− and NO2

− in test 
cyanobacteria have been presented in Fig. 2a, b. Ni (1 µM) 
caused a substantial reduction (P < 0.05) in the uptake of 
NO3

− by 23% in N. muscorum and by 27% in Anabaena 
sp. respectively, and the corresponding decrease in uptake 
of NO2

− by 18% in N. muscorum and by 23% in Anabaena 
sp. accordingly. However, Ni- stressed cyanobacteria 

Table 1   Effect of exogenous hydrogen sulfide and nitric oxide on photosynthetic pigment contents in cyanobacteria N. muscorum and Anabaena 
sp. exposed to Ni stress after 72 h of treatment

Data presented as means ± standard error of three replicates (n = 3). Bars followed by different letters show significant difference at P < 0.05 sig-
nificance level according to the Duncan’s multiple range test (DMRT). NaHS (sodium hydrosulfide as donor of hydrogen sulfide); SNP (sodium 
nitroprusside as donor of nitric oxide)

Treatments Ratio (Chl a/Car) Phycocyanin (PC) Allophycocyanin (APC) Phycoerythrin (PE)

N. muscorum Anabaena sp. N. muscorum Anabaena sp. N. muscorum Anabaena sp. N. muscorum Anabaena sp.

Photosynthetic pigment contents (µg mg dry weight−1)
Control 2.24 ± 0.03A 2.21 ± 0.03a 54.66 ± 0.93A 48.90 ± 0.84a 8.95 ± 0.15A 8.12 ± 0.14a 9.10 ± 0.15A 8.68 ± 0.14a

Ni 2.15 ± 0.02D 2.09 ± 0.02d 41.72 ± 0.72D 37.00 ± 0.66d 6.92 ± 0.11D 6.10 ± 0.10d 6.67 ± 0.11D 6.24 ± 0.11d

Ni + NaHS 2.19 ± 0.04BC 2.12 ± 0.03c 46.24 ± 0.80C 41.01 ± 0.71c 7.71 ± 0.15C 6.82 ± 0.14c 7.65 ± 0.16C 7.11 ± 0.15c

Ni + SNP 2.18 ± 0.04C 2.12 ± 0.03c 46.02 ± 0.79C 40.77 ± 0.70c 7.70 ± 0.15C 6.81 ± 0.14 cd 7.64 ± 0.16C 7.10 ± 0.15c

Ni + NaHS + SNP 2.21 ± 0.03B 2.16 ± 0.03b 50.43 ± 0.87B 44.41 ± 0.77b 8.32 ± 0.17B 7.26 ± 0.16b 8.16 ± 0.17B 7.57 ± 0.16b

Ni + NaHS + PTIO 2.13 ± 0.02E 2.07 ± 0.02e 39.81 ± 0.68E 34.06 ± 0.58e 6.69 ± 0.10E 5.73 ± 0.09e 6.26 ± 0.10E 5.67 ± 0.09e

Ni + NaHS + L-NAME 2.11 ± 0.02EF 2.06 ± 0.02f 38.88 ± 0.67F 33.18 ± 0.57f 6.50 ± 0.10F 5.46 ± 0.09f 6.01 ± 0.10EF 5.37 ± 0.08f

Ni + SNP + HT 2.10 ± 0.03FG 2.05 ± 0.03 fg 38.19 ± 0.66FG 32.30 ± 0.56 fg 6.39 ± 0.09G 5.29 ± 0.08 g 5.70 ± 0.09G 5.08 ± 0.08 g

Ni + SNP + PAG 2.09 ± 0.03GH 2.04 ± 0.03 g 37.06 ± 0.64G 31.24 ± 0.55 g 6.02 ± 0.09GH 5.10 ± 0.08 h 5.46 ± 0.08GH 4.81 ± 0.07 h

Ni + NaHS + SNP + PTIO +  2.06 ± 0.02H 2.03 ± 0.02 h 36.48 ± 0.63H 30.75 ± 0.53 h 5.81 ± 0.08I 4.79 ± 0.07i 5.10 ± 0.08I 4.42 ± 0.07i

L-NAME
Ni + NaHS + SNP + HT + PAG 2.02 ± 0.03I 2.00 ± 0.03i 35.35 ± 0.61I 29.53 ± 0.51i 5.51 ± 0.07 J 4.59 ± 0.07j 4.88 ± 0.07 J 4.20 ± 0.06j
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were subjected to exogenous NaHS and SNP as indi-
vidual and in combination i.e., Ni + NaHS, Ni + SNP and 
Ni + NaHS + SNP; the amount of uptake of NO3

− and 
NO2

− were observed to be significantly improved and inhibi-
tion was noticed for NO3

− uptake only 9%, 9% and 3% in N. 

