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Abstract

Cyanobacteria are prokaryotic group of ancient, morphologically varied organisms
that utilize oxygen for photosynthesis, contributing significantly to global carbon
and nitrogen fixation while improving crop quality. With the rising population
and increasing demand for food, advancing agricultural productivity is essential.
Therefore, ongoing research is crucial for boosting crop development and increasing
food output. According to previous studies, cyanobacteria are among the best
sources for crop development and enhancement. In addition, the Azolla-Anabaena
are environmentally significant organisms, as they can be used in bioremediation, the
reclamation of infertile land, mosquito control, and the sustainable intensification
of animal husbandry by serving as high-quality fodder. Furthermore, they play a
role in bioenergy development, emphasizing bio-oil and biodiesel production.
The applications of these cyanobacterial systems extend far beyond traditional
agriculture, presenting opportunities for innovation in the bioenergy sector.
This review provides in-depth information on the critical role of cyanobacteria in
ecological restoration and socioeconomic improvement, offering valuable insights
for advancing sustainable agricultural practices and renewable energy solutions.
In addition, the review highlights broader applications of the Anabaena-azollae
symbiosis in nitrogen fixation, plant growth, and animal feed, underscoring their
multifaceted nature and vast potential for practical use.

Keywords: Azolla; Cyanobacteria; Plant growth; Socioeconomy; Bioenergy

1. Introduction

Blue-green algae, commonly known as cyanobacteria, are prokaryotic microorganisms
that are extremely ancient.! These primitive life forms, still living today, produce
their energy through oxygenic photosynthesis. The cyanobacterial classification
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system includes roughly 2,000 species and 150 genera.?
These Gram-negative organisms possess an advanced
photosynthetic mechanism analogous to that of eukaryotic
plants and green algae.’ Cyanobacteria are found worldwide
in a variety of habitats, particularly in environments that
meet certain conditions, such as high temperatures, high
salinity, intense light, extreme cold, pressure, pH, and
nutrient availability.!

Cyanobacteria can form symbiotic associations with
eukaryotic organisms, including plants, fungi, protists,
and sponges. As photoautotrophs, cyanobacteria provide
carbon and nitrogen to non-photosynthetic hosts. In
contrast, when associated with the phototrophic hosts,
both organisms can carry out photosynthesis, and the
plants may offer protection from extreme environmental
conditions and predators. The main hosts of cyanobacteria
include bryophytes (such as hornworts and liverworts -
Nostoc), angiosperms (Nostoc-Gunnera), aquatic ferns
(Azolla-Anabaena), fungi (lichens/cyanolichens), Cycads,
and the fungus Geosiphon pyriformis which hosts Nostoc
through endocyanocis.* One such cyanobacterial symbiosis
is essential in paddy fields, where these organisms enhance
productivity through their nitrogen-fixing ability.? There
are 25 fossilized species of Azolla and seven living species,’
including Azolla pinnata (which further consists of two
subvarieties: A. pinnata var. pinnata and A. pinnata var.
imbricate), Azolla nilotica, Azolla caroliniana, Azolla
filiculoides, Azolla mexicana, Azolla microphylla, and
Azolla rubra.® Azolla, previously classified under Azollaceae
but presently recognized as a member of Salviniaceae,
is a popular biofertilizer that benefits crops.” It is widely
distributed across tropical and freshwater regions, adapting
to various environmental conditions.® Azolla, also known
as water fern, mosquito fern, duckweed, and fairy moss,
forms a symbiotic relationship with Anabaena, creating
the Azolla-Anabaena complex. Within Azolla, Anabaena
resides.” Cyanobacteria that are completely submerged
in the water and mud. Anabaena-azollae fix atmospheric
nitrogen (N,) in symbiosis with the host plant and produce
various compounds that promote plant growth. In crop
fields, this symbiosis generates a high rate of biomass.'® The
shorter generation time of Azolla allows it to grow quickly
and produce significant biomass, boosting rice yields while
reducing ammonia (NH,) buildup."" The distinctiveness
of Anabaena-Azolla is compared with the free-living
cyanobacteria in Table 1.

The Azolla-Anabaena is commonly used as animal
feed, biofertilizer, and manure in rice fields, enhancing the
soil’'s nutritional value. In rice fields, the Azolla-Anabaena
system fixes 20 — 30 kg of nitrogen/ha, with a total nitrogen
contribution of 600 kg/ha.! Azolla-Anabaena is applied as
green manure, boosting soil nitrogen by 50 — 60 kg/ha

while reducing the need for 30 - 35 kg of nitrogen-rich
fertilizer for rice crops.'? Azolla prevents weed growth in
rice fields when a thick mat is present, creating favorable
conditions for rice cultivation. In addition, Azolla
improves rice’s water use efficiency by reducing surface
water evaporation.'’ Thus, this review provides insights
into the Azolla-Anabaena symbiosis and its contributions
to plant growth and soil fertility improvement.

This review will mention Anabaena-Azolla as the
symbiont, Azolla as the fern, and A. azollae as the
cyanobacteria.

2. Overview of Azolla species

Azolla is a fern that naturally grows in marshy lands,
canals, ponds, swamps, drains, etc. It can be used as a
green feedstock and composted manure due to its high
nitrogen content, making it a suitable biofertilizer. Hence,
it is often referred to as a “green gold mine” because of its
high nutrient content and rapid growth, with the ability to
double its biomass in 3 days."*>#

2.1. Distribution of Azolla species

Azolla is found in most parts of the world, including
Asia, Africa, Europe, North America, South America,
and Oceania, where it grows either accidentally or as an
ornamental plant. The first discovery of Azolla was in
Europe, the sub-Saharan regions of Africa, Japan, China,
New Zealand, Hawaii, the Caribbean, and Australia."”'s!

Azolla is commonly found in freshwater environments
across tropical, subtropical, and temperate regions
worldwide. A. caroliniana is found in the eastern regions
of North America and the Caribbean. Azolla filiculoides is
present in both North and South America. A. microphylla
and A. mexicana are found in the tropics and subtropics
of the Americas. A. nilotica is found in East Africa and
A. pinnata is widespread across Asia and the coastal
regions of Africa. In the Indian subcontinent, three species
of Azolla have been identified: A. pinnata, A. caroliniana,
and A. microphylla.®**

2.2. Morphology of Azolla and A. azollae

The name Azolla is derived from the Greek words “azo,”
meaning “to dry;” and “allyo,” meaning “to kill,” suggesting
that the plant cannot withstand dry conditions. Azolla is a
floating plant that appears roughly circular or triangular.
The stems of this plant are small, alternate, and completely
covered. The plant exhibits imbricate aestivation, and the
leaves have a bilobed structure. There are two distinct
layers of leaves in Azolla: One in the achlorophyllous lobe
responsible for floating on the water’s surface and one
chlorophyllous lobe, where the cavity remains in contact
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Table 1. Comparison of Anabaena-Azolla with free-living cyanobacteria

Anabaena-Azolla Free-living cyanobacteria Reference
(s)
Anabaena forms a mutualistic symbiosis with the water fern Many are free-living (e.g., Nostoc, Spirulina) or symbiotic with 13
Azolla. Anabaena resides in cavities of Azolla leaves and fixes different hosts, like fungi (lichens) or plant roots (Gunnera, Cycads)
atmospheric nitrogen, benefiting the plant
Highly efficient nitrogen-fixing system in rice paddies, Many fix nitrogen, but often less efficiently or under specific 14
enriching the soil with bioavailable nitrogen conditions (e.g., heterocystous cyanobacteria such as Nostoc and
Cylindrospermum)
Used as a biofertilizer in rice cultivation due to its Some are used in aquaculture (Spirulina for food supplements), 15
nitrogen-fixing ability whereas others contribute to harmful algal blooms (Microcystis)
Found in freshwater wetlands and rice fields, always in Found in a variety of habitats - terrestrial, marine, freshwater, hot 16
association with Azolla springs, or even deserts
Form heterocysts for nitrogen fixation and akinetes (spores) Some have heterocysts (e.g., Nostoc and Cylindrospermum), but 14
for survival, maintaining a stable symbiosis with Azolla others (e.g., Synechococcus) lack them and fix nitrogen only under
certain conditions
Directly benefits agriculture by enhancing soil fertility and Some species improve soil fertility, but others may cause water 14
reducing the need for synthetic fertilizers pollution or toxicity (Microcystis produces harmful toxins)
Primarily propagates through Azolla sporocarps, ensuring the Reproduce through binary fission, hormogonia, akinetes, or 17,18

transmission of Anabaena to the next plant generation

fragmentation

with the external environment through pores.”* The
roots are adventitious and grow vertically inside the water.

The symbiont A. azollae is present as filaments on the
plant’s stem apexes and in the leaf cavity. Figure 1 shows a
single group of Anabaena. Azollae cells present in Azolla
grown in the paddy field. Around 30% of the Anabaena
cells differentiate into heterocysts as the leaf matures.
Under certain conditions, akinetes are also found in the
symbiont.®

3. Contribution to rice yield improvement

Azolla exhibits notable rates of nitrogen fixation, carbon
metabolism, and rapid growth. It thrives in a partially
vegetated environment and does not compete with rice
for light or space, as it floats on the water surface. Azolla
breaks down quickly as the rice crop nears maturity due
to low light intensities and nutrient depletion. As a result,
nutrients (such as phosphorus and nitrogen) are released
into the medium, where the crops can absorb them. Azolla
can accumulate potassium in its tissues even in low-
potassium environments, releasing nutrients for rice crops
upon decomposition. The rice field can benefit from the
thick mat of Azolla, as it helps to suppress weeds.*

4, Carbon metabolism

The Azolla bloom plays a significant role in carbon capture
and the subsequent cooling of the Earth.” Both Azolla and
A. azollae can fix carbon dioxide (CO,) through the Calvin
cycle. Sucrose is the primary photosynthetic end product
in this symbiotic association. However, if CO, is added to

| , Alat 1
Figure 1. Anabaena-Azolla symbiosis in a paddy field. (A and B) Azolla
collected from the paddy field. (C) A group of cyanobacterial cells isolated

from the leaf cavity of Azolla (Anabaena spp.).

the leaf cavities, sucrose is not immediately detected as the
major product of the photosynthesis process performed
by the cyanobacteria.’® Therefore, it can be said that
A. azollae in leaf cavities is capable of both mixotrophic
and photoheterotrophic growth, and sucrose production
may occur as a reduced carbon source.” This reduced
carbon is delivered to the cyanobiont to support biological
nitrogen fixation.”® In A. caroliniana, the fixed form of
nitrogen is supplied by the cyanobacterium, A. azollae,
which is present in the ovoid cavity of the leaves, while the
reduced form of carbon is transferred to the cyanobacteria
from the plant.®

The combined effects of fixed nitrogen and elevated
CO, levels from Azolla enhance the bio-fertilizer properties
of this aquatic fern. Kumar et al.* studied the effects of
nitrogen, elevated CO, and ambient CO, levels in two
Azolla spp. Elevated CO, enhanced biomass production
compared to ambient CO, levels in both A. microphylla
and A. pinnata. This is due to higher photosynthesis under
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elevated CO,, as evidenced by a significant increase of
chlorophyll A and B, as well as carotenoids.* The application
of Azolla with inorganic compost helps decrease CO, levels
in the environment through photosynthesis while adding
stable, humified materials to the soil without compromising
grain efficiency. Grain yield increased by 27% with the
combination of nitrogen-phosphorus-potassium (NPK)
and Azolla fertilizer when compared to the control.”

