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Abstract: This research delves into the fascinating interplay between nutrient availability, specifically nitrogen (N) and
phosphorus (P), and the vitality of three crucial nitrogen-fixing cyanobacteria: Anabaena variabilis, Nostoc muscorum, and
Aulosira fertilissima. These microscopic organisms play a pivotal role in rice paddy ecosystems, and understanding how
they respond to varying nutrient levels is key to optimizing their beneficial functions. Our study involved cultivating these
cyanobacterial strains under carefully controlled conditions, manipulating N and P concentrations to observe their impact
on growth, chlorophyll-a production (a measure of photosynthetic health), heterocyst frequency (specialized cells for
nitrogen fixation), nitrogenase activity (the enzyme responsible for nitrogen fixation), and phosphate uptake efficiency. The
findings clearly indicate that a balanced nutrient supply—specifically, 25 mg/L of nitrogen and 2.5 mg/L of phosphorus—
fosters optimal growth and metabolic efficiency in these cyanobacteria. Conversely, an overabundance of nitrogen was found
to significantly hinder heterocyst formation and nitrogenase activity, essentially suppressing their ability to fix atmospheric
nitrogen. These results underscore the critical importance of maintaining a harmonious nutrient environment, highlighting
how phosphorus, in particular, acts as a vital catalyst for robust nitrogen fixation by cyanobacteria in the unique setting of
rice paddy fields.
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I INTRODUCTION ammonia (NHs) and ammonium (NH.") through the action of
the nitrogenase enzyme. This conversion is not merely a

Cyanobacteria, often referred to as blue-green algae,
are ancient and remarkably resilient prokaryotic organisms
that have profoundly shaped Earth's history. Their
evolutionary breakthrough approximately 2.6 billion years
ago, the development of oxygenic photosynthesis,
fundamentally transformed our planet's atmosphere and
paved the way for complex life forms. Today, these adaptable
microorganisms thrive in an astonishing array of
environments, from the freshwaters of lakes and rivers to vast
marine ecosystems, and even in extreme habitats like
scorching hot springs and arid deserts [1, 2, 3].

One of the most extraordinary capabilities of
cyanobacteria is their capacity for biological nitrogen fixation
(BNF). This vital process involves converting inert
atmospheric nitrogen gas (N2) into bioavailable forms such as
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biological curiosity; it is a cornerstone of the global nitrogen
cycle, underpinning primary productivity across diverse
terrestrial and aquatic ecosystems [4, 5, 6]. Without this
natural process, many ecosystems would struggle to sustain
life due to nitrogen limitation.

Cyanobacteria have evolved diverse and ingenious
mechanisms to accomplish nitrogen fixation. A prominent
strategy involves the differentiation of specialized cells
known as heterocysts. These thick-walled cells, found in
filamentous cyanobacteria like Anabaena and Nostoc,
provide a micro oxic (low oxygen) environment that is
absolutely essential for the delicate nitrogenase enzyme to
function efficiently, as it is highly sensitive to oxygen. In
contrast, non-heterocystous cyanobacteria, such as
Trichodesmium and Crocosphaera, employ alternative tactics
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to safeguard nitrogenase from oxygen inhibition. These can
include temporal separation, where photosynthesis (which
produces oxygen) and nitrogen fixation occur at different
times of the day, or the formation of specialized diazotrophic
zones within their filaments or colonies where nitrogen
fixation is concentrated [7, 8, 9].

Nitrogen-fixing cyanobacteria (NFC) are increasingly
recognized for their potential as bio fertilizers, offering
sustainable benefits for both crop yields and soil health [10].
Rice, a staple food crop for billions worldwide, particularly
stands to gain from NFC application. Research has
consistently shown that introducing NFC into rice fields can
significantly boost yields, with reported increases ranging
from 25% to 34.6% [11]. Furthermore, the strategic
integration of NFC can lead to a substantial reduction in the
reliance on synthetic chemical nitrogen fertilizers, potentially
saving an average of 45 kg of nitrogen per hectare [12]. The
utility of NFC extends beyond flooded rice paddies; they can
also serve as a traditional green manure for dryland crops. For
example, studies have observed that applying NFC to
chickpea fields can increase yields by an impressive 50%,
while simultaneously enhancing the soil's natural nitrogen
fixation capacity and available nitrogen content [13].