muscorum and by 13%, 14% and 5% in Anabaena sp. accord-
ingly, while for NO2

− uptake by 10%, 10% and 4% in N. 
muscorum and by 13%, 14% and 8% in Anabaena sp. accord-
ingly. Further, upon supplementation of PTIO, L-NAME 
HT and PAG along with NaHS and SNP under Ni stress 

Fig. 2   Effect of exogenous 
hydrogen sulfide and nitric 
oxide on (a) nitrate (NO3

−) 
uptake rate and (b) nitrite 
(NO2

−) uptake rate of cyano-
bacteria N. muscorum and Ana-
baena sp. exposed to Ni stress 
after 72 h of treatment. Data 
presented as means ± standard 
error of three replicates (n = 3). 
Bars followed by different let-
ters show significant difference 
at P < 0.05 significance level 
according to the Duncan’s 
multiple range test (DMRT). 
NaHS (sodium hydrosulfide as 
donor of hydrogen sulfide); SNP 
(sodium nitroprusside as donor 
of nitric oxide)
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severely diminished the amount of NO3
− and NO2

− uptake 
in both test cyanobacteria while in the combination treat-
ment set i.e., Ni + NaHS + SNP + PTIO + L-NAME and 
Ni + NaHS + SNP + HT + PAG showed a more pronounced 
deduction in uptake level and inhibition was observed for 
NO3

− uptake by 42% and 45% in N. muscorum and by 43% 
and 46% in Anabaena sp. respectively while for NO2

− uptake 
by 38% and 43% in N. muscorum and by 39% and 45% in 
Anabaena sp. accordingly.

Nitrate assimilating enzymes: activity of nitrate 
reductase (NR) and nitrite reductase (NiR)

The results related to the activities of NR and NiR in both 
cyanobacteria have been depicted in Fig. 3a, b. The Ni 
(1 µM) stress substantially declined (P < 0.05) the activities 
of NR and NiR by 33% and 25% in N. muscorum and by 
36% and 28% in Anabaena sp. accordingly. Furthermore, 
upon exposure of NaHS and SNP, the adverse impacts on 
activities of NR and NiR caused by Ni stress were mitigated 
and reduction was noticed by 19% and 19%, and by 18% and 
18% in N. muscorum accordingly, and by 21% and 21% and 
by 20% and 20% in Anabaena sp. respectively, and with 
NaHS + SNP treatment to Ni stressed both cyanobacteria 
appeared to be more pronounced in improving the adverse 
impact on activities of NR and NiR by 9% and 11% in N. 
muscorum and by 10% and 13% in Anabaena sp. accord-
ingly. However, exogenous treatment of PTIO, L-NAME, 
HT and PAG along with NaHS and SNP under similar stress 
conditions diminished the activities of NR and NiR by 38%, 
44%, 48% and 52% and by 34%, 38%, 43% and 51% in N. 
muscorum respectively and by 41%, 47%, 53% and 57% and 
by 35%, 41%, 44% and 53% in Anabaena sp. respectively. 
Whereas, we observed in combination (Ni + NaHS + SNP 
+ PTIO + L-NAME and Ni + NaHS + SNP + HT + PAG), a 
critical reduction on NR and NiR activities by 56% and 60% 
and by 60% and 67% in N. muscorum and by 60% and 65% 
and by 62% and 68% in Anabaena sp. respectively.

Ammonium‑assimilating enzymes activity

Glutamine synthetase (GS; EC 6.3.1.2) activity, glutamate 
synthase (GOGAT; EC 1.4.1.14) activity and glutamate 
dehydrogenase (NADH‑GDH; EC 1.4.1.2) activity

The results regarding to GS, GOGAT and GDH activities of 
both cyanobacteria are shown in Fig. 4a–c. Nickel (1 µM) 
repressed the enzymatic action of GS and GOGAT by 25% 
and 24% in N. muscorum and by 27% and 26% in Anabaena 
sp. accordingly. Exogenous application of NaHS and SNP as 
individual and in combination (NaHS + SNP) to Ni-stressed 
cyanobacterial cells caused substantial recovery in the GS 
and GOGAT activities, and a more pronounced impact 

was observed under NaHS + SNP treatment. Nonetheless, 
application with PTIO, L-NAME, HT and PAG along with 
NaHS and SNP under the similar stress condition reduced 
the activities of GS and GOGAT by 32%, 36%, 39% and 
41% and by 32%, 35%, 39% and 41% in N. muscorum and by 
35%, 39%, 43% and 46% and by 39%, 43%, 46% and 48% in 
Anabaena sp. respectively. Further, cells were subjected to 
the combined set of treatments along with NaHS and SNP 
showed a critical reduction in GS and GOGAT activity with 
Ni stress in N. muscorum and Anabaena sp. accordingly. 
Whereas, a reversed response was observed as GDH activity 
with Ni stress depicted substantial enhancement exhibiting 
an increase of 23% in N. muscorum and 34% in Anabaena 
sp. accordingly and it was further accelerated under PTIO, 
L-NAME, HT and PAG supplementation as it was raised by 
27%, 34%, 40% and 44% in N. muscorum and by 37%, 39%, 
46% and 49% in Anabaena sp. accordingly. Furthermore, 
upon exposure of NaHS and SNP or NaHS + SNP under Ni 
stress a diminishing pattern was noticed.