5. Role of nitrogen in life forms

Nitrogen is a crucial element that supports all life forms.
Naturally, it is found in proteins and amino acids, as well
as in other organic compounds derived from the nitrogen
fixation process. Nitrogen is the most abundant gas in the
atmosphere. Prokaryotic organisms, which can be either
free-living or symbiotic, are the only ones capable of
carrying out the biological nitrogen fixation process. An
organism’s capacity to fix nitrogen is strongly influenced
by the amount of oxygen (O,) present in the surrounding
air, carbon substrates, and favorable moisture conditions.”
Even though nitrogen is necessary for plant growth, no
plant species can convert N, into NH,, which would allow
them to grow. Therefore, the symbiont residing inside the
plant must accomplish the task.*®

5.1. Nitrogen metabolism and cyanobacteria

Most cyanobacteria are free-living, nitrogen-fixing
organisms. Heterocysts, a particular type of nitrogen-
fixing cell, are responsible for this.*”*® Cyanobacteria
come in several forms, including unicellular, colonial,
branching,  unbranched filamentous,  pseudo-
parenchymatous, heterocystous, and heterotrichous-
heterocystous.” Cyanobacteria are divided into three
types based on their ability to fix nitrogen dioxide:
unicellular,  filamentous  non-heterocystous, and
filamentous heterocystous.' The heterocystous forms fix
nitrogen under aerobic conditions,* whereas the non-
heterocystous forms have developed the ability to fix
nitrogen in anaerobic environments.® In cultivated rice
fields, cyanobacteria are the main source of nitrogen-
fixing biomass.' The significance of cyanobacteria in
rice fields is directly tied to their favorable impact on
plants and crops.*® Anabaena spp. and Nostoc spp. are the
most common nitrogen-fixing organisms in rice fields,
typically manifesting as free-floating water blooms that
create microbial mats.” Nitrogen is a crucial element
widely found in various biochemical compounds such
as nucleotides, and proteins, which are present in
the cells of all living organisms. The incorporation of
nitrogen within a food chain occurs due to the activity
of photoautotrophic organisms such as plants, algae, and
cyanobacteria. These autotrophs take up nitrogen from

their surrounding environment in their fixed form, and
not as molecular nitrogen. The ultimate final product of
the converted nitrogen is the formation of amino acids,
the constituents of proteins.*

5.2. Biological nitrogen fixation and its regulation

The biological fixation of nitrogen is the catalytic
reduction of dinitrogen into NH, in the presence of an
enzyme called nitrogenase.*’ This process is carried out
by diazotrophic microorganisms, which can be either
symbiotic or non-symbiotic.* The nitrogenase enzyme
is composed of two components, namely dinitrogenase
(iron-molybdenum) and dinitrogenase reductase
(iron [Fe]).* The dinitrogenase reductase contains two
identical subunits, which are encoded by nifH genes,*”
whereas dinitrogenase has four subunits, where nifD
genes encode two identical o subunits and nifK genes
encode two similar subunits. The energy for this reaction
is provided by the breakdown of adenosine triphosphate
(ATP, derived from photosynthesis),* and electrons
are transferred from ferredoxin or flavodoxin.* For the
assimilation of fixed nitrogen into NH,, three enzymes
are present in the heterocyst: glutamine synthetase,
glutamate dehydrogenase, and glutamate synthetase. The
distribution of fixed nitrogen in Azollae-Anabaena has
been found in four different forms, such as intracellular
NH,, extracellular NH,, intracellular organic nitrogen,
and extracellular organic nitrogen.”

The nitrogen fixation process needs a high amount of
energy to break down the triple bond of dinitrogen and
convert it into NH,. This entire process is illustrated in
Figure 2. The energy source, ATP formation, requires O,,
but the nitrogenase enzyme can be inhibited by even a trace
amount of it.*” This is why the heterocyst (where nitrogen
fixation takes place) does not contain any pigment, and
thus, no photosynthesis/energy production occurs.*** This
process is also regulated by the molecular level. Certain nif
genes are transcriptionally regulated by nifA. A negative
regulator, nifL, interacts with nifA to provide signals to
the nitrogenase enzyme about environmental stressors.
In addition to the regulation by the cyanobiont, plants
also regulate the process of nitrogen fixation, including
the signaling between the cyanobacteria and the plant, as
well as their exchange of nutrients and nitrogen during the
period of symbiosis.”

5.3. Detailed mechanism of nitrogen fixation

Theentire class of nitrogen-fixing cyanobacteria' (including
both heterocystous and non-heterocystous filamentous/
unicellular forms) is capable of using molecular nitrogen as
a source of nitrogen.*” Nitrogenase is an enzyme complex
that converts dinitrogen to NH,, a process that requires
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Heterocyst

Microplasmodesmata

Photosynthesi ‘-
otosynthesis .
O

Energy source

. -Nitrogenase

TLT

Glutamate
= Glutamine

Figure 2. The process of nitrogen fixation in the heterocyst cells of Anabaena

Abbreviations: ADP: Adenosine diphosphate; ATP: Adenosine triphosphate; NH,: Ammonia; N,: Nitrogen.

reduced ferredoxin and is inextricably linked to proton
reduction, producing molecular dihydrogen (Equation I):

N,+8 Fdred+ 8H"+ 16 ATP — NH,+H,+8 Fdox + 16 ADP
+ 16 Pi 0]

The nitrogenase enzyme in cyanobacteria, such as
nitrogenases from other prokaryotic microorganisms, is
composed of dinitrogenase reductase (the homo-dimeric
Fe protein)® and dinitrogenase (a hetero-tetrameric
Mo-Fe protein). The first step in the electron transport
related to ATP hydrolysis involves ferredoxin, followed
by the Fe protein and then the Mo-Fe protein.*® Both the
expression of genes and the action of the nitrogenase are
regulated.”? The Fe protein may undergo post-translational
modification to control enzyme activity.'

Given that nitrogenase is a very O,-labile protein,
it needs particular conditions to remain active.! This
enzyme is found in the heterocysts of cyanobacteria. The
lack of utilizable nitrogen triggers the differentiation of
vegetative cells into heterocysts, which involves a series
of physiological and structural changes to create an
anoxygenic environment for effective nitrogen fixation.***
In the majority of heterocystous species examined thus far,
nitrogen/juvenile hormone diol kinase is restored by the
excision of an interfering 11 kb segment during a genomic
rearrangement in the late stage of development.’

Figure 2 shows the process of nitrogen fixation in the
heterocyst of Anabaena. The green-colored compartment
indicates non-heterocystous cells, which are pigmented
(i.e., contain chlorophyll) and perform photosynthesis. The
white/gray-colored cells are heterocystous and are non-
pigmented. Nitrogen fixation requires energy, which is
provided by photosynthesis. The nitrogenase enzyme helps
the heterocyst convert nitrogen to NH,. NH, produced is
combined with glutamate to form glutamine through an
enzyme called glutamate synthase.

5.4. Nitrogenase

The enzyme responsible for fixing nitrogen in
microorganisms is termed nitrogenase. This enzyme is
composed of two proteins: the Fe protein (also known as
dinitrogenase reductase). It is an o, homodimer with a
molecular weight of 64 kDa.> This protein is what the nifH
gene encodes.®

Molybdenum-Iron protein (Dinitrogenase): It is an
o, B, heterotetramer of around 240 kDa. Its o subunit is
encoded by the nifD gene, and the 3 subunit is encoded by
the nifK gene.®

5.5. Ammonia assimilation

The process of synthesizing ammonium ions (NH,") is
referred to as ammonium production. Four hydrogen
atoms (H) and one nitrogen atom (N) combine to form the
positively charged ion known as ammonium. Microbes and
other living organisms use NH,* as a source of nitrogen to
support growth and a variety of metabolic activities.* NH,*
is a very useful and productive element for the growth of
plants. The conversion of N, into NH, " is mostly dependent
on A. azollae.” For ecosystems to have a source of fixed
nitrogen, this process is necessary. The ability of A. azollae
to fix nitrogen and produce NH,* is critical for Azolla’s
growth, and this relationship has significant applications
in environmental and agricultural management.”® The
NH, produced by the heterocysts is swiftly converted
into NH,* by neighboring heterocyst cells.” NH,*, being
a more stable form of nitrogen, is readily utilized by
other cells within the filament. The nitrogenase enzyme is
involved in the process of producing NH,* from nitrogen.
Due to its extreme sensitivity to O,, the nitrogenase
enzyme complex’s activity can be inhibited. This is the
site of the nitrogenase enzyme complex’s activity center,
which requires Mo and Fe as cofactors. Reactive nitrogen
species are released when the triple bond of N, is broken
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by the enzyme dinitrogenase. Azolla receives the released
NH,* from A. azollae. This NH," is an essential source of
fixed nitrogen for Azolla development and survival. The
nitrogen provided by A. azollae helps the plant become less
reliant on outside nitrogen sources, including synthetic
fertilizers. A. azollae provides Azolla with a sustainable and
natural source of nitrogen, which is especially beneficial
in agricultural systems where Azolla is produced as a
green manure or cover crop to increase soil fertility and
reduce the need for synthetic nitrogen fertilizers. This
rare symbiotic interaction between A. azollae and Azolla
exemplifies the usefulness of symbiotic partnerships that
fix nitrogen.

5.6. Nitrogen fixation in other symbiotic microbes
5.6.1. Leguminous plants and Rhizobium species

Prokaryotes are the only organisms capable of performing
biological nitrogen fixation, but plants can live in a
mutualistic symbiosis with nitrogen-fixing bacteria
and, hence, utilize the fixed form of nitrogen. This
type of symbiosis takes place in the leguminous plants,
specifically within the Fabaceae family. Rhizobia are a
group of bacteria that form specialized structures called
nodules in leguminous plants. Some species of Rhizobium
found in the nodules of host plants include Rhizobium
leguminosarum,  Rhizobium  phaseoli,  Rhizobium
trifoli, and Rhizobium meliloti.® Figure 3 indicates the
process of nitrogen fixation in leguminous plants. After
photosynthesis, the energy source is provided, and in
the presence of electron sources such as ferredoxin and
flavodoxin, the dinitrogen is converted into ammonia

Mg- ATP- Mg- ADP

with the aid of nitrogenase. Later, the nitrogen is
assimilated into plants by amino acids.

5.6.2. Frankia symbiosis

Certain non-leguminous plant families have modified
lateral roots containing a central vascular system and a
peripheral cortex, which are infected by an actinomycetes
called Frankia. This bacterium is associated with a variety
of woody, non-legume plants belonging to the families
Betualceae, Rosaceae, Myricaceae, and Casuarinaceae, etc.®

6. Biofertilizers - a replacement for
synthetic fertilizers

To achieve maximum yield productivity, chemical
fertilizers are commonly used for rapid growth. While
they can help achieve an immediate increase in yield, they
may later impose negative impacts on the surrounding
environment. To address this problem caused by chemical
fertilizers, a sustainable and environmentally friendly
approach is needed. This has led to the use of biofertilizers,
which are eco-friendly in nature.®!