Beyond their direct impact on nitrogen availability, the
incorporation of NFC has been shown to positively influence
the community structure of soil microorganisms involved in
carbon sequestration. The organic residues left by NFC
significantly enrich the soil's organic nitrogen content, which
in turn leads to elevated levels of soil organic carbon (SOC)
and total nitrogen (TN) [14, 15]. In the context of red paddy
fields, SOC is particularly vital for stabilizing the soil's
physical and chemical properties and for promoting the
microbially-driven cycling of essential nutrients. This
collective evidence strongly suggests that a combined
approach, integrating chemical nitrogen fertilizers with NFC,
could represent a highly viable and sustainable strategy to
improve crop Yields while simultaneously reducing our
dependence on synthetic inputs.

Phosphorus (P) is another indispensable nutrient,
playing a central role in virtually all cellular processes. It is
critical for energy storage and transfer (e.g., in ATP), as well
as for the transmission of genetic information (e.g., in DNA
and RNA) within cells [16, 17]. Despite its fundamental
importance, many natural cyanobacterial habitats are
characterized by limited or fluctuating phosphorus
availability. To overcome these challenges, cyanobacteria
have evolved a remarkable suite of adaptive mechanisms. A
common and highly effective adaptation is their ability to
absorb phosphorus far beyond their immediate metabolic
requirements, a phenomenon aptly termed "luxury P uptake"
(LPU) [18]. When cultures that have been deprived of
phosphorus are subsequently resupplied with inorganic
phosphate (Pi), they exhibit an extraordinary capacity to
accumulate excessive amounts of inorganic polyphosphate
(PolyP), a response often described as "hyper-compensation”
or "phosphate overplus" [19, 20].
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Aquatic ecosystems present a complex mosaic of
phosphorus concentrations and sources. Cyanobacteria
primarily perceive and respond to environmental phosphorus
levels through sophisticated two-component signal
transduction systems. Among these, the phosphate (Pho)
regulon is a key player, orchestrating the maintenance of
phosphate homeostasis within the cell. This intricate system
is capable of rapidly responding to changes in phosphorus
availability and engages in complex cross-talk mechanisms
with other metabolic pathways [21].

Our understanding of these adaptations has been further
enriched by studies exploring the relationships between
cellular phosphorus storage, the affinity for dissolved
inorganic phosphorus (DIP) uptake, alkaline phosphatase
activity (APA), and dissolved inorganic nitrogen (DIN)
concentrations in  various  diazotrophic  freshwater
cyanobacteria. For instance, research on Raphidiopsis
raciborskii (six strains) and Chrysosporum ovalisporum (two
strains) involved measuring DIP uptake kinetics using the
incorporation rates of the radioisotope 33P, and utilizing APA
as a proxy for the utilization of dissolved organic phosphorus
(DOP)-esters. These investigations revealed that DIP uptake
for individual strains generally conformed to Michaelis—
Menten Kinetics (modified to account for cellular P quotas).
However, uptake rates varied considerably depending on DIN
and P availability, as well as across different growth stages.
Both high-affinity DIP uptake and APA were activated when
cellular P quotas dropped below approximately 0.01 ug P
pg!' C, aremarkably consistent threshold observed across all
species and strains studied. Interestingly, C. ovalisporum
exhibited significantly higher APA and P quotas (per unit
carbon and cell) but displayed a lower uptake affinity
compared to R. raciborskii. Furthermore, C. ovalisporum's
demand for DIP was observed to increase during nitrogen
fixation, a pattern not typically seen in R. raciborskii [22].