Biochemical components

Protein content

Results related to the impact of NaHS and SNP application 
on protein content in the Ni-stressed N. muscorum and Ana-
baena sp. have been presented in Fig. 5a. The Ni at 1 µM 
dose substantially reduced the content of protein by 22% in 
N. muscorum and by 25% in Anabaena sp. accordingly. Nev-
ertheless, upon exogenous exposure of NaHS and SNP to Ni 
stressed cyanobacteria, noticeably decreased the negative 
impact of Ni on the content of protein. On the other hand, 
the ameliorative response of NaHS and SNP on protein 
content was diminished on the supplementation of PTIO, 
L-NAME, HT and PAG under similar stress condition.

Carbohydrate content

The content of carbohydrate in test cyanobacteria was 
decreased at 1 µM dose of Ni by 23% in N. muscorum and 
by 27% in Anabaena sp. accordingly (Fig. 5b). The exog-
enous exposure of NaHS and SNP to Ni treated cells showed 
a significant recovery in carbohydrate content in the test 
cyanobacteria, but the reverse impact was observed in the 
presence of PTIO, L-NAME, HT, and PAG in the appear-
ance of both signaling molecules. Further, a drastic decline 
in carbohydrate content was observed in the combined set 
of treatments i.e., Ni + NaHS + SNP + PTIO + L-NAME 
and Ni + NaHS + SNP + HT + PAG and the reduction was 
noticed by 41% and 45% in N. muscorum and by 44% and 
48% in Anabaena sp. respectively with the same stress.
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Exopolysaccharides (EPS) content

The impact of exogenous supplementation of NaHS 
and SNP on the secretion of EPS in both cyanobacte-
ria has been depicted in Fig. 5c. In test cyanobacteria 

N. muscorum and Anabaena sp., EPS secretion was sub-
stantially decreased (P < 0.05) by 15% and 17% accord-
ingly under Ni stress. Under the treatment of Ni + NaHS, 
Ni + SNP and Ni + NaHS + SNP, the secretion of EPS 
was increased substantially (P < 0.05) by 13%, 14% and 

Fig. 3   Effect of exogenous 
hydrogen sulfide and nitric 
oxide on (a) nitrate reductase 
(NR) and (b) nitrite reductase 
(NiR) of cyanobacteria N. 
muscorum and Anabaena sp. 
exposed to Ni stress after 72 h 
of treatment. Data presented 
as means ± standard error of 
three replicates (n = 3). Bars fol-
lowed by different letters show 
significant difference at P < 0.05 
significance level according to 
the Duncan’s multiple range 
test (DMRT). NaHS (sodium 
hydrosulfide as donor of 
hydrogen sulfide); SNP (sodium 
nitroprusside as donor of nitric 
oxide)
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Fig. 4   Effect of exogenous hydrogen sulfide and nitric oxide on (a) 
glutamine synthetase (GS), (b) glutamate synthase (GOGAT) and 
(c) glutamate dehydrogenase (GDH) of cyanobacteria N. muscorum 
and Anabaena sp. exposed to Ni stress after 72 h of treatment. Data 
presented as means ± standard error of three replicates (n = 3). Bars 

followed by different letters show significant difference at P < 0.05 
significance level according to the Duncan’s multiple range test 
(DMRT). NaHS (sodium hydrosulfide as donor of hydrogen sulfide); 
SNP (sodium nitroprusside as donor of nitric oxide)
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Fig. 5   Effect of exogenous hydrogen sulfide and nitric oxide on (a) 
protein (b) carbohydrate and (c) exopolysaccharides (EPS) of cyano-
bacteria N. muscorum and Anabaena sp. exposed to Ni stress after 
72 h of treatment. Data presented as means ± standard error of three 
replicates (n = 3). Bars followed by different letters show significant 

difference at P < 0.05 significance level according to the Duncan’s 
multiple range test (DMRT). NaHS (sodium hydrosulfide as donor 
of hydrogen sulfide); SNP (sodium nitroprusside as donor of nitric 
oxide)
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19% in N. muscorum and by 11%, 11% and 16% in Ana-
baena sp. accordingly. While, under similar stress, the 
deterioration in a layer of EPS secretion appeared more 
pronounced under the treatment of PTIO, L-NAME, HT 
and PAG along with NaHS and SNP and the reduction 
was noticed about 28%, 33%, 39% and 44% in N. mus-
corum and by 32%, 37%, 47% and 49% in Anabaena sp. 
accordingly. Further, combined treatment of NaHS and 
SNP with their respective inhibitor and scavenger under 
Ni stress showed a crucial decline in EPS content in both 
the experimental organisms.