The term “biofertilizer” refers to mixtures of living
organisms, primarily microorganisms, that increase
nutrient availability through biological activity and
promote plant growth. These can include active or dormant
microbial cells from effective strains that interact with
plants in the rhizosphere to enhance plant nutrient uptake.
Common microorganisms used as biofertilizers include
nitrogen fixers, plant growth-promoting rhizobacteria,
phosphate solubilizers, etc. Notable organisms include

Photosynthesis
NZ
::;tlfiz Fe protein l ) N =N
NH; (Dinitrogen)
= 3
¢ NH=NH
(Diamide)
Glutamine 3
Electron Source: Cliiitaiate H:N — NH2
Ferredoxin and (Hydrazine)
o Amino acids 1
. 2NH;
Energy source P“:e"‘s (Ammonia)
Plants

Figure 3. Schematic representation of nitrogen fixation in the root nodules of leguminous plants, highlighting the role of nitrogenase and the sequential

reduction of dinitrogen to ammonia

Abbreviations: ADP: Adenosine diphosphate; ATP: Adenosine triphosphate; Fd: Ferredoxin; Fe: Dinitrogenase reductase; Fe-Mo: Dinitrogenase; Fld:
Flavodoxin; Mg: Magnesium; NH: Nihonium; NH,: Amine group; NH,: Ammonia; N,: Atmospheric nitrogen.
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Rhizobium, Azotobacter, Azospirillum, cyanobacteria,
Arbuscular Mycorrhizae, etc. Using biofertilizers is
important because they enrich the soil with a variety of
micro- and macro-nutrients and facilitate the release
of substances that regulate plant growth, biodegrade
organic matter, synthesize antimicrobial compounds, and
support other beneficial processes. The advantage of using
biofertilizers is that they improve soil structure without
harming any organisms in the food chain.®

Rice is the staple diet of many people in Asia. As the
population grows, so will the demand for food.”® The
use of cyanobacterial fertilizers, such as green manure,
specifically A. azollae, has improved crop yields in rice
fields not only in India but also in China, Egypt, Japan,
the Philippines, and other tropical rice-growing nations.®*
Chemical nitrogen fertilizers have long-lasting negative
effects on both the soil and the environment. As a result,
the soil may become infertile, and farmland may become
overnourished.” Without harming or contaminating
the environment, using Azolla as a biofertilizer is an
effective way to increase rice harvest production by 20 -
30%.% Anabaena-Azolla also provides a natural source of
many nutrients, especially nitrogen, which supports plant
growth.®® Moreover, Azolla-Anabaena helps maintain
the optimal soil pH for rice growth while increasing soil
nutrients, organic matter, and the efficiency of inorganic
fertilizers.>®*

6.1. Role of Azolla in rice field

No plant species can utilize dinitrogen; hence, plants
must obtain nitrogen in other forms for growth, often
through prokaryotic symbiotic microbes such as bacteria
and cyanobacteria.****>% Under optimum conditions,
the cyanobiont can fix a considerable amount of nitrogen,
releasing around 70% of the fixed nitrogen to surrounding
crops.® One such natural micro-ecosystem is the symbiosis
of Azolla and A. azollae, where the cyanobacteria inhabit
the mature leaves of the plant. The cells differentiate into
heterocysts, where the process of nitrogen fixation takes
place.”” Once Azolla decomposes, the nitrogen it fixed is
released, along with other nutrients such as potassium,
phosphorus, Fe, zinc, Mo, and sulfur® into the environment,
hence making it an effective biofertilizer. The high rate
of nitrogen fixation by Azolla is due to the presence of
cyanobionts in its leaf cavities.”? The application of Azolla
as a biofertilizer in paddy fields provides around 40 - 60 kg
nitrogen/ha per crop.”

The primary rate-limiting factor in rice production is
the availability of nitrogen.®*® The overhead labor costs
associated with tillage, irrigation, water control, and other
agricultural processes are the same whether 2,000 kg/ha

of crop is produced with nitrogen fertilization or 400 kg/
ha without it.* The ability of modern rice varieties to yield,
in addition to the rising costs of nitrogen fertilizers, is
partly due to the significant amounts of fossil fuel energy
required to produce them. Therefore, the development
of alternative, affordable nitrogen sources has become
essential. Naturally occurring nitrogen resources, such
as those provided by Azolla, have the unique capacity to
fix a significant portion of N, in the soil for agricultural
use through biological means.*® The rice field ecosystem
is generally divided into three main ecological layers:
Aerobic, anaerobic, and rhizosphere zones. The floodwater
and soil surface are sites of aerobic phototrophic nitrogen
fixation by free-living cyanobacteria and the symbiotic
Azolla-Anabaena N -fixing complex.® The anaerobic lower
layers serve as sites for heterotrophic nitrogen fixation.
In addition, the rhizosphere is a primary location for
nitrogen-fixing.!

Cyanobacteria release fixed nitrogen for plant use
through exudation or microbial breakdown after cell
death.” This nitrogen is mainly released as polypeptides,
with smaller amounts of free amino acids, vitamins,
and auxin-like compounds.®”® In the rice field, some of
the converted nitrogen becomes available to the plants,
whereas the remainder is returned to the surrounding
soil. A large amount of nitrogen (between 75% and 80%
of the total fixed) is released during the decomposition of
Azolla biomass into the paddy soil, where it is absorbed by
plants.*

The following outcomes result from the extensive use
of Azolla as a suitable biofertilizer in rice fields: up to
40 - 60 kg of nitrogen/ha of rice crop, with an increase
in nitrogen content within a matter of weeks.'® The use
of Azolla biofertilizer boosted crop nitrogen recovery by
49 - 64% and reduced nitrogen loss by 26 — 48%.7° After
transplanting, rice was given 300 kg/ha of inoculated
Azolla, which boosted rice production comparable to
the application of 100 kg/ha of urea.”" Azolla increases
the amount of organic matter in the soil, makes other
macronutrients more readily available, decreases NH,
volatilization, and is essential for the control of weeds.!
The application of Azolla as green manure to wet soil
accelerated soil mineralization, releasing 60 - 80% of
the nitrogen within 2 weeks. Instead of using alternative
nitrogen fertilizers, farmers can manage between 30 and
60 kg of nitrogen by adding Azolla to rice crops at a rate of
16,000 kg/ha, improving the sustainability of soil health.
Azolla injection reduces NH, volatilization by 12 - 42% in
flooded water.®®

Soil enzyme activity is recognized as an indicator of
soil fertility, microbial activity, and nitrogen supply.'® The
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growth of the microbial population is actively influenced
by degraded organic materials. Azolla application improves
mineralization, enhancing the microbiological status
of the soil and promoting its biological health.” Azolla
produces considerable levels of micronutrients, in addition
to nitrogen, including phosphorus, potassium, sulfur,
zing, iron, and molybdenum. The process of mineralizing
organic nitrogen to NH, is essential to lowland rice
farming, as it is influenced by the carbon-to-nitrogen ratio.
Azolla species with a low carbon: nitrogen ratio mineralize
in 2 days, whereas those with a high carbon: nitrogen ratio
take 5 days.'® Azolla is now grown alongside taro (Colocasia
esculenta), arrowhead (Sagittaria sagittifolia), and water
bamboo (Zizanica aquatica).” Initially, it was only utilized
as a green manure for rice. Azollae are easily harvested for
use as fertilizer in sustainable agricultural practices and
can be mass-cultivated using wastewater.”

The work carried out by Seleiman et al” involved
the application of Azolla, both individually and in
combination with other fertilizers, in Oryza sativa L.
Various combinations used in their experiment included:
control (without fertilizer and compost), NPK-100%,
NPK-70%, NPK-40%, Azolla compost-100%, NPK-50%
and Azolla-50%, NPK-70% and Azolla compost-30%, and
NPK-40% and Azolla compost-60%. The combination of
NPK-70% + Azolla compost-30% and NPK-40% + Azolla
compost-60% showed optimal growth with high yields.
Specifically, NPK-40% and Azolla compost-60% produced
a rice yield of 10.76 tonnes/ha, nearly equivalent to the
10.60 tonnes/ha obtained with 100% NPK. Overall, the
combination of NPK-50% and Azolla-50% produced the
highest rice harvest at 11.13 tonnes/ha.”’

Simarmata et al.” analyzed the effects of Azolla extract
on liquid biofertilizers for different rice varieties. They
divided the experiment into two main plots, T1 and T2
(T1 - 3 tonnes/ha of compost and T2 - 3 tonnes/ha of
compost plus 10 L/ha of Azolla extract), with five sub-
plots for stress-tolerant varieties of rice (V1 - Inpari
43, V2 - Mawar, V3 - Inpari 30, V4 - Inpara 03, and
V5 — Mendawak). The rice yield in T2 (Azolla extract-
treated field) showed a 37.06% higher yield compared
to the control, with the average yield from the five
varieties treated with Azolla extract (5.51 tonnes/ha)
being greater than the local farmer’ yield (ranging from
3.78 to 4.97 tonnes/ha). These findings suggest that the
application of Azolla extract as a biofertilizer in stress-
tolerant plants will significantly increase productivity in
flood-prone coastal areas.”

Other than rice fields, Azolla is used in the cultivation
of taro, arrowhead, wheat, water bamboo, etc. Azolla has
rapidly mineralized as a green manure when incubated in

waterlogged soil, releasing 60 — 80% of the nitrogen within
2 weeks. In addition, it has been noted that the highest
yield in wheat fields is achieved when Azolla is used at a
rate of 20 tonnes. The application of Azolla in fields has
sufficiently increased the water holding capacity, organic
nitrogen, carbon, nitrate-nitrogen, and other nutrients
such as phosphorous, calcium, potassium, and magnesium.
In mung bean fields, the usage of Azolla has significantly
increased yield.*

6.2. Cyanobacteria as biofertilizers for plant growth
improvement

There are reports of cyanobacterial inoculation having
growth-promoting effects on a variety of crops, including
rice, soybean (Glycine max L. Merr.), wheat (Triticum
aestivum L.), radish (Raphanus sativus L.), oat (Avena
sativa L.), cotton (Gossypium hirsutum L.), lettuce (Lactuca
sativa L.), and tomato (Solanum lycopersicum L.).**”7 In
soil, cyanobacteria create a network of their filaments that
deeply enmesh soil particles.! Moreover, cyanobacteria
produce extracellular polysaccharides, which are
hygroscopic and aid in binding soil particles together,
thereby improving soil quality.”® In addition, it has been
demonstrated that cyanobacteria produce a variety of
substances that improve plant growth. In particular, they
influence plant height, root length, leaf count, dry root
weight, fresh root weight, dry stem and leaf weight, and
fresh stem and leaf weight in different vegetable plants.
Their effects have been observed in squash, cucumber,
and tomato.’ Cyanobacteria are known to associate
with both vascular and non-vascular plants, producing
compounds that promote growth.” When associated with
crop plants, cyanobacteria in the rhizosphere can enhance
the assimilation of organic molecules, which benefits crop
establishment, growth, and yield.! By soaking rice seeds in
extracts from cyanobacterial cultures, researchers observed
increased grain weight and protein content, enhanced
shoot and root growth, and improved germination. These
effects were attributed to hormones and vitamins, which
regulate plant growth. Cyanobacteria produce a vast range
of substances, including amino acids, auxin, gibberellins,
abscisic acid, and cytokinins.”> These substances enhance
nutrient availability and facilitate nutrient uptake by
plants. Representative members of both symbiotic and
free-living species of cyanobacteria, such as Nostoc,
Anabaena, Calothrix, Chlorogloeopsis, Cylindrospermum,
Plectonema, Gloeothece, and Anabaenopsis, are capable
of producing indole acetic acid.'** Anabaena can also
produce phytohormones such as auxins, gibberellin, and
cytokinins, which play a major role in promoting plant
growth.? Phosphate, a mineral necessary for improving
plant growth and development, is the limiting nutrient
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for biomass production in natural ecosystems. Soluble
phosphate constantly moves from terrestrial to aquatic
habitats in a single direction, and most organic phosphates
are not bioavailable to many species. Moreover, most
phosphates are found immobilized as calcium and iron
salts. These nutrients are typically provided to crops
in the form of chemical fertilizers.**®' In addition, it
has been suggested that cyanobacteria can increase the
bioavailability of phosphorus for plants using phosphatase
enzymes to mobilize and solubilize insoluble organic
phosphates.* They achieve this by producing a calcium
ion chelator that dissolves phosphate compounds while
maintaining the pH of the growth medium. The following
reactions release organic acids to solubilize the phosphate
compounds:”’

Ca,(OH),(PO,), — 10Ca** + 6PO * (1)
Ca,(PO,), + 2H,CO, — 2CaHPO, + Ca(HCO,), (Il

Furthermore, the excretion of extracellular phosphatases
and organic acids is a major mechanism through which
cyanobacteria contribute to the mobilization of inorganic
phosphates in agricultural fields.> This process makes
phosphate more easily dissolved and mineralized,
converting it into easily obtainable soluble organic
phosphates or orthophosphates.’?

