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25.1 Introduction

Environment is contaminating with pollutants [1–3]. Industrial effluents, mining activity, applica-
tion of fertilizer, use of phytosanitory products, and pharmaceutical waste disposal aremajor source
of pollutants in the environment. The usage of industrial waste water for irrigation also resulted
hazardousmaterial contamination in arable lands. The release of nitrates and phosphates in excess
are a serious environmental concern during farming activities. Accumulation of pollutants such
as hydrocarbons and heavy metals are very common in crop plants grow in contaminated areas.
Hydrocarbons release into environment via dispersion, evaporation, dissolution, adsorption, and
other processes including petroleum combustion [4]. The hydrocarbons can be aliphatic hydro-
carbons, aromatic hydrocarbons, and polycyclic aromatic hydrocarbons. Many of the polycyclic
hydrocarbons namely, benzo anthracene, benzo pyrilene, and benzopyrene are persistent chemi-
cal pollutants in the ecosystem. So these compounds are resistant to environmental degradation
through chemical, biological, and photolytic processes respectively [2].
Hydrocarbons and associated chemicals mainly released into crop lands in the form of pesti-

cides. The release of aldrin, chlordane, dieldrin, endrin, heptachlor, hexachlorobenzene, mirex,
and toxaphene is very common in croplands [5]. These chemicals are applied to control termites,
grasshoppers, corn rootworm, and insect pests. But pesticides such as aldrin are also harmful
to birds, fish, and humans. The accumulation of aldrin in rice grain reported to kill thousands
of shorebirds. The fatal dose of aldrin accumulation in human is about 5 g. The usage of dairy
products and animal meats is one of the major sources of aldrin accumulation in humans. Studies
show that average daily intake of aldrin and its byproduct dieldrin is about 19 μg per person in
India [6]. The food contamination with polychlorinated biphenyls (PCBs) was also a serious health
concern [7]. Rice plants accumulated PCBs in grain. The consumption of rice contains PCBs
resulted pigmentation of nails, swelling of eyelids, nausea, and vomiting. Fertilizer application
had resulted pollution in environment, especially, agriculture fields [8]. The release of nitrate
and phosphate is the major environmental concern in the course of fertilization. Phosphate
fertilizer is very often contaminated with trace elements such as Cd. It reported that Cd levels
in the mono ammonium phosphate fertilizer reach up to 50.9mg kg−1 because the parent rock
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material contain Cd more than 188mgkg−1 [9]. Fluoride and radioactive elements contamination
are also common during the application of fertilizers in arable lands. The toxic effect of fluoride
also disturbs microbial activity in the soil, and hence disturbs soil microbial processes important
for nutrient cycling. The presence of U-238 at the level of 1–67 pCig−1 detected in phosphate
fertilizer [10].
Waste water release from industry and mines contaminated many sites across the globe [11].

The contaminants range from metal ions to various organic compounds such as phenolic acids.
Building up of salinity in arable lands is awell knowndrawback of irrigation. Rice paddies contami-
nated with heavy metals such as Cd because of irrigation using waste water release frommines [3].
The contaminated water bodies had maximum level of 100 μgCdl−1. It reported that Cd tainted
rice result accumulation of about 20–40 μg Cd per day in humans. Rice also found to accumulate
toxic levels of Pb, Cr, Hg, and As that are harmful to human health [12]. The agriculture produces
are also contaminating with pharmaceuticals, hormone regulators, and various agrochemicals in
the course of irrigation [11]. Geogenic contamination of environment is also very common where
ground water use for irrigation. The major geogenic contaminant in arable lands is the metalloid
As [13]. The entry of pollutants in environment is harmful to human health because of mutagenic,
carcinogenic, immunotoxic, and teratogenic effects. Therefore, low cost and ecofriendly methods
are preferred in the remediation of environment.
Phytoremediation use plants to cleanup pollutants from the environment [3]. Plants acquired

hypertolerance to pollutants as a result of adaptive evolution to hostile environment. The pollu-
tants inside the plant body very often detoxified with the help of vacuolar sequestration. Thus, the
plants concentrate toxic material in the plant body, and the pollutants removed during harvest.
Plants that are able to concentrate pollutant more than 1 g kg−1 dry weight utilized for phytore-
mediation [14]. Trace elements such as Cd, Zn, Pb, and Hg are effectively removed from the envi-
ronment using plants. Also, plants secrete low molecular weight organic acids that chelate metal
ions or organic compounds present in the soil. This strategy helps to both immobilize and extract
pollutants present in the environment. Phytodegradation is effective in the removal of organic
contaminants. The carbon based compounds are degraded with the help of enzymes produce in
the plant. The enzymes may secrete into the environment resulting extracellular degradation of
pollutant in the rhizosphere zone [14]. The pollutant entered in the plant body is also subjected
to various enzymatic detoxification with the help of enzymes such as Cytochrome P450. Thus it
is clear that plant based environmental remediation is highly promising for the environmental
cleanup.
Aquatic macrophytes grow as emergent, submergent, or floating plants in water bodies [15].