Scanning electron microscopy (SEM) 
and energy‑dispersive X‑ray (EDX) analysis

The surface morphology of both test cyanobacteria N. mus-
corum and Anabaena sp. on Ni accumulation was observed 
by using SEM (Fig. 6a–c). After the Ni accumulation, SEM 
images exhibited the occurrence of groves and depressions 
on the cyanobacterial cell surface, lessening the size of cell 
and showing cell contraction under Ni stress. Over the aper-
ture, the white crusts appearance is observable in the SEM 
images that are suggested to be bindings of metal ions as 
shown by the red arrow. However, exogenous supplementa-
tion of NaHS and SNP caused significant alleviation and 

Fig. 6   a Experimental setups showing effect of exogenous hydrogen 
sulfide and nitric oxide in Ni stressed N. muscorum and Anabaena 
sp. at 72  h of treatment. Scanning electron micrograph (SEM) and 
energy-dispersive X-ray (EDX) analysis of dry algal absorbent of b 

N. muscorum and c Anabaena sp. treated with Ni upon exogenous 
supplementation of hydrogen sulfide and nitric oxide. NaHS (sodium 
hydrosulfide as donor of hydrogen sulfide); SNP (sodium nitroprus-
side as donor of nitric oxide)
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Fig. 6   (continued)
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Fig. 6   (continued)
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exhibited a lesser amount of Ni accumulation on the cell 
surface of test cyanobacteria which was confirmed by EDX 
analysis (Fig. 6a–c). The other elements such as carbon (C), 
nitrogen (N), sulfur (S), and oxygen (O) are also detected 
by the EDX analysis (Fig. 6b, c). In control treatment C, N, 
O and S are present normally in both the test cyanobacteria. 
The 1 µM Ni caused a significant reduction in weight and 
atomic percentage (%) of C, N, S and O content. In allevia-
tory sets i.e., Ni + NaHS, Ni + SNP, and Ni + NaHS + SNP 
exhibited enhanced weight % and atomic % in C, N, O, and 
S of both cyanobacteria under Ni stress (Fig. 6b, c).

Principal component analysis (PCA) and correlation 
matrix

To study and appraise the association between the impact 
of NaHS and SNP on growth (optical density), photosyn-
thetic pigments [Chl a/Car, phycobiliproteins; PC, APC and 
PE], Ni accumulation, biochemical components (protein, 
carbohydrate and EPS), nitrate, nitrite, NR, NiR and GS, 
GOGAT and GDH (enzymes involved in ammonia assimila-
tion) activities of both cyanobacteria, PCA plots have been 
prepared (Fig. 7a, b). Among all the studied experimental 
parameters, most of them were largely influenced by NaHS 
and SNP illustrating its key function in the amelioration of 
Ni stress. The activity of enzymes i.e., NR, NiR, GS and 
GOGAT are positively associated with NaHS and SNP 
exhibiting their significance in the regulation of Ni-induced 
toxicity. Cellular Ni accumulation and GDH activity are 
nearly correlated with Ni stress suggesting their improve-
ment in the occurrence of stress condition. The PCA plot 
suggests that growth, pigments and biochemical components 
are firmly associated with NaHS and SNP depicting their 
ameliorative effect on both cyanobacteria N. muscorum and 
Anabaena sp. respectively (Fig. 7a, b).

Image of the correlation matrix (Fig. 8a, b) exhibited 
clear interactions among various examined experimental 
parameters. The growth is observed to be positively cor-
related with photosynthetic pigments, biochemical compo-
nents and all the nitrate and nitrite assimilating enzymes, 
whereas GDH and intracellular Ni accumulation showed 
negative correlation thereby, indicating the amelioration of 
NaHS and SNP on augmentation of growth and deduction in 
the level of Ni stress in both test cyanobacteria (Fig. 8a, b).