7. Influence of Anabaena-Azollae and
cyanobacteria on soil enrichment

It has been demonstrated that the Azolla-Anabaena
symbiosis enhances the nutrient content, water retention
capacity, porosity, and cation exchangeability of soil.*®
Azolla compost enhances the organic matter in the soil
and provides a positive effect on plant development and
output, offering benefits over uncooked, under-rotted
organic waste and synthetic fertilizers.”? The rise in organic
C is partly caused by the high organic carbon content of
Azolla.”" Approximately 90% of Azolla reportedly decays
within 4 weeks. In a short period, the Azolla absorbed
by the soil mineralizes, producing humic compounds,
which in turn contribute to the soil’s organic carbon level.
According to previous research, adding Azolla enhances
the organic content and rate of soil mineralization.! It was
found that inoculating Azolla increased the soil’s organic
carbon level. Research by a particular group indicated that
combining Azolla with cow manure enhanced the organic
carbon level of the soil by 1.3 - 1.7%. Similarly, it was
noted that soil treated with Azolla had a 25.51% increase
in oxidizable organic carbon.®® Other studies have shown
a significant increase in the population of heterotrophic
bacteria, along with enhanced cellulolytic and urea-
hydrolyzing activity. Similar to this, a study found that soil
with added Azolla had higher levels of bacteria, fungus,

and actinomycetes as well as increased enzyme activity,
which improved the soil's nutrient recycling ability.”
Macronutrients and other minerals that reduce rice
production include potassium and phosphorus. In low
potassium environments, Azolla is particularly effective
at accumulating potassium in its tissues. After field water
is drained, Azolla decomposes quickly, releasing nutrients
like nitrogen, phosphorous, and potassium into the soil.
It also releases certain compounds, such as plant growth
regulators and vitamins, that enhance the growth of rice
crops and solubilizes magnesium, iron, and zinc, making
these nutrients available to the rice crop.®® The availability
of soil nutrients is further boosted by its constant
application. In general, Azolla applications increase
the biological activity of the soil, which promotes the
development of microflora necessary for mineralization.*
Organic compounds broken down during mineralization
release nutrients into the soil. It has been speculated
that the growth of cyanobacteria in flooded rice fields
influences the forms of soil-bound iron, magnesium,
and possibly zinc.”® The presence of these organisms
increased the levels of other forms of Fe and manganese
whereas decreasing the amount of ammonium acetate-
extractable forms of these elements. These changes are
thought to result from increased organic matter, especially
extracellular material, and the release of O,.”

The use of cyanobacteria hasimproved the quality of the
soil by preserving soil moisture, organic matter, nitrogen,
and phosphorus.' The mucilaginous substance produced
by decomposing cyanobacteria functions as a binding
agent for the soil, increasing its humus content and making
it more suitable for the growth of other plants.* Biological
soil crusts are degraded by anthropogenic and natural
disturbances, and full regeneration of such crusts under
natural circumstances can take decades. Nevertheless, the
introduction of cyanobacteria significantly accelerates the
healing process, and biological crusts akin to those found
in arid and semiarid areas of the globe are essential for
preserving and revitalizing regional ecology.®* Anabaena
doliolum, Allocasuarina torulosa, Nostoc carneum, Nostoc
piscinale, Oscillatoria, Plectonema, Schizothrix, and
other cyanobacterial strains work together to enhance
soil microbial biomass, carbon, nitrogen, and humus
content, all of which help retain moisture and promote
soil formation. Extracellular polymeric substances
produced by cyanobacteria increase the water-holding
capacity.® Cyanobacterial consortia, in combination with
different rhizosphere bacteria, have shown significant
improvements in soil fertility and crop yield, as their
efficacy in micronutrient enrichment and carbon-
nitrogen sequestration in soil for rice-wheat cropping
systems.>

Volume 2 Issue 2 (2025)

doi: 10.36922/eer.7975


https://dx.doi.org/10.36922/eer.7975

Explora: Environment
and Resource

Anabaena-Azolla for crops and bioenergy

8. Use of Azolla in animal feeding

The value of Azolla as animal feed is claimed to be beneficial
for improving the productivity of livestock, which are a
crucial component of agriculture.’® Azolla is a healthy feed
for animals, birds, and humans due to its high protein,
amino acid, vitamins (A, B, beta carotene), calcium, iron,
phosphorus, copper, magnesium, and other minerals.* It
also contains a low amount of lignin.* Incorporating Azolla
into poultry feed increases broiler chicken weight without
negatively affecting production performance.® It also
boosts egg production in layer chickens, increasing their
ability to lay eggs by 10 — 15%. Azolla is used as feed for fish,
pigs, rabbits, sheep, and goats. For example, milk output
increases by 10 — 15% in dairy animals and by 8 - 10%
in goats.*” Based on numerous studies and observations,
A. pinnata is recommended as a feasible unconventional
protein supplement for cattle during the lean season in rain-
fed areas.'® A. pinnata shows that the protein in its leaves
has favorable levels of amino acids. The use of an Azolla as
a protein supplement can accelerate feeding, absorption,
and growth in fish. It is one of the least expensive methods
for increasing fish production in organic fish farming. In
addition, blending Azolla biomass with other agricultural
byproducts, such as wheat and rice bran, improves the
digestibility and protein quality of the final fish product.*?
With careful planning and cultural techniques, Azolla can
maintained year-round, ensuring its availability as fodder
throughout the year. Azolla in dried form is not preferred
by birds; thus, using fresh biomass is a better option for
animal and poultry feed, as it has no negative effects.'®

9. Azolla as a source of food

Given that Azolla is rich in fiber, protein, fatty acids, amino
acids, vitamins, polyphenols, and other nutritious contents,
itis now being studied as a potential food source for human
consumption. It can be incorporated into a balanced diet
and mixed with other foods. However, as Azolla contains
lower amounts of cysteine and methionine, the diet should
include other food sources to provide these two amino
acids, especially if only amino acids are the primary focus
of the diet. Common food items in which Azolla can
be incorporated include soup, meatballs, and, in some
cases, pancakes.”” A recent study by Katayama et al.,”” in
collaboration with the Space Agriculture Task Force,” has
suggested including Azolla as part of the space diet during
Mars habitation, as it meets human nutritional demands.”
The sterilized roots and leaves can be used as food for
astronauts, as they fulfill their nutritional requirements.*

10. Biofuels

Biofuels are a type of renewable fuel that can exist in
different forms such as liquid or gas. They are used

to generate electricity, power, and heat. Biofuels are
commonly extracted from the following sources: living
organisms, biomass (plants or other living organisms),
firewood, and bio-based products/waste feedstock, such
as bagasse. Liquid biofuels are primarily commercialized
in two types: bioethanol and biodiesel. Ethanol is obtained
from a variety of sources, ranging from starch and sugar-
based crops to microorganisms such as Saccharomyces
cerevisiae. Biodiesel was initially obtained from non-
food crops or their seeds, but it can now be produced
in significant quantities from genetically modified
microorganisms. These biofuels can be used as a blending
agent with conventional fossil fuels, such as petroleum
or gasoline.*® Biogas is also an important biofuel in its
gaseous form, obtained through anaerobic fermentation. It
is commonly used for heating and cooking purposes. Solid
biofuels, including charcoal, wood, and manure, are used
in rural areas for local purposes.*’

Biofuels are classified into four types based on the
feedstocks used: first-generation biofuels, second-
generation biofuels, third-generation biofuels, and
fourth-generation biofuels. The first generation biofuels
are mainly obtained from food crops. The types of fuels
produced include bioethanol, bio-alcohol, and vegetable
oils. Commonly used food crops for the generation of
fuels include corn, wheat, soybeans, sugar cane, beets,
wheat, rapeseed, coconut, sorghum, potato, and palm oil.*
First-generation biofuels face a significant competitive
disadvantage, as they require a large amount of land,
fertilizer,and water when it comes to food crops. In addition
to the higher costs associated with the production of
feedstock, first-generation fuel production can contribute
to greenhouse gas emissions. Due to these drawbacks,
second-generation biofuels have been developed.”
Figure 4 depicts the utilization of different feeds used for
biofuels, with palm oil being the most utilized, followed by
soybean and rapeseed 0il.”° To overcome the limitations of
first-generation fuels, next-generation fuels are produced
from non-edible crops.® These substrates include forest
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Figure 4. Percentage of utilization of different feedstocks as biofuels®
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residues, grass, sugarcane bagasse, cereal straw, corn cob,
jatropha, Miscanthus, and alfalfa.®® These fuels do not need
specific land or the application of fertilizers; however, their
processing or extraction costs are higher compared to the
first-generation biofuels. Second-generation biofuels also
require pre-treatment of the substrates before fermentation
to concentrate the fermentable sugars present in the
substratum.® The third-generation biofuels are obtained
from living organisms such as bacteria, yeast, microalgae,
and cyanobacteria. The compounds produced include
bioethanol, biobutanol, methane, biodiesel, and aviation
fuel.® Compared to plants, microalgae grow faster and
require less time for production. They also do not compete
with food crops and do not need large amounts of land to
be grown® Genetically modified microorganisms are used
for the production of fourth-generation biofuels.*” Green
aviation fuels, bio-gasoline, and green biodiesel are some
of the compounds that can be produced from genetically
altered organisms.*

Cyanobacteria can synthesize fatty acid-like substances
by utilizing CO,. These substances are biodegradable and
harmless when used as biofuels. The lipids of cyanobacteria
primarily consist of triglycerides, with smaller amounts of
mono- and diglycerides, phospholipids, free fatty acids,
carotenes, tocopherols, water, etc. This higher amount
of fatty acid content makes cyanobacteria a promising
option for biodiesel production.” In addition, the presence
of cyanobionts in the leaf cavity of Azolla enhances its
potential as a source of biofuel.

10.1. Bioenergy production from Azolla

The Azolla-Anabaena symbiotic system presents a
sustainable, cost-effective, and high-yielding platform for
the production of biofuels, including bio-oil and biodiesel.
This mutualistic relationship, in which the cyanobacterium
Anabaena resides within the aquatic fern Azolla, offers an
efficient, sustainable, and scalable feedstock for renewable
energy generation. The symbiosis capitalizes on Anabaena’s
ability to fix N, significantly reducing the need for external
inputs such as synthetic fertilizers while enabling high
biomass yield. Recent research has emphasized their
potential in transforming bio-oil and biodiesel through
innovative extraction methods and thermochemical
conversion processes.

10.2. Bio-oil derived from Anabaena-Azolla

Bio-oil, a liquid fuel derived from the pyrolysis of biomass,
has emerged as one of the most promising renewable energy
alternatives. Unlike fossil fuels, bio-oil is carbon-neutral
and produces significantly lower nitrogen and sulfur
oxide emissions compared to traditional fuels.”* Azolla-
Anabaena systems exhibit a high biomass production rate

and adaptability across diverse environmental conditions,
offering a sustainable feedstock for bio-oil production.
Bio-oil derived from these systems consists of over 400
oxygenated chemical compounds, including phenolics,
furanic, sugars, and other solvent oxygenates.”” Recent
studies have demonstrated that A. filiculoides biomass
can undergo pyrolysis to produce bio-oil at optimal
temperatures ranging from 400°C to 700°C, with the
maximum bio-oil yield occurring at 500°C. Catalytic
approaches  using  magnesium-nickel-molybdenum/
metal phthalocyanines, modified pyro chars, and other
catalysts enhance the yield and composition of these bio-
oils by altering the proportion of compounds such as furan
derivatives, increasing the viability of the biofuel as a diesel
substitute.” Moreover, these catalytic methods can alter the
composition of pyrolysis products, optimizing their value
for various bioenergy applications. For instance, research
has shown promising results in increasing furan compounds
by up to 33.07% while simultaneously reducing unwanted
byproducts through catalytic selectivity. This underscores
the significant potential of Azolla-Anabaena-derived bio-
oils in renewable energy applications, particularly as diesel
substitutes.

Miranda et al.®® used A. filiculoides, cultivated in
wastewater, for renewable energy production. After the
hydrothermal liquefaction of A. filiculoides, the theoretical
yield of bio-oil is 20.2 tonnes/ha/year, and bio-char is 48
tonnes/ha/year. In addition, the theoretical yield of ethanol
is 11.7 x 10° L/ha/year, which is higher compared to
Miscanthus, willow, and poplar. As it is grown in synthetic
wastewater, A. filiculoides accumulates a significant level of
selenium, reducing the toxicity of the water.”

10.3. Biodiesel extracted from A. Azollae

To produce biodiesel from Azolla-Anabaena, Anabaena
synthesizes lipids during its photosynthetic and
metabolic processes. These lipids can be harvested and
subjected to transesterification. Experimental studies
have demonstrated that A. filiculoides can be effectively
processed using solvent extraction with a chloroform-
methanol solution (2:1 v/v) through Soxhlet extraction
methods to obtain crude oils suitable for biodiesel
production.” Acid-catalyzed transesterification is a widely
employed technique that utilizes methanol and catalysts to
convert these lipids into biodiesel. Gas chromatography-
mass analysis has confirmed the presence of key fatty
acid methyl esters, including palmitic, oleic, and
stearic acids, in the extracted oils. Furthermore, studies
investigating the efficiency of transesterification methods
have demonstrated that the Soxhlet extraction technique
produces higher yields of bio-oil compared to hydraulic
pressing methods.”® The properties of the extracted oils
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were evaluated per American Society for Testing and
Materials standards, highlighting their suitability as
renewable diesel alternatives.

