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ABSTRACT: In this present study, we delved into the intricate world of Anabaena doliolum, a nitrogen-
fixing cyanobacterium, to investigate how it copes with the combined stressors of salinity and copper
exposure. Our study revealed that both salinity and copper stress lead to a significant reduction in growth
and key cellular components, including protein, chlorophyll, and phycocyanin. The stress induced by
salinity and copper was further evidenced by a decrease in the average filament length and heterocyst
frequency of A. doliolum. Salinity treatment was found to enhance the activity of the nitrogen assimilation
enzyme, nitrate reductase, while glutamine synthetase and nitrogenase exhibited significant inhibition in
their activities. Conversely, copper treatment led to a decrease in the activity of all three nitrogen
assimilation enzymes. The deleterious effects on growth, cellular components, and nitrogen assimilation
enzymes were exacerbated when A. doliolum was exposed to both salt and copper simultaneously. Both
individual and combined exposure to salt and copper was observed to stimulate the activity of antioxidant
enzymes, including superoxide dismutase, ascorbate peroxidase, and catalase, as well as the accumulation
of proline in the cyanobacterium. The study encountered several challenges, including the necessity to
evaluate the synergistic effects of salinity and copper on A. doliolum, as well as the complex interplay of
multiple physiological variables under stress conditions. These findings have advanced our understanding
of how nitrogen-fixing cyanobacteria respond to the concurrent influence of multiple stressors, with
potential implications for the ecological and environmental management of rice fields and similar
ecosystems.
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INTRODUCTION

By the year 2050, it is projected that the global human
population will surpass 9.6 billion, a demographic shift
that will significantly elevate the demand for

Cyanobacteria, a highly diverse group of photosynthetic
prokaryotes, played a crucial role in the transformation
of Earth's initially anaerobic conditions, which emerged
approximately 3.5 billion years ago, into aerobic
environments. These hardy organisms, which thrive in

agricultural output. To meet this escalating need, a
twofold augmentation in grain production is imperative.
Nevertheless, conventional agricultural practices have
engendered deleterious consequences, manifesting as
soil  degradation, diminished crop yields, and
contamination of the environment. These conventional
methodologies encompass the deployment of synthetic
fertilizers, pesticides, intensive tillage, and excessive
irrigation (Ali, 2023). These issues have contributed to
an escalating cost associated with food production,
underscoring the pressing necessity for a transition
towards  sustainable  agricultural approaches.
Sustainable agriculture underscores the adoption of
organic techniques aimed at curtailing production
expenditures while concurrently conserving vital
resources such as soil and water (Bantider et al., 2022).
One pivotal facet of sustainable agriculture involves the
utilization of beneficial microorganisms to safeguard
soil fertility, bolster crop yields, and enhance the
resilience of agroecosystems (Gamage et al., 2023).
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both terrestrial and aquatic habitats (Shokravi and
Bahavar 2021), offer significant benefits within the
realm of agriculture. They enhance soil quality,
stimulate plant growth, and thereby contribute
substantially to effective crop management practices.
By facilitating nutrient cycling, nitrogen fixation,
improving phosphorus availability, enhancing soil
water retention and movement, and aiding in
environmental protection by mitigating pollution and
preventing land degradation, cyanobacteria become
invaluable assets to farming economies (Chittora et al.,
2020). Moreover, cyanobacteria exhibit remarkable
adaptability and tolerance to various environmental
conditions (Singh, 2018; Sharma et al., 2021). Studies
indicate that cyanobacteria can contribute a substantial
amount of organic matter and nitrogen to the soil,
approximately 20-30 kg N ha™ (Issa et al., 2014). This
makes them particularly advantageous for resource-
constrained farmers who might struggle to afford costly
synthetic fertilizers. Additionally, cyanobacterial strains
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serve as excellent models for studying stress responses
due to their close relationship with eukaryotic
photosynthetic organisms and plants (Burnap, 2015).
Despite their potential for wuse in agriculture,
cyanobacteria encounter several difficulties as a result
of numerous abiotic stress factors. Salinity, which
reduces rice yields and soil fertility, is one of the main
stressors impacting cyanobacteria, especially in paddy
fields. Although cyanobacteria can tolerate some salt,
excessive amounts of salt can have a deleterious effect
on their development, photosynthesis, and enzyme
activity (Yadav et al., 2022). There hasn't been much
success utilizing cyanobacteria to restore salty and
sodic areas. Additionally, as industrial and agricultural
activity has grown, heavy metals have been released
into the environment, straining cyanobacteria even
more. The use of copper-containing herbicides,
contaminated irrigation water, and excessive chemical
fertilizer application all lead to soil pollution with
heavy metals like copper (Cu). They can adversely
affect the growth and physiology of cyanobacteria,
disrupting their metabolic processes (Hooda et al.,
2023).