Discussion

The current study emphasizes the positive impact of two 
signaling molecules, hydrogen sulfide (H2S) and nitric 
oxide (NO) on growth, photosynthetic pigments, biochem-
ical components and nitrogen metabolism of two cyano-
bacteria Nostoc muscorum and Anabaena sp. accordingly 

under nickel (Ni) stress. Ni at tested dose (1 µM) showed 
a substantial inhibition in growth (Fig. 1a) in both test 
organisms and this might be because of (i) enhancement 
in cellular Ni accumulation inside the cell (Fig. 1b), (ii) 
decline in the photosynthetic pigment contents (Table 1), 
(iii) inhibition in nitrate and nitrite uptake, and activity of 
nitrogen assimilatory enzymes (nitrate and NH4

+ assimi-
lation) besides GDH (Figs.  2, 3, 4), and subsequently 
deleterious impacts on biochemical components (protein, 
carbohydrate and exopolysaccharides) (Fig. 5a–c). Similar 
outcomes were also described by Rizwan et al. (2019) in 
rice seedlings and by Verma et al. (2021) in N. musco-
rum exposed to Ni stress. Moreover, heavy metal stress 
also reduces the endogenous level of H2S and NO that 
also might be associated with growth inhibition (Fig. 1a) 
(Husain et al. 2022; Verma and Prasad 2021). Further, 
the exogenous supplementation of NaHS (H2S donor) 
and SNP (NO donor), alone and together lowered the Ni-
induced toxicity on analyzed parameters which perhaps 
associated with (i) reduction in accumulation of intracellu-
lar Ni content (Fig. 1b), (ii) substantial recovery in prime 
light harvesting pigments; PBPs (Table 1), (iii) significant 
recovery in inorganic nitrogen uptake and enzymes par-
ticipating in nitrate and ammonium assimilation (Figs. 2, 
3, 4) and appreciable enhancement in biochemical com-
ponents (Fig. 5). Similar observations were also described 
by Chen et al. (2020) in Chlamydomonas reinhardtii under 
allelochemical treatment and by Verma and Prasad (2021) 
in N. muscorum and Anabaena sp. exposed to Cd stress. 
While, exogenous exposure of scavengers (PTIO for NO 
and HT for H2S) and inhibitors (L-NAME for NO and PAG 
for H2S) of NO and H2S respectively, showed significant 
reduction in growth and thereby suggested the endogenous 
role of H2S and NO under Ni stress alleviation (Fig. 1a). 
Similar results of H2S and NO were also described in 
wheat seedlings under heat stress (Iqbal et  al. 2021). 
Moreover, to recognize the cross-talk role of H2S and NO 
under Ni stress alleviation, their respective scavenger and 
inhibitor were exogenously supplied along with NaHS and 
SNP. Hence, the results suggested that both H2S and NO 
might have worked in a synergistic manner and both mol-
ecules alone were not efficient to mitigate the Ni toxicity 
in the application of PTIO, L-NAME, HT and PAG also 
suggested that H2S might exhibit the downstream action on 
NO-mediated alleviation in Ni stress. The present study is 
in accordance with other observations where the interac-
tive role of H2S and NO was presented in wheat seedlings 
exposed to Cd stress (Kaya et al. 2019), in soyabean under 
Al stress (Wang et al. 2019) and heat tolerance in Triticum 
aestivum (Iqbal et al. 2021). Upon exposure to H2S and 
NO, a significant reduction in cellular Ni in experimental 
organisms might have occurred due to the downregula-
tion of the UreH nickel transporter protein. This protein 
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is primarily responsible for the uptake of Ni within the 
cell, resulting in a considerable reduction in intracellular 
Ni accumulation (Fig. 1b). Similar findings have been also 
observed in some cyanobacteria, Synechococcus sp. and 
Prochlorochoccus (Huertas et al. 2014). While, the appli-
cation of PTIO/L-NAME/HT and PAG further acceler-
ates the amount of Ni content and intensified Ni toxicity 
interior to cells by declining the ameliorating function of 
H2S and NO (Fig. 1b).

Nickel stress caused a significant inhibition in the ratio 
of Chl a/Car and phycobiliproteins (PBPs) contents in both 
cyanobacteria that perform crucial functions in photosyn-
thesis. Nickel reduced the photosynthetic pigment contents, 
also disrupting its precursor or declining the enzymatic 
action that is incorporated in the biosynthesis of pigment 
contents or because of the formation of ROS (reactive 
oxygen species) contents (Martínez-Ruiz and Martínez-
Jerónimo 2016). As an accessory pigment carotenoid play a 