Research conducted by Golzary and team” discovered
that A. filiculoides contains a lipid content of 11.7%,
with saturated fatty acids accounting for 38.07% and
monounsaturated fatty acids for 19.81%. Specifically,
palmitic acid was found to be 27.11%, linoleic acid-w6 at
14.23%, linoleic acid-m at 35.58%, and oleic acid at around
32.8%. These parameters indicate that the aquatic fern
Azolla can be used as a suitable organism in biorefineries.*”

Apart from its use as a biofertilizer, Azolla has also been
utilized for biofuel extraction from its lipid composition.
The presence of ester-bound fatty acids can be converted
into biodiesel through a process known as trans-
methylation. Given Azolla is an aquatic plant, the process
of drying is essential during biomass processing. Brouwer
et al., 2015% studied the lipid fraction of A. filiculoides to
determine whether it can be used as biodiesel. The total
dry weight of crude lipids from the biomass was 7.92 +
0.14%. Total lipids with free fatty acids were found to be 4.2
+ 0.38%, and 41 + 13% of fatty acids were converted into
fatty acid methyl esters after saponification with methanol.
A. filiculoides met all the requirements for biodiesel, such
as iodine value and cetane number, except for the cold
filter plugging point due to the higher concentration of
lignoceric acids and mid-chain dihydroxy compounds.”

A review conducted by Arefin et al.® compared the
biofuel production from a variety of aquatic plants. The
lipid content of Azolla was 11.7% and 13.2%,* Salvania
molesta (water fern) at 16%,” water lettuce at 3.6%,!” 8.3
- 27%,"" and 7.6%,'* and Landoltia punctata (duckweed)
at 15%.'° The lipid content of S. molesta (water fern) was
higher compared to the other aquatic ferns. Regarding
Azolla, transesterification is a much more effective method
for transesterification, with an optimum temperature of 47
- 60°C and activated charcoal as an appropriate catalyst.'*
In the future, Azolla might provide a sustainable solution
to overcome the limitations of conventional fossil fuels.

10.4. Benefits of biofuels

The primary purpose of the production of biofuels is
to reduce reliance on fossil fuels. Another reason is the
potential depletion of fossil fuels in the near future,
which necessitates the need for sustainable alternatives.
Biofuels are renewable resources, greenhouse-gas neutral,
and abundantly available from nature. They release
little to no sulfur or nitrogen oxide gases, making them
environmentally safe. This ecologically sound fuel can
be easily produced by exploiting local resources, such as
plant/agricultural wastes or microbes, and is secure for use.

Biofuels can also create careers for people, develop local
livelihoods, and improve agriculture.®

Even though there are advanced generations of
biofuels, such as the third and fourth generations, each
has its advantages and disadvantages. Azolla offers several
benefits, including rapid growth, lower nutrient and water
requirements, and a favorable lipid composition, making it
an ideal candidate for biodiesel production.

11. Positive impacts of Azolla on plants and
the environment

Azolla can help overcome nutrient limitations to plant
growth by enhancing nutrient acquisition. It provides
various benefits to different plant genera as well as to the
environment.” These benefits include increasing crop
quality and yield, promoting healthier plant growth,
enhancing flowering and fruiting ability, reducing disease
occurrence, improving drought tolerance, allowing
reduced watering, and maintaining soil quality and nutrient
recycling. The overall applications of the Anabaena-Azolla
are listed in Figure 5.

11.1. Eco-friendly remediation with Anabaena-
Azolla

A. azollae are regarded as an exciting natural bioresource
with potential applications in industrial, medical,
and agricultural fields,’”® where the physicochemical
characteristics of soil texture are significantly improved
by cyanobacterial biomass and/or extract. They are
also widely recognized for producing biologically active
compounds effective against a variety of plant pathogens.
In addition, Anabaena-Azolla is considered an effective
phytoremediators of industrial wastewater.”” Urban
wastewater, treated by standard methods, can have
phosphorus removed using the A. filiculoides-Anabaena
biosystem.” The use of Azolla in bioremediation has
recently gained attention. Large amounts of contaminants
have been released into water resources due to rapid
population growth and industrialization.” The hazardous
nature of these chemicals and their negative effects on
plant and animal health are of great concern. Thus,
phytoremediation presents a promising way to protect
aquatic environments from pollution. Azolla can be used
to purify polluted streams.*

In addition, Azolla biomass is used in the
phytoremediation of hazardous heavy metals. Three
separate species of Azolla - A. microphylla, A. pinnata,
and A. filiculoides - have been recently studied for
their phytoremediation capacity, with A. microphylla
demonstrating a higher capacity for metal accumulation
compared to the others.!®® Both living and dead Azolla
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Figure 5. Applications of Anabaena-Azolla in various aspects, including (1) biological nitrogen fixation, (2) soil reclamation, (3) improvement of soil
organic matter, (4), bioremediation, (5) animal feed, (6) biofertilizer, (7) enhancement of soil fertility, and (8) weed control

biomass have been shown to biosorb various heavy metals
effectively. Azolla has been extensively studied for its ability
to remove heavy metals from aquatic environments.”” The
plant may function as an effective reducing agent, enabling
the transformation of metal ions into metallic particles."®

At present, the farming system that applies pesticides
to agricultural fields is a common practice, where only 2
- 3% of the pesticides are used; the remainder remains in
the soil and water, creating environmental contamination
and toxicity.* Surface soil still contains pesticide residues,
making the soil-water environment hazardous.! As the
majority of Indians (56.7%) work in agriculture, they are
exposed to the pesticides utilized in that industry.’ In
addition, microbial biodegradation of pesticides is crucial
for modern agriculture and its effects on the environment.’
Around seven species of Azolla can remove certain heavy
metals, such as lead, mercury, zinc, chromium, cadmium,
uranium, strontium, gold, copper, and nickel, through
uptake and accumulation, as depicted in Table 2.

The biosorption property of Azolla allows it to
accumulate the heavy metals present in its surroundings,
thus helping to clear environmental contamination,
as shown in Figure 6. Azolla’s high capacity to absorb
and chelate these heavy metals is attributed to its
biosorption characteristics, which is why it is utilized in
phytoremediation. Due to this property, Azolla is used
as a biofilter to decontaminate industrial and domestic
effluent. However, the efficiency of heavy metal uptake in

dried Azolla depends on certain factors such as pH, time,
temperature, and the flux of the effluent.*

11.2. Leveraging Anabaena-Azolla for effective
mosquito control

Azolla mats can prevent mosquitoes from laying eggs and
prevent larvae from developing and emerging into the air.
The growth of Azolla can suffocate mosquito larvae, as
observed at a malaria station in Wilhelmshaven, Germany.
This has been used as a mechanism in mosquito control, as
it prevents egg deposition.'”* In water bodies where Azolla
mats have fully grown, the breeding activity of Anopheles
spp. has been completely suppressed. The development of
A. pinnata considerably inhibits Culex quinquefasciatus
oviposition and adult emergence. Both Anopheles
culicifacies Giles and C. quinquefasciatus showed a partial
reduction in egg hatchability.

11.3. A. azollae in weed suppression

Weed growth can reduce rice yield by 15 - 20% and, in
extreme cases, by up to 50%. In rice fields, a dense Azolla
mat can prevent weed growth. When Azolla covers a body
of water, it limits the amount of light that can reach the
soil, inhibiting weed germination by up to 70%.'** Thus,
the establishment of Azolla improves crop growth and
productivity, achieved by reducing aquatic weeds such as
Echinochloa crus-galli, Cyperus spp., Paspalum spp., and
others in flooded rice fields."** The lowest weed count and
highest weed control index were observed when 10 tonnes/
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Table 2. Bioaccumulation of heavy metals by Azolla species

Azolla species Heavy metal Concentration  Reference
of heavy metal
accumulated
(ug metal/g)

Azolla pinnata Cadmium 2,759 106
Mercury 450 107
Chromium (IIT) 1,095 108
Chromium (VI) 9,125 105

Azolla caroliniana  Lead 416 109
Chromium 964 110
Arsenic >120 111
Cadmium 259 109
Mercury 578 110
Chromium (III) 964 110
Chromium (VI) 356 110

Azolla filiculoides ~ Nickel 28,443 106
Chromium 12,383 106
Arsenic >60 111
Cadmium 2,608 106

Azolla microphylla  Nickel 21,785 106
Cadmium 1,805 106
Chromium (VI) 14,931 105

Azolla imbricata Cadmium 183 112

® O

Figure 6. The biosorption property of Azolla enables it to accumulate
heavy metals from its surroundings
Abbreviations: Hg: Silver; Pb: Lead.

ha of presumed rice plus 1 tonne/ha Azolla were applied.'®
Azolla acts as an organic mulch in rice fields, with its thick
covering suppressing the growth of weeds. By lowering the
rate of evaporation, it also helps preserve soil moisture for
longer. It has been shown that an Azolla cover significantly
decreased the number of weeds.*!

11.4. Reclaiming Usar lands with A. azollae

Usar soils are categorized as either alkaline or saline
soil patches. According to Vaishampayan et al,’ the

saline soil patches have a pH between 7.5 and 8.5, a
higher concentration of all types of salt, and an electrical
conductivity of soil saturation extract >4 dS/cm.> Alkaline
soils have high pH values (8.5 - 10), low calcium, high
levels of exchangeable sodium ions (>15%), free carbonate
and bicarbonate, and electrical conductivity of saturation
soil extracts <4 dS/cm. Aeration, infiltration rate, and soil
structure are all very low in alkaline soils. These soils lack
nitrogen, are hard, and have low water-holding capabilities.’
When wet, cyanobacterial biomass becomes sticky, and
when dry, it becomes rigid. Alkaline soil's pH rises as a
result of hydrogen ions switching places with positively
charged ions on negatively charged clay particles. Usar soil
is unsuitable for agricultural applications due to its high
alkalinity, osmotic pressure, and impermeability. Because
of the scarcity of water, crop yields deteriorate in dry and
semi-arid regions.” The pH of the soil can be lowered by
Azolla. In comparison to situations where Azolla is not
used, studies have shown that the administration of Azolla
preserves floodwater pH close to its initial value.?

12. Benefits and challenges of Azolla-
Anabaena symbiosis

The pteridophyte Azolla is an exceptional natural
fertilizer''® due to the presence of the symbiont A. azollae,
a nitrogen-fixing cyanobacterium. This cyanobiont is
present in the dorsal cavity of the Azolla."® The Calvin
cycle takes place in both organisms, and the final product
of photosynthesis is sucrose.”® Azolla’s global distribution
and its ability to grow in a wide variety of environmental
conditions make it a suitable candidate for use as a
biofertilizer. The application of synthetic fertilizers
comes with higher costs, environmental impact due to
persistence over time, and the risk of biomagnification.
The rapid growth of Azolla spp. in agricultural land, along
with the high amount of nitrogen fixed by the cyanobiont,
improves soil properties such as organic nitrogen content,
phosphorous availability, pH, and soil texture, making it
an ideal bio-fertilizer.*> When used in rice fields, Azolla
does not compete for light and space because it floats on
the surface of the water. A thick mat of Azolla around the
plants suppresses weed growth.'” Furthermore, Azolla can
be grown in contaminated water due to its bioremediating
properties. It can accumulate various heavy metals like
mercury, arsenic, cadmium, etc, and is also effective in
the phytoremediation of industrial effluents, such as dyes
and domestic waste. Another significant use of Azolla is its
highly nutritious content, including vitamins, minerals,
amino acids, polyphenols, fatty acids, and fibers,'>'%
making it a suitable feed for livestock.**"'” In addition,
Azolla is used as a mosquito repellent by reducing its
oviposition and is also utilized in bioenergy production.’
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Thus, Azolla is a simple aquatic fern containing a
cyanobiont with multiple benefits. However, the growth
of Anabaena- Azolla is limited in temperate environments
due to its sensitivity to lower temperatures during winter
and to the temperature fluctuations between day and night
during spring before rice sowing.*!