These findings collectively suggest that different
cyanobacterial species and even distinct strains within a
species employ unique and specialized strategies to adapt to
phosphorus-limiting  conditions. This underscores the
profound and intricate interplay between nitrogen and
phosphorus in  shaping cyanobacterial  physiology.
Physiological adaptations such as APA (which allows access
to organic phosphorus sources) and diazotrophy (nitrogen
fixation) enable cyanobacteria to thrive in environments
characterized by low DIP and/or DIN. These concurrent
adaptations likely contribute to the dominance of certain
cyanobacterial species in oligotrophic (nutrient-poor)
ecosystems [23].

1. MATERIALS & METHODS

A. Cyanobacterial Strains and Culture Conditions

For this study, axenic (pure) cultures of three
filamentous diazotrophic cyanobacteria—Anabaena
variabilis, Nostoc muscorum, and Aulosira fertilissima—
were procured from the esteemed Indian Agricultural
Research Institute (IARI) in New Delhi. These cultures were
meticulously maintained in a nitrogen-free BG-11o medium.
This specific formulation was chosen to actively encourage
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the development of heterocysts and to stimulate nitrogen
fixation, ensuring that the experimental conditions promoted
the key processes under investigation. The incubation process
involved housing the cultures in 500 mL Erlenmeyer flasks,
each containing 250 mL of the culture medium. These flasks
were kept under continuous illumination at an intensity of
3000 lux, maintaining a consistent temperature of 28 + 2°C,
and subjected to gentle shaking at 90 rpm to ensure proper
aeration and nutrient distribution.

» Morphological Observation and Identification of
Cyanobacteria

To confirm the identity and monitor the health of the
cyanobacterial strains, morphological observations were
conducted using an OLYMPUS CX23 microscope (Beijing,
China). High-resolution photographs were taken to document
key features. Identification was based on established
taxonomic criteria, including their distinct morphology,
cellular  structure, size, and other distinguishing
characteristics such as pigmentation and the presence or
absence of heterocysts.

B. Nutrient Treatments

To systematically evaluate the influence of varying
nitrogen and phosphorus concentrations, a comprehensive set
of treatment groups was established:

e Control (C): This group utilized the standard BG-11o
medium without any additional nutrient supplementation,
serving as a baseline.

e Nitrogen  Treatments: These groups involved
supplementing the BG-11o medium with sodium nitrate
(NaNO:s) at concentrations of 10, 25, and 50 mg/L. This
allowed for the assessment of nitrogen's direct impact.

e Phosphorus Treatments: For these groups, potassium
dihydrogen phosphate (KH2PO.) was added to the BG-110
medium at concentrations of 1.0, 2.5, and 5.0 mg/L,
enabling the study of phosphorus's specific effects.

e Combined Treatments: To explore synergistic and
antagonistic  interactions, selected nitrogen and
phosphorus concentrations were applied together. This
approach provided insights into their interactive effects on
cyanobacterial performance.

All cultures were incubated for a period of 14 days.
Samples were collected at three critical time points—Day 0
(initial), Day 7 (mid-point), and Day 14 (final)—for
subsequent detailed analysis.

C. Biomass Estimation

Cyanobacterial growth, a primary indicator of overall
health and proliferation, was quantified through two
complementary methods. Firstly, optical density at 750 nm
(OD7s0) was measured using a UV-Vis spectrophotometer.
This method provides a rapid, non-destructive assessment of
cell density. Secondly, dry weight estimation was performed
for a more direct measure of biomass. This involved filtering
50 mL aliquots of culture through pre-weighed Whatman
GF/C filters. The filters, along with the retained biomass,
were then dried in an oven at 60°C for 24 hours until a
constant weight was achieved. The final biomass was
calculated and expressed in milligrams per liter (mg/L).
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D. Chlorophyll-a Content Estimation

Chlorophyll-a content, a direct measure of
photosynthetic pigment and thus photosynthetic capacity,
was determined using a methanol extraction method.
Approximately 10 mL of culture was centrifuged at 5000 rpm
for 10 minutes to pellet the cyanobacterial cells. The
supernatant was discarded, and the pellet was thoroughly
resuspended in 90% methanol. This mixture was then
incubated overnight in the dark at 4°C to ensure complete
pigment extraction. Following extraction, the absorbance of
the methanol extract was measured at 665 nm using a
spectrophotometer. Chlorophyll-a content was subsequently
calculated using established standard equations.