Fig. 7   Principal component 
analysis (PCA) Plot to observe 
the effect of hydrogen sulfide 
and nitric oxide on different 
experimental parameters in a 
N. muscorum and b Anabaena 
sp. respectively. NaHS (sodium 
hydrosulfide as donor of 
hydrogen sulfide); SNP (sodium 
nitroprusside as donor of nitric 
oxide)
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significant role in the photoinhibition process, and reduction 
in the Chl a/Car ratio exhibited Ni toxicity on photosynthetic 
pigment contents foremost to injuring results on perform-
ing function of the antenna complex. Moreover, a decline 
in phycobiliproteins (PBPs) content was observed under Ni 
stress (Table 1) and inhibition might be owing to modifica-
tion of PBPs biosynthesis or undesirable impairment showed 
by Ni because of its direct availability for heavy metals as 

its outer localization on thylakoid membranes. Thus, these 
results align with the findings of Verma et al. (2022), who 
reported a reduction in photosynthetic pigment and growth 
in Anabaena sp. under Ni stress. On the contrary, exogenous 
supplementation of NaHS and SNP alone as well as in com-
bination showed substantial improvement in the pigment 
content in both tested organisms under Ni stress, this could 
be ascribed to (i) enhancement in chlorophyll synthesis and 

Fig. 8   Image of correlation matrix to show the interaction among 
different parameters in a N. muscorum and b Anabaena sp. [(− ve) 
shows negative correlation and (+ ve) shows positive correlation 

between the parameters]. NaHS (sodium hydrosulfide as donor of 
hydrogen sulfide); SNP (sodium nitroprusside as donor of nitric 
oxide)
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(ii) stabilization of thylakoid membrane (Table 1) (Verma 
et al. 2021). However, all the positive responses of H2S and 
NO were reversed by exogenously supplied PTIO, L-NAME, 
HT and PAG on both the cyanobacteria exposed to Ni stress. 
Similar results also have been described in wheat seedlings 
under Cd stress (Kaya et al. 2019).

Nitrogen (N) is an essential macro-nutrient and is asso-
ciated with various metabolic activities, and physiological 
processes inside the cyanobacterial cell that maintain the 
equilibrium between the uptake and nitrogen assimilation 
which directly influence on the growth of cyanobacteria 
(Verma and Prasad 2021). In cyanobacteria, heterocytes 
(also known as heterocysts) are specialized cells designed 
for nitrogen fixation in anaerobic conditions. This implies 
their ability to convert atmospheric nitrogen into bioavail-
able forms such as ammonia or nitrate, playing a crucial 
role in supporting the growth and survival of organisms, 
especially in nitrogen-deficient environment (Zulkefli and 
Hwang 2020). Cyanobacteria, the primary nitrogen-fixing 
photoautotrophs, utilize nitrate (NO3

−) as an auspicious 
nitrogen source, converting it into NO2

− (nitrite) and NH4
+ 

(ammonia) via enzymatic activities i.e., NR (nitrate reduc-
tase) and NiR (nitrite reductase) (Verma and Prasad 2021). 
In this study, Ni stress caused the deduction in the rate of 
NO3

− and NO2
− uptake and enzymatic action of NR and NiR 

in both cyanobacteria primarily due to declined NO3
− uptake 

(Figs. 2, 3). Nitrate (NO3
−) uptake is an ATP-dependent pro-

cess and actively mediated through ABC transporter protein 
and inhibition in the uptake mechanism might be due to the 
diminishing of electron transport chain (ETC) and possible 
inhibition in the supply of ATP under Ni stress in both test 
cyanobacteria. Similar findings were also observed in Nostoc 
muscorum and Phormidium foveolarum (Sheeba et al. 2011), 
Anabaena sp. PCC 7120 (Verma et al. 2022), and Chla-
mydomonas reinhardtii (Devriese et al. 2001) under pesti-
cide, UV-B and heavy metal stress. Further, in the presence 
of NR enzyme NO3

− is reduced into NO2
− and after that 

NO2
− is converted into NH4

+ by catalyzing the NiR activity 
and Ni substantially diminished the NR and NiR activity, 
primarily due to enhanced intracellular accumulation of Ni 
(Fig. 1b). The present study is in concurrence with Rizwan 
et al. (2019), where Ni appreciably reduced the enzymes 
involved in nitrogen assimilation. Additionally, the decline 
in enzymatic action of NR and NiR might be attributed to 
(i) reduced fixation of carbon, (ii) less uptake of NO3

− and 
(iii) impaired ETC which hinders reduced Fd as an electron 
donor to decline NO2

− uptake (Verma et al. 2021). Further-
more, the exogenous supplementation of NaHS and SNP 
alone and in a combined manner showed significant alle-
viation under Ni stress on nutrient uptake and the substan-
tial recovery was also noticed. Similarly, Raju and Prasad 
(2023) also reported the enhanced activity of NR and NiR 
upon exposure of NaHS in tomato and brinjal seedlings in 

salinity stress. Moreover, exogenous hydrogen sulfide (H2S) 
could act as an environmental signal inducing heavy metal 
tolerance in cyanobacterium Anabaena sp. The protective 
role of H2S on heavy metal stress such as Al stress could 
be related to its capacity to act as a mitigating agent and 
regulate the redox state of cells (Verma et al. 2023). None-
theless, the exogenous addition of PTIO, L-NAME, HT and 
PAG along with NaHS and SNP under Ni stress showed 
critical inhibition in the inorganic uptake of nitrogen and 
activity of their assimilating enzymes (Figs. 2, 3) hence, the 
results suggested that coordinated function of H2S and NO 
in both cyanobacteria. These results are similar to the study 
of Rizwan et al. (2019) in rice seedling under Ni stress.