13. Conclusion

Cyanobacteria significantly contribute to farmers’
economic growth through agriculture. These organisms
enhance soil activity by fixing molecular nitrogen
from the atmosphere. As many higher photosynthetic
organisms, such as plants, are unable to convert nitrogen
into a usable form, these cyanobacterial species assist in
this process. Cyanobacteria are associated with certain
plants, benefiting both organisms in the symbiotic
relationship. Furthermore, the beneficial symbiosis
between Anabaena and Azollae contributes to several
aspects, such as bioremediation, enhancing soil fertility,
serving as animal feed, and controlling weed growth
in the agricultural field. These symbiotic organisms
are abundant in rice fields, where around 5% of the
nitrogen fixed by Anabaena is directly utilized by the
Azolla plant. The remaining 95% is mineralized and
converted into NH, after the decomposition of Azolla,
which is then released into the field, benefiting the
crops. Beyond agricultural benefits, this symbiosis holds
potential for bioenergy production, including bio-oil
and biodiesel. This review highlights the various benefits
of the Anabaena-Azolla symbiosis, which mainly
promotes plant growth but also has several other positive
environmental impacts. Moreover, we recommend that
Anabaena-Azolla symbiosis be considered a means to
improve the economic standing of farmers through
the applications discussed in this review. The scientific
community should also pursue further research on
Anabaena-Azolla to address human needs.

Acknowledgments

We thank the Molecular Evolution Laboratory,
Department of Microbiology, Centre of Excellence in Life
Sciences, Bharathidasan University, Tiruchirappalli, Tamil
Nadu, India, and Institute of Electro-Optical Engineering,
National Taiwan Normal University, Taipei, Taiwan, for
their immense support of this work.

Funding

We thank RUSA 2.0 - Biological Sciences, funded by
MHRD, Government of India for the fellowship support,
and the National Science and Technology Council (NSTC
111-2221-E-003-035-MY3;  NSTC  111-2811-E-167-
001-MY3), Taiwan.

Conflict of interest

The authors declare that they have no competing interests.

Author contributions

Conceptualization: Gangatharan Muralitharan

Visualization: An-Ya Lo, Bhooma Venkatesan

Writing - original draft: Ponnusamy Ramesh, Chelliah
Koventhan, Bhooma Venkatesan

Writing - review ¢ editing: Ponnusamy Ramesh,
Gangatharan Muralitharan, Chelliah Koventhan

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable.

References

1. Singh H, Khattar JS, Ahluwalia AS. Cyanobacteria and
agricultural crops. Int J Plant Res. 2014;27(1):37.

doi: 10.5958/j.2229-4473.27.1.008

2. Rai AN, Singh AK, Syiem MB. Plant growth-promoting
abilities in Cyanobacteria. In: Cyanobacteria. Netherlands:
Elsevier; 2019. p. 459-476.

doi: 10.1016/B978-0-12-814667-5.00023-4

3. Vaishampayan A, Sinha RP, Hader DP, et al. Cyanobacterial
biofertilizers in rice agriculture. Bot Rev. 2001;67(4):453-516.

doi: 10.1007/BF02857893

4. Singh A, Chandra Y, Azad S, Kumar M, Azad CS. Effect of
Azolla on Crops and Weeds. Vigyan Varta. 2022;1:19-23.

5. Raja W, Rathaur P, John SA, Ramteke PW. Azolla-Anabaena
association and its significance in supportable agriculture.
Azolla-Anabaena iliskisi ve dayanikli tarimdaki onemi.
Hacettepe ] Biol Chem. 2012;40:1-6.

6. Carballo-Sanchez MP, Alarcon A, Pérez-Moreno J, Ferrera-
Cerrato  R. Agricultural and forestry importance of
microorganism-plant symbioses: A microbial source for
biotechnological innovations. Rev Agric Sci. 2022;10(0):344-355.

doi: 10.7831/ras.10.0_344

7. Thapa P, Poudel K. Azolla: Potential biofertilizer for
increasing rice productivity, and government policy for
implementation. ] Wastes Biomass Manag. 2021;3(2):62-68.

doi: 10.26480/jwbm.02.2021.62.68

8. Kodape A, Sharma S. Anabaena azollae culture water a
source for bioremediation. Int | Res Biosci Agric Technol.

Volume 2 Issue 2 (2025)

15

doi: 10.36922/eer.7975


https://dx.doi.org/10.36922/eer.7975
http://dx.doi.org/10.5958/j.2229-4473.27.1.008
http://dx.doi.org/10.1016/B978-0-12-814667-5.00023-4
http://dx.doi.org/10.1007/BF02857893
http://dx.doi.org/10.7831/ras.10.0_344
http://dx.doi.org/10.26480/jwbm.02.2021.62.68

Explora: Environment
and Resource

Anabaena-Azolla for crops and bioenergy

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2021;1:54-59.
doi: 10.29369/ijrbat.2021.01.1.0009

Balo S, Mahata D. Azolla: A Promising Booster Towards
Agricultural Productivity. Just Agriculture. 2022;3(3):1-8.

Santhiya B, Jeeva S. Azolla as a source of biofertilizer for
sustainable crop production-a review. J Xian Shiy Univer.
2022;18:598-605.

Yadav RK, Abraham G, Singh YV, Singh PK. Advancements
in the utilization of Azolla-Anabaena system in relation to
sustainable agricultural practices. Proc Indian Natl Sci Acad.
2014;80(2):301.

doi: 10.16943/ptinsa/2014/v80i2/55108

Abd El-Aal AA. Anabaena-azollae, significance and
agriculture application: A case study for symbiotic
cyanobacterium. In: Microbial Syntrophy-Mediated Eco-
Enterprising. Netherlands: Elsevier; 2022. p. 1-14.

doi: 10.1016/B978-0-323-99900-7.00006-7

Costa ML, Santos MCR, Carrapico F, Pereira AL. Azolla-
Anabaena’s behaviour in urban wastewater and artificial
media-influence of combined nitrogen. Water Res.
2009;43(15):3743-3750.

doi: 10.1016/j.watres.2009.05.038

Whitton BA. Soils and rice-fields. In: The Ecology of
Cyanobacteria. Amsterdam: Kluwer Academic Publishers;
2000. p. 233-255.

doi:10.1007/0-306-46855-7-8

Dommergues YRDHG. Microbiology of Tropical Soils and
Plant Productivity. The Hague, Boston, London: Martinus
Nijhoff/Dr. W. Junk Publisheres; 1982.

Singh PK, Misra SP, Singh AL. Azolla biofertilization to
increase rice production with emphasis on dual cropping.
In: Practical Application of Azolla for Rice Production. Berlin:
Springer Netherlands; 1984. p. 132-144.

doi: 10.1007/978-94-009-6201-9_12

Henson BJ, Hesselbrock SM, Watson LE, Barnum SR.
Molecular phylogeny of the heterocystous Cyanobacteria
(subsections IV and V) based on nifD. Int J Syst Evol
Microbiol. 2004;54(2):493-497.

doi: 10.1099/ijs.0.02821-0

Sarma TA. Handbook of Cyanobacteria. United States: CRC
Press; 2012.

doi: 10.1201/b14316

Fogg GE. Studies on nitrogen fixation by blue-green algae.
J Exp Biol. 1942;19(1):78-87.

doi: 10.1242/jeb.19.1.78

Mevarech M, Rice D, Haselkorn R. Nucleotide sequence of a

cyanobacterial nifH gene coding for nitrogenase reductase.
Proc Natl Acad Sci. 1980;77(11):6476-6480.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

doi: 10.1073/pnas.77.11.6476

Mazur BJ, Chui CF. Sequence of the gene coding for the
B-subunit of dinitrogenase from the blue-green alga
Anabaena. Proc Natl Acad Sci. 1982;79(22):6782-6786.

doi: 10.1073/pnas.79.22.6782

Reich S, Boger P. Regulation of nitrogenase activity in
Anabaena variabilis by modification of the Fe protein. FEMS
Microbiol Lett. 1989;58(1):81-86.

doi: 10.1111/j.1574-6968.1989.tb03022.x

Fay P. Oxygen relations of nitrogen fixation in Cyanobacteria.
Microbiol Rev. 1992;56(2):340-373.

doi: 10.1128/mr.56.2.340-373.1992

Bohme H, Haselkorn R. Molecular cloning and nucleotide
sequence analysis of the gene coding for heterocyst
ferredoxin from the cyanobacterium Anabaena spp. strain
PCC 7120. Mol Gen Genet. 1988;214(2):278-285.

doi: 10.1007/BF00337722

Wagner GM. Azolla: A review of its biology and utilization.
Bot Rev. 1997;63(1):1-26.

doi: 10.1007/BF02857915

Kumar G, Chander H. Study on the Potential of Azolla
pinnata as livestock Feed Supplement for climate Change
adaptation and Mitigation. Asian J. Adv. Basic Sci.
2017;5(2):65-8.

Katayama N, Yamashita M, Kishida Y, Liu CC, Watanabe I,
Wada H. Azolla as a component of the space diet during
habitation on Mars. Acta Astronaut. 2008;63(7-10):1093-1099.

doi: 10.1016/j.actaastro.2008.01.023

Thajuddin N, Subramanian G. Cyanobacterial biodiversity
and potential applications in biotechnology. Curr Sci.
2005;89:47-57.

Desikachary TV. Cyanophyta. New Delhi: Indian Council of
Agriculture Research; 1959.

Chen YP, Rekha PD, Arun AB, Shen FT, Lai WA, Young CC.
Phosphate solubilizing bacteria from subtropical soil and
their tricalcium phosphate solubilizing abilities. Appl Soil
Ecol. 2006;34(1):33-41.

doi: 10.1016/j.aps0il.2005.12.002

Dorich RA, Nelson DW, Sommers LE. Estimating algal
available phosphorus in suspended sediments by chemical
extraction. | Environ Qual. 1985;14(3):400-405.

doi: 10.2134/jeq1985.00472425001400030018x

Wang W, Liu Y, Li D, Hu C, Rao B. Feasibility of cyanobacterial
inoculation for biological soil crusts formation in desert
area. Soil Biol Biochem. 2009;41(5):926-929.

doi: 10.1016/j.soilbi0.2008.07.001
Kumar U, Kaviraj M, Rout S, et al. Combined effects of

Volume 2 Issue 2 (2025)

doi: 10.36922/eer.7975


https://dx.doi.org/10.36922/eer.7975
http://dx.doi.org/10.29369/ijrbat.2021.01.1.0009
http://dx.doi.org/10.16943/ptinsa/2014/v80i2/55108
http://dx.doi.org/10.1016/B978-0-323-99900-7.00006-7
http://dx.doi.org/10.1016/j.watres.2009.05.038
http://dx.doi.org/10.1007/978-94-009-6201-9_12
http://dx.doi.org/10.1099/ijs.0.02821-0
http://dx.doi.org/10.1201/b14316
http://dx.doi.org/10.1242/jeb.19.1.78
http://dx.doi.org/10.1073/pnas.77.11.6476
http://dx.doi.org/10.1073/pnas.79.22.6782
http://dx.doi.org/10.1111/j.1574-6968.1989.tb03022.x
http://dx.doi.org/10.1007/BF00337722
http://dx.doi.org/10.1007/BF02857915
http://dx.doi.org/10.1016/j.actaastro.2008.01.023
http://dx.doi.org/10.1016/j.apsoil.2005.12.002
http://dx.doi.org/10.2134/jeq1985.00472425001400030018x
http://dx.doi.org/10.1016/j.soilbio.2008.07.001

Explora: Environment
and Resource

Anabaena-Azolla for crops and bioenergy

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

elevated CO, and nitrogen fertilizers on plant physiological
variables in two contrasting Azolla spp. Sci Hortic.
2024;331:113152.

doi: 10.1016/j.scienta.2024.113152

Prasanna R, Sharma E, Sharma P, et al. Soil fertility and
establishment potential of inoculated Cyanobacteria in rice
crop grown under non-flooded conditions. Paddy Water
Environ. 2013;11(1-4):175-183.

doi: 10.1007/510333-011-0302-2

Arora A, Saxena S, Sharma DK. Tolerance and
phytoaccumulation of Chromium by three Azolla species.
World ] Microbiol Biotechnol. 2006;22(2):97-100.

doi: 10.1007/511274-005-9000-9

Siva R, Sureshkumar R, Ashoka Reddy Y, Ravichandran S.
Effect of weeds and their management in transplanted rice-a
review. Int ] Res Appl Nat Soc Sci. 2016;4:165-180.