The excessive use of pesticides and chemical fertilizers,
which raise the salinity and heavy metal content in the
soil and threaten the soil microflora, especially
cyanobacteria, make the agroecosystem particularly
sensitive to these stresses. These difficulties emphasize
the requirement for environmentally friendly
agricultural methods that reduce the detrimental effects
of abiotic stresses and retain the critical function of
cyanobacteria in  preserving soil fertility and
agricultural output. Therefore, it is crucial to
comprehend how the stress response is modulated in
cyanobacterium under salinity and copper stress.

MATERIAL AND METHODS

Experimental organism and growth conditions: In
the current study, we utilized the diazotrophic
cyanobacterium Anabaena doliolum, which is regularly
cultured at the Centre for Conservation and Utilization
of BGA, ICAR-Indian Agricultural Research Institute,
New Delhi, India. This bacterium was consistently
grown as a unialgal culture in a BG-11 medium devoid
of supplementary nitrogen. The pH of the growth
medium was maintained at 7.5, and it was exposed to a
light intensity of 72 pmol m2 s for 16 hours during the
day, followed by an 8-hour dark period, all at a
temperature of 28+2°C.

Salinity and copper treatment: The selected
cyanobacteria A. doliolum was exposed to different
concentrations of NaCl (50, 100, 150, and 200 mM) and
Copper chloride (1, 3, 5, 7, and 10 puM). It was used to
determine the LDso concentration.

Treatment details: For estimation of growth and
physiological response of the cyanobacterium to
salinity and copper, the following treatments were
followed: T1 = Control, T, = 150 mM NaCl, Tz = 5uM
CuCly, T4 = 150 mM NaCl +5uM CuCl,.

Dry Weight Determination: Following thorough
agitation, a measured volume of the cyanobacterial
suspension (10 ml) was filtered utilizing Whatman No.
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42 filter paper. Subsequently, the cultures were
subjected to oven-drying at 60°C and maintained in a
desiccator until a consistent weight was achieved. The
differences in weights before and after drying were
recorded as the dry weight (Sorokin, 1973).

Estimation of Protein Content: The protein content of
the cyanobacterium was determined using the method
outlined by Lowry et al. (1951).

Pigment Profile Analysis
(a) Chlorophyll a: The total chlorophyll concentration
was determined using the cold extraction technique as
described by MacKinney, 1941.
(b) Carotenoids: The carotenoid content of the
cyanobacteria was assessed following the method
outlined by MacKinney, 1941.
(c) Phycocyanin: The phycocyanin content of the
cyanobacteria was quantified using the method
followed by Bennett and Bogorad, 1973.
Total Carbohydrate: The total carbohydrate content of
the cyanobacterial samples was calculated using the
method followed by Spiro, 1966.
Estimation of average filament length: A small
quantity of the cyanobacterial suspension was pipetted
out and placed on a clean grease-free slide. Under a
low-power microscope, the filaments were focussed.
The number of cells (vegetative cells and heterocysts)
in each filament in a field was counted. The average
length of a filament in a sample was calculated by
counting the number of cells in each filament and
dividing by the total number of cells (Mishra, 2003).
Estimation of heterocyst frequency: The number of
heterocysts per hundred vegetative cells is known as
heterocyst frequency, and it was determined as follows
(Mishra, 2003)
_ Total number of heterocyst
Heterocyst frequency = -
Total number of vegetative cells

Assay of enzymatic and non-enzymatic antioxidant
enzymes

(@) Superoxide dismutase: It was determined by
measuring the reduction in optical density of formazan
caused by superoxide radical and nitro-blue tetrazolium
dye (Dhindsa et al., 1981).

(b) Ascorbate peroxidase: It was measured using an
approach followed by Nakano and Asada, 1981.