Ammonium ion (NH4
+) is highly toxic and it must be 

removed from the cell or assimilated into other organic 
substances. In cyanobacteria, NH4

+ assimilation primarily 
takes place by the GS-GOGAT pathway in the presence of 
ammonia-assimilating enzymes (Sanz-Luque et al. 2015). 
In the present study, the GS and GOGAT activities were 
noticed to decline substantially under Ni stress (Fig. 4a, b) 
which might be owing to (i) higher NH4

+ ions accumulation 
(ii) impairment in ETC thereby resulting lowered amount 
of ATP synthesis, and (iii) alteration in osmotic balance 
and intracellular pH thereby reduced the growth and photo-
synthetic rate that directly repressed the activity of enzyme 
(Dai et al. 2008). Similar to the current study, Verma et al. 
(2021, 2022) have also found the declined activity of GS 
and GOGAT in Ni-stressed cyanobacteria N. muscorum and 
Anabaena sp. respectively. Under the stress condition, pho-
toautotrophs overcome the toxicity of ammonium by another 
ammonium assimilating enzyme i.e., glutamate dehydroge-
nase (GDH) (Fig. 4c) that follow the alternative pathway 
thereby maintaining the glutamate levels including synthesis 
of proline and phytochelatin (non-enzymatic antioxidants). 
However, supplementation of NaHS and SNP alone and 
together with Ni stress caused appreciable improvement in 
the activity of GS and GOGAT while lowering the activity 
of GDH in both tested organisms (Fig. 4a–c), which could 
be elucidated due the lower availability of substate as NH4

+ 
which is largely assimilated by GS-GOGAT pathway. The 
present study is in accordance with the study of Balotf et al. 
(2018) that described exogenous SNP accelerated the activ-
ity of GS and GOGAT (ammonium assimilating enzymes) 
and mitigated ammonium toxicity in wheat seedlings while 
similar to this, Raju and Prasad (2023) have demonstrated 
that the exogenously applied H2S can alleviate the salt stress 
and increased ammonium assimilating enzyme activities in 
tomato and brinjal seedlings. Furthermore, exogenous appli-
cation of PTIO, L-NAME, HT and PAG along with NaHS 
and SNP under the same stress condition again lowered the 
activity of GS and GOGAT while negatively accelerates the 
GDH activity (Fig. 4a–c) and thereby suggesting the inter-
linked role of H2S and NO in removing ammonium toxicity 



540	 Journal of Plant Research (2024) 137:521–543

from both tested cyanobacterial cells. Similar results were 
also noticed in N. muscorum with exogenous supplementa-
tion of SNP and calcium under Ni stress (Verma et al. 2021).

Cyanobacteria have enormous prospects to supply valu-
able food supplements like protein and carbohydrates which 
are precisely correlated with growth during stress condi-
tions. The present study showed inhibition in protein con-
tent exposed to Ni stress (Fig. 5a). This inhibition might 
be due to the direct effect of Ni on protein biosynthesis, as 
reported by Verma and Prasad (2021) in N. muscorum and 
Anabaena sp., where Cd caused a reduction in protein con-
tent. However, the application of NaHS and SNP minimized 
the adverse effect of Ni on protein content which could be 
owing to overcome the response of ROS content interior to 
cell (Kaya et al. 2019). Moreover, the addition of PTIO/L-
NAME/HT and PAG together with NaHS and SNP under 
similar stress condition reverse the positive response of H2S 
and NO thereby, critically damage protein content which is 
directly associated with the growth of both cyanobacteria. 
Our results are in congruence with the study of Raju and 
Prasad (2023) in tomato and brinjal seedlings under salinity 
and by Verma et al. (2021) in N. muscorum with Ni stress. 
Carbohydrate is the main reserve food in cyanobacteria 
which provide an energy source for the survival of cell under 
adverse conditions that are directly associated with growth. 
Apart from that, carbohydrate is the prime component of the 
extracellular polymeric substance of cyanobacteria that act 
as a defensive layer and protect the cell under stress condi-
tion (Patel et al. 2020). In the present study, a substantial 
reduction in carbohydrate content was noticed which might 
have appeared because of a decline in photosynthesis rate 
and inhibition in photosynthetic pigment contents (Fig. 5b). 
Similar results have been also observed in Chlorella vulgaris 
(Bajguz 2011), and in Spirulina platensis (Gupta et al. 2014) 
under lead and chromium toxicity. Nonetheless, exogenously 
applied NaHS and SNP substantially improved the carbohy-
drate content under Ni stress. Further, on exogenous supple-
mentation of scavengers as well as inhibitors of H2S and NO 
exhibited a crucial decline in carbohydrate content exposed 
to Ni-induced toxicity in both test cyanobacteria thus, the 
results suggest the interdependent role of H2S and NO on 
each other’s function.