These plants are well known for rapid multiplication and high biomass productivity over a short
period. A well adapted root system helps efficient nutrient uptake in aquatic macrophytes. Many
aquatic plants live synergetically with microbes such as nitrifying bacteria. This kind of growth
adaptations helps aquatic macrophytes to filter water bodies for the removal of pollutants. The cell
wall contains functional group such as –OH and –COOH that can be utilized for immobilizing
pollutants [3]. Therefore, the biomass of aquatic macophytes are also useful for biosorption and
development of cost-effective adsorbents. Azolla is one of the aquatic macrophyte having potential
for invasive nature [16] (Figure 25.1). This plant grows rapidly with the help of N fixing bacteria
namely, Anabaena. This high biomass yielding plant offers vast opportunities in the remediation
of environmental contaminants. The present chapter discusses the potential of Azolla farming for
the cleanup of pollutants with a focus to boost bioeconomy.
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Figure 25.1 Azolla as a tool for environmental remediation. The plant had high biomass productivity in
nutrient deficient environment and shows invasive nature. The plant can be multiplied in a low cost manner
prior to application in the field. (a) Water storing blocks with soil for inoculation of culture. (b) Addition of
green manure to boost multiplication rate. (c) Azolla culture inoculum. (d) Azolla mat in paddy field.
See color inset section for the color representation of this figure.

25.2 Diversity and Ecological Distribution

The pteridophyte, Azolla is commonly known as mosquito fern, duckweed fern, fairy moss, and
water fern. The genus consisted of two subgenera, EuAzolla and Rhizosperma. EuAzolla char-
acterized by three megaspore floats with septate glochidia whereas nine megaspore floats with
simple glochidia in Rhizosperma [17]. EuAzolla consists of four species including Azolla carolini-
anaWilld., Azolla filiculoides Lam., Azolla mexicana C. Presl. and Azolla microphylla Kaulf. Two
Old World species namely, Azolla pinnata R. Br. and Azolla nilotica Decne ex Mett. present in Rhi-
zosperma. Azolla is a dichotomously branched free floating aquatic fern (Figure 25.2). The shape
of the Indian species is typically triangular measuring about 1.5–3 cm in length, and 1–2 cm in
breadth. The sporophyte of Azolla is distinguishable in to rhizome, leaves, and roots [17]. Rhizome
is profusely branched with dense leaves on the upper surface. The leaves are alternate, imbricate,
and deeply bilobed. The leaves arranged in two rows on rhizome. Each leaf has two lobes namely,
upper (dorsal) and lower (ventral) lobes. Green colored upper lobe had cavity called stoma which
contain cyanophycean alga namely, Anabaena azollae. In contrast, the hyaline lower lobe is thin,
and completely submerged in water to provide buoyancy. Under favorable conditions, the leaves
and rhizomes turn to red because of the accumulation of anthocyanins. The smaller roots arise
from the lower surface of rhizome as singly or cluster.
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Figure 25.2 Life cycle of Azolla showing various developmental stages. The sporophyte had rhizome,
leaves, and roots. Rhizome develop dense leaves contain cyanophycean alga namely, Anabaena azollae on
the upper surface. The relatively short duration of developmental stages allows rapid multiplication of the
plant. See color inset section for the color representation of this figure.

Azolla shows a permanent symbiotic association with heterocystic nitrogen fixing Anabaena
azollae which has high potential to fix atmospheric nitrogen. Along with the cyanobacte-
ria, several genera of bacteria namely Arthrobacter, Corynebacterium, and Agrobacterium
are also associated with this fern [18]. Cyanobacterial filaments are distributed in periph-
eral region of the stoma, and embedded in mucilage with center being gaseous [19]. The
cavity contains about 2000–5000 cyanobacterial cells. There are trichomes protruding in
to the mucilage layer to exchange metabolites with Anabaena azollae. The mucilage con-
sisted of different polysaccharides like glucose, galactose, and fucose, while rhamnose
present in A. pinnata, A. caroliniana, A. filiculoides, and A. rubra. The mucilage cav-
ity bordered with teat cells that mechanically protect the cavity from external ingress,
and escapes of the symbionts [20]. The teat cells can also take as taxonomic key char-
acter, since teat cell projections are only present in EuAzolla and never observed in Rhi-
zosperma [20].
The heterocyst frequency is higher in Azolla associated Anabaena azollae compared to the free