(c) Catalase: Catalase enzyme activity was assayed by
monitoring the decrease of H,O, (Aebi, 1984).

(d) Proline content: The proline content in the
cyanobacterial samples was quantified following the
procedure outlined by Bates et al. (1973).

Statistical analysis: All the experiments were
performed in triplicate using triplicate samples. The
data recorded on various parameters were subjected to
statistical analysis.

RESULTS AND DISCUSSION

A. Effect of salinity and copper on the growth and
cellular constituents of the cyanobacterium Anabaena
doliolum

Based on the growth experiments using various
concentrations of NaCl and copper chloride, it was
observed that the cyanobacterium was able to grow well
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up to a NaCl concentration of 150 mM and copper
chloride concentration of 5 pM. Therefore, these two
concentrations have been used for further experiments.
The rice field cyanobacterium Anabaena doliolum was
exposed to NaCl (150 mM) and copper chloride (5 uM)
individually and together. Growth was recorded as an
increment in the dry weight over some time. The
cyanobacterium exposed to NaCl showed a reduction in
the dry weight by 16.85% whereas a 40.44% reduction
was observed in response to copper chloride on the
twelfth day of treatment (Fig.1). However, the cells
exposed to salinity and copper together showed further
reduction in the dry weight by 52.98%. Stress tolerance
in general reflects the total of various simple and
complex interactions that take place at the structural,
physiological, and molecular levels in the organism.
Reduction in the growth may be considered as a general
response to salinity and copper treatment (Yang et al.,
2020). A decrease in the growth of the cyanobacterium

2.0

Anabaena doliolum due to salinity stress was reported
earlier (Srivastava et al., 2009; Singh et al., 2022).
Similarly, the effect of copper on the reduction in
growth was reported by Bhargava et al. (2008); Yadav
et al. (2022). However, the exposure to combined
salinity and copper treatment has resulted in a further
drastic reduction in growth. Kholssi et al. (2023)
reported a severe reduction in the growth and
productivity of a cyanobacterium due to combined
stress conditions. Reduction in growth could also be
attributed to the loss of cell water and turgor coupled
with toxicity by the accumulated ions. Osmotic stress
results from salt stress, leading many organisms, such
as cyanobacteria, to either accumulate or synthesize
compatible solutes or osmoprotectants in order to
uphold a lowered water potential within the cell (Kirsch
et al., 2019).
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Fig. 1. Dry weight accumulation in the cyanobacterium A. doiolum in response to exposure to salinity and

copper.

The protein content of the cyanobacterium significantly
decreased following treatment with salt and copper
(Fig. 2). Protein content was found to have decreased
by 39.55% and 46.69% in response to salt and copper
treatment, respectively. On the twelfth day following
treatment, however, further protein content decrease
(61.03%) was noted in response to combined exposure.
There are conflicting studies about the effect of salt on
the rise or fall in cellular protein concentration in
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various species (Pathak et al., 2022). According to
Zhang et al. (2013), the protein content of the
cyanobacterium Microcystis aerginosa has decreased.
According to Huertas et al. (2014), exposure to copper
causes cyanobacteria to degrade proteins and alter how
they function. The higher protein content loss brought
on by simultaneous exposure to salt and copper,
nevertheless, could be the result of an additive impact.
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Fig. 2. Salinity and copper-induced changes in the protein content of the cyanobacterium A. doliolum.
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The amount of chlorophyll in cyanobacteria may be
used as a key indicator for determining productivity.
With salinity and copper treatment, the cyanobacterium
showed a decrease in chlorophyll concentration (Fig.
3). On the twelfth day of salinity incubation, a decrease
in chlorophyll content of 51.72% was noted, whereas a
decrease of 64.48% occurred in response to copper
treatment. On the other hand, the amount of chlorophyll
decreased by 80.34% when copper and salt were both
present. In the same way, phycocyanin, one of the
crucial accessory pigments for photosynthetic activity,
significantly decreased in response to salinity and
copper treatment (Fig. 4). In response to the stress
brought on by exposure to salt and copper, it was
discovered that the phycocyanin concentration
decreased by 32.39 and 52.11%, respectively.
Carotenoid, a second auxiliary photosynthetic pigment,
significantly decreased in response to salt and copper
treatment as well (Fig. 5). The observed increase in the
carotenoid content was 36.95 and 39.94% due to
exposure to salinity and copper, respectively. It appears
that salinity and copper treatment lead to a severe
decrease in the pigment profile of the cyanobacterium
A.doliolum. Rai et al. (2021) reported that chlorophyll
concentration changes with physiological conditions as
well as environmental stressors. In addition, Kumar and
Gaur (2014) noted that exposure to copper decreased