E. Heterocyst Frequency Estimation

Heterocyst frequency, a crucial indicator of nitrogen-
fixing potential in heterocystous cyanobacteria, was
meticulously estimated. Samples were observed under a light
microscope at 400x magnification using a Neubauer
hemocytometer. The frequency was calculated as the
percentage of heterocysts relative to the total number of
vegetative cells, based on counts from at least five randomly
selected microscopic fields. This provided a statistically
robust measure of heterocyst differentiation.

F. Nitrogenase Activity (Acetylene Reduction Assay)

Nitrogenase activity, the direct measure of the enzyme's
efficiency in converting atmospheric nitrogen, was quantified
using the acetylene reduction assay (ARA). Cultures were
carefully sealed in gas-tight vials. A 10% portion of the
headspace in each vial was then replaced with acetylene gas.
After a 24-hour incubation period, the production of ethylene
(C2Ha), a byproduct of acetylene reduction by nitrogenase,
was measured using a gas chromatograph equipped with a
flame ionization detector. The activity was expressed as
nanomoles of C:Ha produced per milligram of biomass per
hour (nmol CzHs produced mg™ biomass h™*).

G. Phosphorus Uptake

To assess the efficiency of phosphorus assimilation, the
concentration of soluble reactive phosphorus (SRP) in the
culture supernatant was measured using the molybdenum
blue method. Samples were first centrifuged to separate cells
from the medium. The supernatant was then collected and
reacted with an ascorbic acid reagent, which develops a blue
color in the presence of phosphate. The absorbance of this
colored solution was read at 880 nm using a
spectrophotometer. The phosphate concentration was then
accurately determined by comparing the absorbance values to
a pre-established standard curve.

1. RESULTS

> Biomass Production

Our analysis of biomass accumulation revealed
significant variations across the different nutrient treatments
(Figure 1). The most substantial dry weight was recorded in
the combined nitrogen (25 mg/L) and phosphorus (2.5 mg/L)
treatment, particularly for Aulosira fertilissima, which
reached an impressive 220 mg/L. This outcome strongly
suggests a synergistic effect when both nutrients are supplied
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in optimal balance. Conversely, treatments where nitrogen biomass, a trend that was particularly pronounced in
alone exceeded 25 mg/L consistently led to a reduction in Anabaena variabilis.

Biomass Estimation across Treatments
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Fig. 1. Biomass (mg/L) after 14 Days Under Different Treatments.

» Chlorophyll-a Content

The chlorophyll-a content, a key indicator of photosynthetic health, showed a clear increase under phosphorus-enriched
conditions (Figure 2). In the combined N+P treatments, Nostoc muscorum exhibited the highest chlorophyll-a concentration,
reaching 12.8 pg/mL. This highlights the positive influence of phosphorus on pigment synthesis. In contrast, an excess of nitrogen
(50 mg/L) was observed to reduce pigment synthesis across all tested strains, suggesting a detrimental effect on their photosynthetic
machinery.

Chl-a Content Estimation across Treatments
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Fig 2. Chlorophyll-A Content Across Treatments.

» Heterocyst Frequency

Heterocyst formation, essential for nitrogen fixation, was significantly suppressed when nitrogen levels were high (50 mg/L).
This observation (Figure 3) confirms the well-known phenomenon of nitrogen repression on heterocyst differentiation. Interestingly,
the highest heterocyst frequency was consistently noted in treatments where phosphorus was the sole supplementary nutrient,
indicating its supportive role in this critical cellular process.

IJISRT25SEP810 WWW.ijisrt.com 1105


http://www.ijisrt.com/

Volume 10, Issue 9, September — 2025 International Journal of Innovative Science and Research Technology
ISSN No:-2456-2165 https://doi.org/10.38124/ijisrt/25sep810

Heterocyst Frequency across Treatment
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Fig. 3. Heterocyst Frequency (%) After 14 Days.