living filaments [21]. About 50–90% of fixed N is delivered by Anabaena to the fern in the form of
ammoniumwhich transfer in to different parts of plant as aminoacids [22]. A considerable decrease
in glutamine synthetase (GS) activity in the Azolla cyanobiont promotes ammonium transport to
the Azolla. In the symbiotic association, the cyanobiont growth synchronized with that of the host
plant. The growth rates of both partners are highest in the apical parts of the fern. At the zero
growth rate of Azolla, cyanobiont cells cease to divide. The reproductive structure in Azolla is het-
erosporous sporocarp. Bothmegasporocarp andmicrosporocarp can easily distinguish in all species
of Azolla (Figure 25.2).
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Azolla species shows maximum growth in summer season followed by the spring season. It can
grow quickly with a doubling time of 2–5 days. About 40–55 kg fresh Azolla can be formed from
8kg inoculums within 15 days in rice plots with 10 cm water column. The plot require nutrient
supplements in the form of 10 kg cow dung and 100 g triple super phosphate in three splits at 4 days
of interval [16] (Figure 25.2). This aquatic fern multiply via both vegetative and sexual methods.
In vegetative method, each branch will develop in to new plants. Azolla had heterosporous life
cycle which includes the production of two types of genetically different spores such as microspore
and megaspore. The spores are produced in the sporangia enclosed in a sporocarp. Microsporo-
carp is larger in size with many microsporangia whereas the smaller megasporangium enclosed
in a megasporocarp with symbiotic cyanobacterium [18]. Germination of spores is influenced by
nitrogen, light, amino acids, sugars, and abscissic acid [23]. The microspore encloses eight sper-
matozoids after metamorphosis (Figure 25.2). Meanwhile, germination of megaspore results in the
development of archegonium with an egg cell. After fertilization, subsequent divisions of zygotic
cell produces the primary organs namely root, stem, and leaf respectively. When air chambers
develop in the first leaf, the embryo will rise to the water surface. Together with the multiplica-
tion of Azolla, the cyanobiont is transferred from one generation to the next through either leaf
lobes or megasporocarps.
The species of Azolla is mainly distributed in fresh water ecosystems of tropical, sub-tropical

and warm temperate regions of the world. Azolla species grows luxuriantly in ditches, fresh water
ponds, and paddy fields [18]. As per the species distribution studies, A. caroliniana occurs in
Eastern North America, Central America, North South America, the Caribbean, Mexica, and
West Indies. A. filiculoides found in South America, Western North America to Alaska, and
Anzali wetland. A. mexicana distributed in northern South America to British Columbia, Western
America, and eastward to Illinois. A. microphylla occurs in South Western America and the
West Indies. A. pinnata distributed over tropical Africa and Southern Africa, South East Asia,
Japan, and Australia. A. nilotica spreads in Central Africa, Upper Nile Sudan, Uganda, Tanzania,
Congo, and Namibia [16, 18]. Among the species, A. pinnata, A. microphylla, and A. caroliniana
are also reported to found in all over the world [19].

25.3 Growth Conditions for Optimal Biomass Productivity

The consumption of primary and secondary macro nutrients have important role in growth and
multiplication of Azolla (Table 25.1). In Azolla, the atmospheric nitrogen can be fixed through
the symbiotic association with the blue green algae, Anabaena, that are present in the leaf
cavity and sporocarp. The biologically fixed nitrogen transfers to tissues of Azolla, and further
utilize for metabolic activities. The N deficiency signals promote the symbiotic N fixation in
Azolla [23]. At the time of Azolla cultivation, a mixture of fertile soil and cow dung spread at the
bottom of the cultivating area. To maintain the better growth and multiplication of Azolla, cow
dung and super phosphate should be added in 10 : 1 ratio once in two weeks. Azolla is a strong
phosphorus accumulator [34]. Supplementation of P gradually enhances the growth rate of this
aquatic fern by catalyzing many biochemical reactions. Recent studies reveal the role of optimum
concentration of P is about 30mg l−1. In contrast, the presence of highest number of heterocyst
cells observed under lower concentration of N and P [35]. The deficiency of both Ca and P
decrease the growth and N content of Azolla. But the deficiency of K andMg has no more effect on
growth [31].
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Table 25.1 Growth responses of Azolla in response to nutrients.