the chlorophyll content of the cyanobacterium
Phormidium bigranulatum. Because of its location on
the inner thylakoid membrane, phycocyanin is
extremely sensitive to stressful situations (Chini Zittelli
et al., 2023). However, the test cyanobacterium A.
doliolum showed a higher reduction in accessory
pigments, regardless of the type, as a result of salinity
and copper treatment. The pigments are vital in
photosynthesis, and a drop in their concentration may
result in decreased photosynthetic activity under stress
circumstances in the test cyanobacterium, resulting in
decreased growth. Bhargava et al. (2008) discovered
that too much copper caused the cyanobacterium
Anabaena  doliolum to  produce  anoxygenic
photosynthesis. On the other hand, we saw a rise in the
cyanobacterium exposed to salinity's carotenoid
concentration. However, the test cyanobacterium's
carotenoid level was reduced by copper treatment, as
well as by salt exposure combined with copper.
According to Mao et al. (2020), cyanobacteria
frequently build up carotenoids in response to oxidative
stress. According to Lin and Wu (2014), increased
carotenoid accumulation in cyanobacteria is associated
with increased resistance to drought stress. Due to
increasing copper levels, Kumar and Gaur (2014) found
that the cyanobacterium's carotenoid concentration had
decreased.
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Fig. 3. Chlorophyll content of the cyanobacterium A. doliolum in response to salinity and copper treatment.
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Fig. 4. Phycocyanin content of the cyanobacterium A. doliolum in response to salinity and copper treatment.
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Fig. 5. Carotenoid content of the cyanobacterium A. doliolumin response to salinity and copper treatment.

B. Effect of salinity and copper exposure on the average
filament length, heterocyst frequency and enzymes of
nitrogen assimilation in the cyanobacterium A.
doliolum

In response to salinity and copper exposure, we
computed changes in the cyanobacterium A. doliolum
average filament length (Fig. 6). The control (51.6) had
the longest filament. However, with salinity treatment,
a reduction in filament length was seen (40.1). In
addition, the copper treatment resulted in a 30.1
reduction in filament length. The combined exposure to
salt and copper led to the greatest decrease in average

60

filament length (20.6) that was seen. The salinity and
copper exposure of the cyanobacterium A. doliolum
resulted in a reduction in the heterocyst frequency (Fig.
7). The control cells had the highest frequency of
heterocysts (12.1%), followed by the salt and copper
treated cells (10.4%) and 6.8%) respectively. Salinity
and copper treatment also resulted in a decrease in the
heterocyst frequency and average filament length. The
nitrogenase enzyme is located in the heterocyst.
Zulkefli and Hwang (2020) observed a reduction in the
heterocyst frequency and average filament length of
cyanobacteria due to abiotic stress.
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Fig. 6. Effect of salinity and copper on the average filament length of the cyanobacterium A. doliolum.
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Fig. 7. Effect of salinity and copper on the heterocyst frequency of the cyanobacterium A. doliolum.
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In the cyanobacterium A. doliolum subjected to salinity
and copper, research on the nitrogen absorption
enzymes was carried out (Table 1). Treatment with
salinity increased A. doliolum nitrate reductase activity.
In response to salinity treatment, a substantial increase
in nitrate reductase activity was seen in the A. doliolum.
However, exposure to copper boosted the activity of
nitrate reductase by 88.10%. Combining exposure to
salt and copper led to the greatest increase in nitrate
reductase activity (82.78%). Assimilation of ammonia
is mostly carried out by the enzyme glutamine
synthetase. Salinity treatment resulted in a 12.81%
reduction in glutamine synthetase activity in A.
doliolum. When the cells were exposed to copper, there
was an additional 25.64% decrease in the glutamine
synthetase activity that was noted. The combined
exposure to salt and copper resulted in a significant
(38.09%) decrease in glutamine synthetase activity. The
nitrogenase enzyme activity of the cyanobacterium A.
doliolum exposed to salt and copper was assessed using
the acetylene reduction assay (ARA). The control cells
showed nitrogenase activity of 35.8 + 0.252 pmoles
CoHs mg chlt hl. Further, the nitrogenase activity
declined to 29.7 + 0.256 pmoles C;H, mg chl* ht in the
case of cells exposed to 150 mM salinity. Copper
treated cells showed nitrogenase activity of 18.4 +
0.254 pmoles CoHs mg chl* ht However, the
nitrogenase activity further declined to 10.6 + 0.153
umoles CoHs mg chl* h in response to combined
exposure of salinity and copper.