» Nitrogenase Activity

Nitrogenase activity, the direct measure of nitrogen fixation, was at its peak under conditions of phosphorus-only
supplementation and in balanced N+P environments (Figure 4). Conversely, high nitrogen concentrations alone led to a strong
suppression of this vital activity. Consistent with biomass results, Aulosira fertilissima once again demonstrated the strongest
performance in terms of nitrogenase activity, reinforcing its potential as an effective bio fertilizer.

Nitrogenase Activity asross Treatment

Control N (25 mg/L) P (2.5 mg/L) N+P (25 + 2.5 N (50 mg/L)
mg/L)

o wm 585 8K 8

Nitrogenase Activity (nmol
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m Anabaena variabilis m Nostoc muscorum m Aulosira fertilissima

Fig. 4. Nitrogenase Activity (nmol C:Hs/mg/h)

» Phosphorus Uptake

The efficiency of phosphate uptake reached its maximum (Figure 5) in the combined N+P conditions. Anabaena notably
absorbed up to 88% of the supplied phosphate within just 7 days. This high uptake efficiency showed a strong correlation with the
observed patterns in biomass accumulation and nitrogenase activity, suggesting a tightly linked physiological response.
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P-Uptake across Treatment
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Fig. 5. Phosphate Uptake (%) after 7 Days

These findings collectively demonstrate the profound
impact of both nitrogen (N) and phosphorus (P) availability
on the physiological and metabolic functions of diazotrophic
cyanobacteria. The study clearly shows that phosphorus
supplementation significantly enhances biomass
accumulation, chlorophyll-a synthesis, and heterocyst
differentiation. This is likely attributable to phosphorus's
indispensable role in cellular energy transfer (e.g., ATP
production) and the synthesis of nucleic acids (DNA and
RNA), which are fundamental for growth and cellular
regulation. The synergistic effect observed when both
nitrogen and phosphorus were supplied together strongly
supports the hypothesis that a balanced nutrient supply is
paramount for achieving optimal cyanobacterial growth and
activity.

Crucially, the research revealed that high nitrogen
concentrations had a negative impact on both heterocyst
formation and nitrogenase activity. This suggests that an
excess of readily available nitrogen actively represses the
intricate pathways involved in nitrogen fixation. These
observations are consistent with previous scientific literature,
which indicates that abundant fixed nitrogen can inhibit both
the differentiation of heterocysts and the expression of
nitrogenase genes. Among the cyanobacterial strains
evaluated, Aulosira fertilissima consistently exhibited the
highest biomass and nitrogenase activity when provided with
combined nutrients, underscoring its significant potential for
development and application in bio fertilizer formulations
specifically tailored for rice paddies.

V. DISCUSSION

Cyanobacteria, often colloquially known as blue-green
algae, are more than just simple microorganisms; they are
fundamental architects of the nitrogen cycle, particularly
within the unique and vital ecosystems of rice paddies. These
remarkable organisms possess the singular ability to fix
atmospheric nitrogen, transforming it into a form that plants
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can readily absorb and utilize. This process is not merely an
ecological footnote; it is a cornerstone of soil fertility and
agricultural productivity. The efficiency of this nitrogen
fixation, along with the overall metabolic performance of
cyanobacteria, is profoundly influenced by a complex
interplay of nutrient conditions, most notably the
concentrations of nitrogen, phosphorus, and to a lesser extent,
potassium. This discussion will meticulously unpack the
intricate relationship between nutrient availability and the
metabolic vigor of cyanobacteria in rice paddies, with a
particular emphasis on how these factors directly impact their
nitrogen-fixing capabilities.

Nitrogen fixation is a sophisticated biochemical process
wherein atmospheric nitrogen (N2), which is largely inert and
unusable by most life forms, is converted into ammonia
(NHs) by specialized nitrogenase enzymes. These enzymes
are found exclusively in certain microorganisms, including
the cyanobacteria central to this study. In the context of rice
paddies, cyanobacteria are indispensable contributors to soil
fertility, acting as natural factories that increase the
availability of nitrogen for rice plants [24]. However, the
efficiency of this critical process is not static; it is
dynamically influenced by a range of environmental factors,
including light intensity, temperature, and, as our study
highlights, the availability of key nutrients [25].