Exopolysaccharides (EPS) are high molecular weight 
polymeric substances and act as a physical barrier (defen-
sive layer) that is secreted by cyanobacteria to suppress the 
negative impacts of heavy metal toxicity (Planchon et al. 
2013). In the current study, the 1 μM Ni caused a notable 
reduction in EPS content in both cyanobacteria (Fig. 5c). 
This reduction is associated with increased Ni accumula-
tion within the cells, as shown in Fig. 1b. A similar result 
regarding to decrease in EPS content was also observed in 
Nostoc muscorum and Anabaena sp. (Patel et al. 2020), 
Anabaena sp. PCC 7120 (Tiwari et al. 2019), and Nostoc 

muscorum (Verma et al. 2021) under As, Al and Ni stress. 
Furthermore, exposure to NaHS and SNP resulted in a sig-
nificant increase in EPS content, which correlated with a 
raised amount of carbohydrate levels, and a notable decrease 
in the intracellular accumulation of Ni. This outcome sug-
gests that both NaHS and SNP contribute to an enhanced 
formation of EPS, aiming to impede intracellular Ni accu-
mulation. However, supplementation with PTIO/L-NAME/
HT and PAG considerably increased the Ni content inside 
the cell, thereby reducing the positive impacts of H2S and 
NO (Fig. 5c). Similarly, Tiwari et al. (2019) demonstrated 
that the use of PTIO and L-NAME in Anabaena sp. PCC 
7120 led to a decrease in EPS content and an increase in 
Al accumulation within the cells. The enhancement in EPS 
contents suggests the accumulation of Ni on the cell surface 
of cyanobacteria. This phenomenon may be attributed to 
Ni aggregation, surrounded by an outer thick layer of EPS 
secreted by cyanobacterial cells. The results of EPS secre-
tion are illustrated by applying SEM analysis (Fig. 6b, c), 
along with exogenous supplementation of NaHS and SNP, 
which exhibited substantial improvement under Ni stress 
(Fig. 6a–c). In this study, EDX analysis confirmed that 
Ni accumulated on the cell surface of both cyanobacteria. 
Moreover, other elements such as C, N, O and S contents are 
also presented by weight and atomic percentage in Fig. 6b, 
c. Similarly, Ghoneim et al. (2014) examined the surface 
morphology of Ulva lactuca before and after Cd adsorp-
tion using SEM and observed that Cd precipitated around 
the cell surface or extracellularly. To examine the overall 
response, the principal component analysis was performed 
(Fig. 7a, b), which exhibits a more pronounced ameliora-
tion of NaHS and SNP on growth, photosynthetic pigments, 
biochemical components, nitrate, nitrite, NR, NiR, GS and 
GOGAT activity. Therefore, H2S and NO have been shown 
to be better in alleviating Ni-induced toxicity in N. musco-
rum and Anabaena sp.

Conclusion

The current study highlighted the noticeable role of two 
signaling molecules i.e., hydrogen sulfide (H2S) and nitric 
oxide (NO) in decreasing the deleterious impacts induced by 
Ni toxicity in rice field cyanobacteria Nostoc muscorum and 
Anabaena sp. The tested dose of Ni caused detrimental con-
sequences on growth, Chl a/Car ratio and phycobiliproteins 
(PBPs) contents and nitrogen metabolism. and also reduced 
biochemical components namely, protein, carbohydrate and 
EPS contents. Along with physiological and biochemical 
parameters, biochemical components namely protein, car-
bohydrate, and EPS contents were also negatively affected 
by Ni stress. The negative effect on EPS was also shown 
by SEM images in both the cyanobacteria. Further, the 
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exogenous application of H2S and NO reduced Ni induced 
toxicity and caused substantial improvement in the above-
mentioned parameters. Overall, this study signifies the inter-
play function of both signaling molecules by applying their 
respective scavengers and inhibitors (PTIO/L-NAME/HT 
and PAG) (Fig. 9). H2S (NaHS) and NO (SNP) may be used 
as more cost-effective and feasible molecules. They both 
paly crucial roles in easing the stress on both cyanobacteria 
exposed to Ni and enhancing their survival. This, in turn, 
increases nitrogen content (acting as biofertilizer) in rice 
fields, improving soil fertility and crop yield.
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