The nitrate reductase enzyme plays a crucial role in the
conversion of nitrate, a significant source of nitrogen in
the environment, into ammonium. Previous research
conducted by Kunui et al. (2020) has highlighted that

stress can lead to the accumulation of nitrate within
cyanobacteria. Interestingly, this accumulation of
nitrate appears to have a mitigating effect on its harmful
consequences. In response to these stressful conditions,
cyanobacteria tend to increase their production of
nitrate reductase, which may serve as an adaptive
mechanism to counteract the adverse effects of stress.
However, it's worth noting that other nitrogen-related
processes within cyanobacteria are affected differently
under stress. Both salinity and copper stress have been
found to reduce the activity of enzymes like glutamate
synthetase and nitrogenase. Swapnil et al. (2015)
reported that stress conditions led to a decrease in
glutamine synthetase activity in the cyanobacterium
Anabaena sp. Furthermore, the activity of nitrogenase,
another crucial enzyme involved in nitrogen
metabolism, was also adversely affected by stress
exposure. It was observed that disruptions in electron
transport could lead to the inhibition of nitrogenase
activity (Dong et al., 2021). This trend of stress-
induced reduction in nitrogenase activity was further
confirmed by Moisander et al. (2002), who
demonstrated that stress situations have a consistent
negative impact on this enzyme in cyanobacteria.
Bhargava et al. (2008) specifically noted that copper
exposure could inhibit nitrogenase activity. Similarly,
Yadav et al. (2016) found that exposure to high salt
levels had a similar inhibitory effect on nitrogenase
activity.  Collectively, these research  findings
underscore the adverse effects of stressful conditions on
nitrogen absorption enzymes within cyanobacteria,
revealing a complex interplay of adaptations and
limitations in response to environmental challenges.

Table 1: Effect of salinity and copper exposure on the N assimilation enzymes of the cyanobacterium A.

doliolum.
Treatments Nitrate Reduct_ase Glutamine Synthase Nitrogenase
(umol mg protein) (nmol mg protein?) (umol C2Ha mg chlt h'1)
T1 5.173+0.041 163.9+0.513 35.8+0.252
T2 11.43+0.231 142.6+0.458 29.7+0.256
T3 9.66+0.0153 121.8+0.0577 18.4+0.254
T4 9.45+0.0252 101.4+0.351 10.6+0.153

C. Effect of salinity and copper on the enzymatic and
non-enzymatic antioxidant  activity of  the
cyanobacterium A. doliolum

Antioxidants, both enzymatic and non-enzymatic, are
crucial to the health of any organism under stress. We
have also investigated the cyanobacterium Anabaena
sp. subjected to salinity and copper's profile of
antioxidant enzymes. Superoxide dismutase, ascorbate
peroxidase, and catalase were all activated when the
cyanobacterium was exposed to salt, copper, or all of
these stimuli alone or in combination. The increase in
the superoxide dismutase activity was 18.18% on the 4"
day of NaCl treatment (150 mM) whereas it was found
to enhance by 41.17% upon exposure to 5 pM copper
chloride. The highest increase (58.28%) in the
superoxide dismutase activity was observed when the
organism was exposed to both NaCl and copper
together (Fig. 8). Similarly, the increase in the
ascorbate peroxidase activity was highest due to