While cyanobacteria are inherently capable of fixing
atmospheric nitrogen, this ability is finely tuned and can be
significantly modulated by the presence of readily available
nitrogen sources in their environment. High concentrations of
ammonium or nitrate, for instance, can act as a signal to the
cyanobacteria, leading to a decrease in nitrogenase activity.
This occurs because the organisms, in an energy-saving
strategy, prioritize the uptake of these easily accessible forms
of nitrogen over the energetically more demanding process of
fixing atmospheric nitrogen [26]. Conversely, when nitrogen
availability is scarce, cyanobacteria are compelled to activate
their nitrogen-fixing machinery, leading to a stimulation of
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nitrogenase activity and consequently higher rates of nitrogen
fixation [27]. This adaptive response ensures their survival
and continued contribution to the ecosystem even in nutrient-
poor conditions.

Phosphorus is another absolutely critical nutrient that
profoundly impacts the metabolic performance of
cyanobacteria. Its importance cannot be overstated, as it is
essential for fundamental cellular processes such as energy
transfer (e.g., in the form of ATP) and the synthesis of nucleic
acids (DNA and RNA), which are the blueprints of life.
Research consistently indicates that phosphorus limitation
can, paradoxically, enhance nitrogen fixation rates in
cyanobacteria. This is because, under conditions of low
phosphorus, these organisms may strategically reallocate
their limited resources, channeling more energy and cellular
machinery towards the production of nitrogenase enzymes to
secure their nitrogen supply [28]. However, this delicate
balance has a critical tipping point: an excess of phosphorus
can lead to eutrophication, an environmental phenomenon
characterized by excessive plant and algal growth, which can
severely degrade the overall health and biodiversity of aquatic
ecosystems [29].

> Interplay of Nitrogen, Phosphorus, and Potassium

The interactions among nitrogen, phosphorus, and
potassium are far from simple; they form a complex web that
can profoundly influence the metabolic performance of
cyanobacteria. For instance, a balanced and proportionate
supply of these nutrients is not merely beneficial but is, in
fact, crucial for maximizing nitrogen fixation efficiency.
Numerous studies have demonstrated that nutrient co-
limitation—where the availability of two or more essential
nutrients simultaneously restricts growth—can result in
suboptimal growth rates and significantly reduced nitrogen
fixation. This emphasizes the urgent need for a holistic and
integrated approach to nutrient management within rice
paddies, moving beyond single-nutrient considerations to
embrace the synergistic and antagonistic effects of multiple
elements [30]. These findings collectively suggest that the
effective management of nutrient levels in rice paddies is not
just good practice; it is essential for optimizing cyanobacterial
performance and, by extension, enhancing natural nitrogen
fixation. A thoughtfully balanced approach to nutrient
application can foster robust and healthy cyanobacterial
populations, which in turn translates directly into improved
soil fertility and increased crop yields. Looking ahead, future
research endeavors should strategically concentrate on
developing sustainable nutrient management practices. These
practices must be designed with a deep understanding of the
intricate interactions between different nutrients and their
combined, multifaceted impact on cyanobacterial
performance, ensuring long-term ecological and agricultural
sustainability.
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V. CONCLUSION

This study unequivocally demonstrates that the
availability of nitrogen (N) and phosphorus (P) exerts a direct
and significant influence on the growth, pigment production,
nitrogen fixation capabilities, and overall nutrient uptake
efficiency of diazotrophic cyanobacteria. The findings
highlight the critical role of these two macronutrients in
shaping the physiological and metabolic landscape of these
vital microorganisms within rice paddy ecosystems. The
research underscores that a balanced nutrient regime is not
merely advantageous but essential for optimizing the
beneficial functions of cyanobacteria, particularly their
capacity to fix atmospheric nitrogen. Further research
building upon these insights will be crucial for developing
more sustainable and effective agricultural practices that
harness the full potential of these natural bio fertilizers.
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