Adhikari K, Bhandari S, Acharya S. An overview of Azolla in
rice production: A review. Rev Food Agric. 2020;2(1):4-8.

doi: 10.26480/rfna.01.2021.04.08

Pereira AL. The Unique Symbiotic System between a
Fern and a Cyanobacterium, Azolla-Anabaena azollae:
Their Potential as Biofertilizer, Feed, and Remediation. In:
Symbiosis. London: InTechopen; 2018.

doi: 10.5772/intechopen.70466

Van HC, Lejeune A. The Azolla: Anabaena symbiosis.
InBiology and Environment: Proceedings of the Royal Irish
Academy. 2002;102(1):23-26.

doi: 10.3318/BIOE.2002.102.1.23

Pabby A, Prasanna R, Singh PK. Azolla-Anabaena Symbiosis-
from Traditional Agriculture to Biotechnology. Vol. 2; 2003.

Lechno-Yossef S, Nierzwicki-Bauer SA. Azolla-Anabaena
Symbiosis. In: Cyanobacteria in Symbiosis. Kluwer Academic
Publishers; 2002. p. 153-178.

doi: 10.1007/0-306-48005-0_9

Lumpkin TA, Plucknett DL. Azolla: Botany, physiology, and
use as a green manure. Econo Bot. 1980;34:111-153.

Rehman Raja W, John S, Ramteke PW. Azolla: An aquatic
pteridophyte with great potential. Int ] Res Biol Sci.
2012;2(2):68-72.

Guo K, Yang ], Yu N, Luo L, Wang E. Biological nitrogen
fixation in cereal crops: Progress, strategies, and perspectives.
Plant Commun. 2023;4(2):100499.

doi: 10.1016/j.xplc.2022.100499

Bhusal D, Thakur DP. Curry leaf: A review. Rev Food Agric.
2021;2(1):36-38.

doi: 10.26480/rfna.01.2021.36.38

Bagali SS, Shrimant Shridhar B. Review: Nitrogen fixing

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

microorganisms. Int ] Microbiol Res. 2012;3(1):46-52.
doi: 10.5829/idosi.ijmr.2012.3.1.61103

Chandra Roy D. A review on biology, cultivation and
utilization of Azolla. Adv Life Sci. 2016;5:11-15.

Kollmen J, Strieth D. The beneficial effects of cyanobacterial
co-culture on plant growth. Life. 2022;12(2):223.

doi: 10.3390/1ife12020223

Samal KC, Behera L, Sahoo JP. Azolla Biofertilizer-The
Nature’s Miracle Gift for Sustainable Rice Production.
Research Today. 2020;2(9):971-973.

Rascio N, La Rocca N. Biological nitrogen fixation. In:
Encyclopedia of Ecology. Netherlands: Elsevier; 2008.
p. 412-419.

doi: 10.1016/B978-008045405-4.00273-1

Peters GA. Azolla-anabaena symbioses: Basic biology, use,
and prospects for the future. In: Practical Application of
Azolla for Rice Production. Berlin: Springer Netherlands;
1984. p. 1-14.

doi: 10.1007/978-94-009-6201-9_1

Giller KE. Nitrogen fixation in tropical cropping systems.
Cabi; 2001. ISBN 0 85199-417-2.

Reddy PM, James EK, Ladha JK. Nitrogen fixation in rice. In:
Nitrogen Fixation at the Millennium. Netherlands: Elsevier;
2002. p. 421-445.

doi: 10.1016/B978-044450965-9/50015-X

Bhat TA, Ahmad D, Ganai M. Nitrogen fixing biofertilizers;
mechanism and growth promotion: A review. J Pure Appl
Microbiol. 2015;9:1675-1690.

De Vries S, de Vries J. Azolla: A model system for symbiotic
nitrogen fixation and evolutionary developmental biology.
In: Current Advances in Fern Research. Berlin: Springer
International Publishing; 2018. p. 21-46.

doi: 10.1007/978-3-319-75103-0_2

Srivastava R, Kanda T, Yadav S, Mishra R, Atri N.
Cyanobacteria in Rhizosphere: Dynamics, Diversity, and
Symbiosis. Berlin: Springer Singapore; 2021. p. 51-69.

doi: 10.1007/978-981-16-3364-5_4

Terry LM, Li C, Chew JJ, et al. Bio-oil production from
pyrolysis of oil palm biomass and the upgrading technologies:
A review. Carbon Resour Convers. 2021;4:239-250.

doi: 10.1016/j.crcon.2021.10.002

Drugkar K, Rathod W, Sharma T, et al. Advanced separation
strategies for up-gradation of bio-oil into value-added
chemicals: A comprehensive review. Sep Purif Technol.
2022;283:120149.

doi: 10.1016/j.seppur.2021.120149

Pirbazari SM, Norouzi O, Kohansal K, Tavasoli A.

Volume 2 Issue 2 (2025)

doi: 10.36922/eer.7975


https://dx.doi.org/10.36922/eer.7975
http://dx.doi.org/10.1016/j.scienta.2024.113152
http://dx.doi.org/10.1007/s10333-011-0302-2
http://dx.doi.org/10.1007/s11274-005-9000-9
http://dx.doi.org/10.26480/rfna.01.2021.04.08
http://dx.doi.org/10.5772/intechopen.70466
https://dx.doi.org/10.3318/BIOE.2002.102.1.23
http://dx.doi.org/10.1007/0-306-48005-0_9
http://dx.doi.org/10.1016/j.xplc.2022.100499
http://dx.doi.org/10.26480/rfna.01.2021.36.38
http://dx.doi.org/10.5829/idosi.ijmr.2012.3.1.61103
http://dx.doi.org/10.3390/life12020223
http://dx.doi.org/10.1016/B978-008045405-4.00273-1
http://dx.doi.org/10.1007/978-94-009-6201-9_1
http://dx.doi.org/10.1016/B978-044450965-9/50015-X
http://dx.doi.org/10.1007/978-3-319-75103-0_2
http://dx.doi.org/10.1007/978-981-16-3364-5_4
http://dx.doi.org/10.1016/j.crcon.2021.10.002
http://dx.doi.org/10.1016/j.seppur.2021.120149

Explora: Environment
and Resource

Anabaena-Azolla for crops and bioenergy

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Experimental studies on high-quality bio-oil production via
pyrolysis of Azolla by the use of a three metallic/modified
pyrochar catalyst. Bioresour Technol. 2019;291:121802.

doi: 10.1016/j.biortech.2019.121802

Salehzadeh A, Naeemi A, Arasteh A. Biodiesel production
from Azolla filiculoides (water fern). Trop J Pharm Res.
2014;13(6):957.

doi: 10.4314/tjpr.v13i6.19

Narayanasamy B, Jeyakumar N. Performance and emission
analysis of methyl ester of Azolla algae with TiO, Nano
additive for diesel engine. Energy Sources Part A Recov Util
Environ Effects. 2019;41(12):1434-1445.

doi: 10.1080/15567036.2018.1548519

Rehman A, Ma H, Ozturk I, Ulucak R. Sustainable
development and pollution: The effects of CO, emission
on population growth, food production, economic
development, and energy consumption in Pakistan. Environ
Sci Pollut Res. 2022;29(12):17319-17330.

doi: 10.1007/s11356-021-16998-2

Katole SB, Lende SR, Patil SS. A Review on Potential
Livestock Feed: Azolla. Livestock Research International.
2017;5(1):01-09.

Kamaruddin NA, Yusuf NM, Ishak MF, Kamarudin MS.
Study on chemical composition of Azolla filiculoides and
Hydrilla verticillata. ] Agrobiotechnol. 2019;10(1S):68-74.

Kumar A, Babu S, Singh R, Gudade B. Implications and
future prospects of Azolla as a low-cost organic input in
agriculture. Agriculation. 2022;2:1-7.

Kim J, Rees DC. Nitrogenase and biological nitrogen
fixation. Biochemistry. 1994;33(2):389-397.

doi: 10.1021/bi00168a001

Burns RC, Hardy RWE. Nitrogen Fixation in Bacteria and
Higher Plants. Vol. 21. Berlin, Heidelberg: Springer; 1975.

doi: 10.1007/978-3-642-80926-2

Martinez-Argudo I, Little R, Shearer N, Johnson P, Dixon R.
The NifL-NifA system: A multidomain transcriptional
regulatory complex that integrates environmental signals.
J Bacteriol. 2004;186(3):601-610.

doi: 10.1128/]B.186.3.601-610.2004

Magnuson A. Heterocyst thylakoid bioenergetics. Life.
2019;9(1):13.

doi: 10.3390/1ife9010013

Issa AA, Abd-Alla MH, Ohyama T. Nitrogen fixing
cyanobacteria: future prospect. In Advances in biology and
ecology of nitrogen fixation. Intech Open; 2014. p. 23-48.

doi: 10.5772/56995

Gallon JR. Reconciling the incompatible: N, fixation and O,.
New Phytol. 1992;122(4):571-609.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

doi: 10.1111/j.1469-8137.1992.tb00087 x

Kumar K, Mella-Herrera RA, Golden JW. Cyanobacterial
heterocysts.  Cold  Spring  Harbor  Perspect  Biol.
2010;2(4):2000315.

doi: 10.1101/cshperspect.a000315

Meeks JC, Elhai J. Regulation of cellular differentiation
in filamentous Cyanobacteria in free-living and plant-
associated symbiotic growth states. Microbiol Mol Biol Rev.
2002;66(1):94-121.

doi: 10.1128/MMBR.66.1.94-121.2002

Seleiman ME, Elshayb OM, Nada AM, et al. Azolla compost
as an approach for enhancing growth, productivity and
nutrient uptake of Oryza sativa L. Agronomy. 2022;12(2):416.

doi: 10.3390/agronomy12020416

Simarmata T, Prayoga MK, Setiawati MR, Adinata K,
Stober S. Improving the climate resilience of rice farming
in flood-prone areas through Azolla biofertilizer and saline-
tolerant varieties. Sustainability. 2021;13(21):12308.

doi: 10.3390/su132112308

Carrapico F, Teixeira G. Azolla as a biofertiliser in
Africa. A challenge for the future. Rev Cién Agrdrias.
2000;23(3-4):120-138.

Grizeau D, Bui LA, Dupré C, Legrand J. Ammonium photo-
production by heterocytous Cyanobacteria: Potentials and
constraints. Crit Rev Biotechnol. 2016;36(4):607-618.

doi: 10.3109/07388551.2014.1002380

Ashraf M, Harris PJC. Photosynthesis under stressful
environments: An overview. Photosynthetica.
2013;51(2):163-190.

doi: 10.1007/s11099-013-0021-6

Wijayanta AT, Aziz M. Ammonia production from algae via
integrated hydrothermal gasification, chemical looping, N2
production, and NH3 synthesis. Energy. 2019;174:331-338.

doi: 10.1016/j.energy.2019.02.190

Whitton, B.A., Potts, M. (2000). Introduction to the
Cyanobacteria. In: Whitton, B.A., Potts, M. (eds) The
Ecology of Cyanobacteria. Springer, Dordrecht.

doi: 10.1007/0-306-46855-7_1

Rashid H, Krehenbrink M, Akhtar MS. Nitrogen-
Fixing Plant-Microbe Symbioses. Switzerland: Springer
International Publishing; 2015. p. 193-234.

doi: 10.1007/978-3-319-09132-7_4

Bhujel A, Bhujel AK, Rizal GM. Exploring use of Azolla
as the potential livestock feed resources-a review. Bhutan |
Anim Sci. 2022;40-47.