combined exposure to NaCl and copper (82.52%).
Salinity treatment resulted in an increase in the
ascorbate peroxidase activity by 47.61% (Fig. 9)
whereas the copper treatment enhanced the activity by
62.12%. Regarding the catalase activity, salinity
treatment increased the activity significantly (Fig. 10).
Copper chloride treatment also was found to enhance
the activity whereas the maximum activity was
observed in response to the combined application of
NaCl and copper chloride. Superoxide dismutase, the
primary antioxidant enzyme is involved in the
conversion of the superoxide anion to H,O, whereas the
ascorbate peroxidase is involved in the reduction of
H>0O, using ascorbate as the electron donor and is well
known to be important in the detoxification of H,0,.
Whereas, catalase activity along with superoxide
dismutase is the most effective strategy in preventing
cellular damage (Kurutas, 2015). In stress conditions,
several algae and cyanobacteria show enhancement in
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antioxidant enzyme activities (Dwivedi and Ahmad
2023). Swapnil and Rai (2018) observed enhanced
activity of antioxidant enzymes in the salt-stressed
cyanobacterium Anabaena fertilissima. Therefore, an
increase in enzymatic activity is correlated with the
ability to tolerate salinity and copper. Intracellular
accumulation of proline is related to the stress tolerance
of the organism. The proline content of the
cyanobacterium A. doliolum showed a differential
response to salinity and copper treatment. A significant
increase in the proline accumulation was observed in
the cyanobacterium A. doliolum exposed to salinity,
copper as well as combined exposure to salinity and
copper (Fig. 11). The Increase in the proline content
was 93.09% in response to the stress-induced by NaCl
whereas it was enhanced to 35.52 % due to copper
treatment. Combined exposure to copper and salinity on

the other hand enhanced the proline content by 55.26%.
Lin and Wu (2014) reported that proline acts as an
osmo-regulator and protects enzymes and proteins.
Yadav et al. (2016) observed an increase in the
accumulation of proline due to salinity stress conditions
in the cyanobacterium Anabaena sp. Xiao et al. (2022)
also observed enhanced accumulation of proline in
response to heavy metal stress. Proline protects various
cellular components/complexes induced by heavy metal
or any other abiotic stress-induced damage. It also
scavenges the reactive oxygen species produced in
plants exposed to heavy metal stress. There are several
reports that the synthesis of proline has a significant
role in regulating NAD(P)+ to NAD(P)H ratio
(Shabnam et al., 2014). Increased intracellular proline
content therefore shows the ability of the organism to
tolerate the stress due to salinity and copper.
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Fig. 8. Effect salinity and copper on the superoxide dismutase activity of the cyanobacterium A. doliolum.
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Fig. 9. Effect of salinity and copper on the ascorbate peroxidase activity of the cyanobacterium A. doliolum.
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CONCLUSIONS

Cyanobacteria are significant  bioinoculants in
agriculture because of their specific ability to transform
atmospheric nitrogen into ammonia using solar energy.
Extreme temperatures, anaerobiosis, salt, drought,
pesticides, and heavy metals are just a few of the
environmental challenges that these microbes have
evolved to survive. Abiotic stresses such as salinity and
heavy metal pollution in rice fields, however, make it
difficult to exploit them. In this work, the nitrogen-
fixing cyanobacterium Anabaena doliolum is exposed
to salt and copper, and their combined effects are
investigated. The findings show that both stresses
reduced growth as well as biological components
including protein, chlorophyll, and phycocyanin.
Furthermore, the A. doliolum average filament length
and heterocyst frequency decreased as a result of the
stress caused by salt and copper. Although salt
treatment increased the activity of the enzyme
responsible for assimilating nitrogen, nitrate reductase,
the other two enzymes, glutamine synthetase and
nitrogenase, demonstrated a decrease in activity. All
three of the main nitrogen assimilation enzymes'
activities were shown to be reduced by the copper
treatment. The detoxification of free radicals depends
heavily on antioxidant enzymes. Superoxide dismutase,
ascorbate peroxidase, and catalase activities were
increased when the cyanobacterium A. doliolum was
individually and simultaneously exposed to salt and
copper. Proline buildup by the cyanobacterium has had
similar outcomes.

FUTURE SCOPE

The future scope of this research is multifaceted and
holds promise across several domains. It offers avenues
for advancing environmental stress management
strategies, enabling the development of robust
cyanobacterial strains for agricultural applications, and
exploring the broader biotechnological potential of
these microorganisms in areas such as bioremediation,
biofuel production, and pharmaceuticals. Additionally,
the study's insights into cyanobacterial adaptability
have implications for ecosystem resilience, synthetic
biology, and our understanding of climate change
impacts on microbial communities.
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