Pratt CF, Constantine K, Wood SV. A century of Azolla
filiculoides biocontrol: The economic value of Stenopelmus
rufinasus to Great Britain. CABI Agric Biosci. 2022;3(1):70.

Volume 2 Issue 2 (2025)

doi: 10.36922/eer.7975


https://dx.doi.org/10.36922/eer.7975
http://dx.doi.org/10.1016/j.biortech.2019.121802
http://dx.doi.org/10.4314/tjpr.v13i6.19
http://dx.doi.org/10.1080/15567036.2018.1548519
http://dx.doi.org/10.1007/s11356-021-16998-2
http://dx.doi.org/10.1021/bi00168a001
http://dx.doi.org/10.1007/978-3-642-80926-2
http://dx.doi.org/10.1128/JB.186.3.601-610.2004
http://dx.doi.org/10.3390/life9010013
https://dx.doi.org/10.5772/56995
http://dx.doi.org/10.1111/j.1469-8137.1992.tb00087.x
http://dx.doi.org/10.1101/cshperspect.a000315
http://dx.doi.org/10.1128/MMBR.66.1.94-121.2002
http://dx.doi.org/10.3390/agronomy12020416
http://dx.doi.org/10.3390/su132112308
http://dx.doi.org/10.3109/07388551.2014.1002380
http://dx.doi.org/10.1007/s11099-013-0021-6
http://dx.doi.org/10.1016/j.energy.2019.02.190
http://dx.doi.org/10.1007/0-306-46855-7_1
http://dx.doi.org/10.1007/978-3-319-09132-7_4

Explora: Environment
and Resource

Anabaena-Azolla for crops and bioenergy

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

doi: 10.1186/s43170-022-00136-0

Korsa G, Alemu D, Ayele A. Azolla plant production and
their potential applications. Int ] Agron. 2024;2024:1-12.

doi: 10.1155/2024/1716440

Kour M, Khan N, Singh R, Mahajan V, Amrutkar SA, Kumar
D. Effect of Azolla (Azolla pinnata) supplementation on milk
yield, composition and economics in crossbred HF cows. Int
J Curr Microbiol Appl Sci. 2020;9(10):2661-2666.

doi: 10.20546/ijcmas.2020.910.320

Van Hove C. Azolla and its multiple uses with emphasis on
Africa, Food and Agricultural Organization, Rome. 1989.

Chandrababu KA, Parvathy U. Water fern-Azolla: A review.
Agric Rev. 2022.

doi: 10.18805/ag.R-2529

Buckingham KW, Ela SW, Morris JG, Goldman CR. Nutritive
value of the nitrogen-fixing aquatic fern Azolla filiculoides.
J Agric Food Chem. 1978;26(5):1230-1234.

doi: 10.1021/jf60219a051

Sanginga N, van Hove C. Amino acid composition of azolla
as affected by strains and population density. Plant Soil.
1989;117(2):263-267.

doi: 10.1007/BF02220720

Anjana D. Amino acid composition of leaf proteins
extracted from some aquatic weeds. | Agric Food Chem.
1993;41(8):1232-1236.

doi: 10.1021/jf00032a013

Fasakin EA. Nutrient quality of leaf protein concentrates
produced from water fern (Azolla africana Desv) and
duckweed (Spirodela polyrrhiza L. Schleiden). Bioresour
Technol. 1999;69(2):185-187.

doi: 10.1016/S0960-8524(98)00123-0

Shiomi N, Kitoh S. Culture of Azolla in a pond, nutrient
composition, and use as fish feed. Soil Sci Plant Nutr.
2001;47(1):27-34.

doi: 10.1080/00380768.2001.10408365

Roy DC, Pakhira MC, Roy AM. Estimation of amino acids,
minerals and other chemical compositions of Azolla. Adv
Life Sci. 2015;5:2692-2696.

Adams DG, Bergman B, Nierzwicki-Bauer SA, Duggan PS,
Rai AN, Schiifiler A. Cyanobacterial-plant symbioses. In:
The Prokaryotes. Berlin, Heidelberg: Springer; 2013. p. 359-
400.

doi: 10.1007/978-3-642-30194-0_17

Miranda AF, Biswas B, Ramkumar N, et al. Aquatic plant
Azolla as the universal feedstock for biofuel production.
Biotechnol Biofuels. 2016;9(1):221.

doi: 10.1186/513068-016-0628-5

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Brouwer P, van der Werf A, Schluepmann H, Reichart
GJ, Nierop KGJ. Lipid yield and composition of Azolla
filiculoides and the implications for biodiesel production.
Bioenergy Res. 2016;9(1):369-377.

doi: 10.1007/s12155-015-9665-3

Golzary A, Hosseini A, Saber M. Azolla filiculoides as a
feedstock for biofuel production: Cultivation condition
optimization. Int ] Energy Water Resour. 2021;5(1):85-94.

doi: 10.1007/s42108-020-00092-3

Arefin MA, Rashid E Islam A. A review of biofuel production
from floating aquatic plants: An emerging source of
bio-renewable energy. Biofuels Bioproducts Biorefining.
2021;15(2):574-591.

doi: 10.1002/bbb.2180

Arora A, Sood A, Singh PK. Hyperaccumulation of
cadmium and nickel by Azolla species. Indian ]. Plant
Physiol. 2004;3:302-304.

Mishra VK, Tripathi BD, Kim KH. Removal and accumulation
of mercury by aquatic macrophytes from an open cast coal
mine effluent. ] Hazard Mater. 2009;172(2-3):749-754.

doi: 10.1016/j.jhazmat.2009.07.059

Rai PK. Microcosm investigation on phytoremediation of Cr
using Azolla pinnata. Int ] Phytoremed. 2009;12(1):96-104.

doi: 10.1080/15226510902767155

Stepniewska Z, Bennicelli RB, Balakhnina TB, Szajnocha K,
Banach A, Wolihska A. Potential of Azolla caroliniana for
the removal of Pb and Cd from wastewaters. Int Agrophys.
2005;19:251-255.

Bennicelli R, Stepniewska Z, Banach A, Szajnocha K,
Ostrowski J. The ability of Azolla caroliniana to remove
heavy metals (Hg(II), Cr(III), Cr(VI)) from municipal waste
water. Chemosphere. 2004;55(1):141-146.

doi: 10.1016/j.chemosphere.2003.11.015

Zhang X, Lin AJ, Zhao FJ, Xu GZ, Duan GL, Zhu YG. Arsenic
accumulation by the aquatic fern Azolla: Comparison of
arsenate uptake, speciation and efflux by A. caroliniana and
A. filiculoides. Environ Pollut. 2008;156(3):1149-1155.

doi: 10.1016/j.envpol.2008.04.002

Dai LP, Xiong ZT, Huang Y, Li MJ. Cadmium-induced
changes in pigments, total phenolics, and phenylalanine
ammonia-lyase activity in fronds of Azolla imbricata.
Environ Toxicol. 2006;21(5):505-512.

doi: 10.1002/tox.20212

Singh RP. Organic fertilizers: Types, production and
environmental impact. Nova Science Publishers; 2012.
ISBN: 978-1-62081-422-2

Backer R, Rokem JS, Ilangumaran G, et al. Plant growth-
promoting Rhizobacteria: Context, mechanisms of action,

Volume 2 Issue 2 (2025)

doi: 10.36922/eer.7975


https://dx.doi.org/10.36922/eer.7975
http://dx.doi.org/10.1186/s43170-022-00136-0
http://dx.doi.org/10.1155/2024/1716440
http://dx.doi.org/10.20546/ijcmas.2020.910.320
http://dx.doi.org/10.18805/ag.R-2529
http://dx.doi.org/10.1021/jf60219a051
http://dx.doi.org/10.1007/BF02220720
http://dx.doi.org/10.1021/jf00032a013
http://dx.doi.org/10.1016/S0960-8524(98)00123-0
http://dx.doi.org/10.1080/00380768.2001.10408365
http://dx.doi.org/10.1007/978-3-642-30194-0_17
http://dx.doi.org/10.1186/s13068-016-0628-5
http://dx.doi.org/10.1007/s12155-015-9665-3
http://dx.doi.org/10.1007/s42108-020-00092-3
http://dx.doi.org/10.1002/bbb.2180
http://dx.doi.org/10.1016/j.jhazmat.2009.07.059
http://dx.doi.org/10.1080/15226510902767155
http://dx.doi.org/10.1016/j.chemosphere.2003.11.015
http://dx.doi.org/10.1016/j.envpol.2008.04.002
http://dx.doi.org/10.1002/tox.20212

Explora: Environment
and Resource

Anabaena-Azolla for crops and bioenergy

108.

109.

110.

111.

112.

and roadmap to commercialization of biostimulants for
sustainable agriculture. Front Plant Sci. 2018;9:1473.

doi: 10.3389/fpls.2018.01473

Ruan R, Zhang Y, Chen P, et al. Biofuels: Introduction. In:
Biofuels: Alternative Feedstocks and Conversion Processes for
the Production of Liquid and Gaseous Biofuels. Netherlands:
Elsevier; 2019. p. 3-43.

doi: 10.1016/B978-0-12-816856-1.00001-4

Agarwal P, Soni R, Kaur P, et al. Cyanobacteria as a promising
alternative for sustainable environment: Synthesis of biofuel
and biodegradable plastics. Front Microbiol. 2022;13:939347.

doi: 10.3389/fmicb.2022.939347

Keasling ], Garcia Martin H, Lee TS, Mukhopadhyay A,
Singer SW, Sundstrom E. Microbial production of advanced
biofuels. Nat Rev Microbiol. 2021;19(11):701-715.

doi: 10.1038/s41579-021-00577-w

Lawan Muhammad U. Biofuels as the starring substitute to
fossil fuels. Petrol Sci Eng. 2018;2(1):44.

doi: 10.11648/j.pse.20180201.17

Mubarak M, Shaija A, Suchithra TV. Optimization of lipid
extraction from Salvinia molesta for biodiesel production
using RSM and its FAME analysis. Environ Sci Pollut Res.

113.

114.

115.

116.

117.

2016;23(14):14047-14055.
doi: 10.1007/s11356-016-6343-8

Pantawong R, Chuanchai A, Thipbunrat P, et al. Experimental
investigation of biogas production from water lettuce, Pistia
stratiotes L. Emer Life Sci Res. 2015;1(2):41-46.

Wasagu RS, Lawal M, Shehu S, Alfa HH, Muhammad C.
Nutritive values, mineral and antioxidant properties of
Pistia stratiotes (Water lettuce). Niger ] Basic Appl Sci.
2014;21(4):253.

doi: 10.4314/njbas.v21i4.2

Luo G, Shi W, Chen X, et al. Hydrothermal conversion of
water lettuce biomass at 473 or 523 K. Biomass Bioenergy.
2011;35(12):4855-4861.

doi: 10.1016/j.biombioe.2011.10.002

Rusoff LL, Blakeney EW, Culley DD. Duckweeds (Lemnaceae
family): A potential source of protein and amino acids.
J Agric Food Chem. 1980;28(4):848-850.

doi: 10.1021/jf60230a040

Mat Aron NS, Khoo KS, Chew KW, Show PL, Chen W,
Nguyen THP. Sustainability of the four generations of
biofuels-A review. Int ] Energy Res. 2020;44(12):9266-9282.

doi: 10.1002/er.5557

Volume 2 Issue 2 (2025)

20

doi: 10.36922/eer.7975


https://dx.doi.org/10.36922/eer.7975
http://dx.doi.org/10.3389/fpls.2018.01473
http://dx.doi.org/10.1016/B978-0-12-816856-1.00001-4
http://dx.doi.org/10.3389/fmicb.2022.939347
http://dx.doi.org/10.1038/s41579-021-00577-w
http://dx.doi.org/10.11648/j.pse.20180201.17
http://dx.doi.org/10.1007/s11356-016-6343-8
http://dx.doi.org/10.4314/njbas.v21i4.2
http://dx.doi.org/10.1016/j.biombioe.2011.10.002
http://dx.doi.org/10.1021/jf60230a040
http://dx.doi.org/10.1002/er.5557