Media/Nutrients in media Response References

Hoagland + [24]
IRRI2 + [25]
IRRI1-Fe10x + [25]
Waste water with less N + [26]
MS + [27]
Urea + [28]
P + [29]
K + [30]
Ca + [31]
Co + [32]
Mo + [33]
Fe + [33]
Mn + [33]
Cu + [33]
NH4

+ − [28]
Nitrite − [29]

+: growth enhancement –: retardation of growth.

Azolla rapidly grows in presence of micronutrients like Fe, Mn, Cu, Co, Zn, B, and Mo [33].
Among these nutrients, Mo and Co enhances the nitrogen fixation capacity of Azolla [33]. Also, it
reported that the species A. caroliniana is able to tolerate excess Mn, and therefore it suggested for
phytoremediation ofMn [36]. Over accumulation of Cu, Co, Pb, and Zn induce toxic effect inAzolla
whereas that of iron and manganese is non-toxic to the plant [37] (Table 25.1). The application of
gibberellic acid or indole acetic acid had synergistic effects on the formation of sporocarps. This
approach significantly increases the biomass production, irrespective of the presence of metabolic
inhibitors viz. dinitrophenol, sodium azide and thiourea [38]. In A. filiculoides, cytokinin found to
enhance rootmeristemdevelopment [39]. Among the amino acids, tryptophan enhances growth, N
fixation, endogenous phytohormone levels, biomass, and doubling time of A. pinnata fronds [40].
Similarly, jasmonic and salicylic acid emphatically influenced on the abundance of cyanobiont [41].
Major abiotic factors influencing growth rate of Azolla are light intensity, temperature, photope-

riod, pH, salinity, and humidity. Insects such as Lepidoptera, Diptera, and Cephalapoda also affect
the growth of Azolla via grazing on the biomass. The optimal light intensity for growth of Azolla
is 15–18 klx. The growth and photosynthesis inhibited at higher light intensities [42]. However,
A. pinnata had maximum growth at 82 klx of sun light. In A. microphylla, the exposure to 75 klx
sunlight increased the growth of symbiont too [43]. The color of Azolla changes in to brownish-red
because of exposure to high light in summer season, and it becomes green during return of shade.
The optimum photoperiod for the growth of Azolla is about 20 hours [16].
Habitually, Azolla prefers a medium that is near to neutrality or acidic. For proper growth, the

optimal pH of medium varies from 4.5 to 7.5 [44]. The pH of the medium from 5 to 8 encourages
the growth and nitrogen fixation in A. pinnata [31]. In case of A. filiculoides, optimum pH range
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is 5–7. Salinity gradually inhibited growth of A. pinnata, A. caroliniana, A. rubra, A. mexicana,
A. microphylla, and A. filiculoides [45]. But, the addition of P in saline water can enhance the
growth of Azolla [46]. A. pinnata can tolerate NaCl at a concentration of 60mM [47]. A. filiculoides
ismore sensitive to high salt concentration thanA. pinnata. Normally, the salt concentrations above
10mMNaCl inhibit the growth ofA. filiculoides.Azolla species growwell at relative humidity level
of 70–75%. The plantbecomes dry and fragile at a relative humidity of less than 70%. Similarly, the
relative humidity higher than 75%negatively influences growth because of low rate of transpiration
and decrease in nutrient uptake respectively [26]. Azolla grows maximum at an optimum temper-
ature range of 18–28 ∘C. Compared to other species, A. pinnata had highest tolerance to extreme
temperature. Species such as A. filiculoides also found to survive under frost conditions [48].
In vitro culture of Azolla is mainly done using tissue culture media or sterile nutrient liquid

media.H40, IRRI1- Fe1x, SH, and IRRI2 are the foremost liquidmedia for culturingAzolla that con-
tainmacronutrients,micronutrients, and iron sources for boosting the growth. InA. filiculoides, the
lowest doubling time, highest relative growth rate, and root formation fostered in IRRI2 medium
compared to IRRI1- Fe1x and H40 media [25]. The explants may be rhizome tip, root, or leaf
for in vitro culture from which the new plants regenerate through direct or indirect organogen-
esis. Callus induction from leaf explants of A. pinnata achieved in modified SH media supple-
mented with indole-3-acetic acid (IAA) (1mg l−1), 1-naphthaleneacetic acid (NAA) (0.5mg l−1),
2,4-dichlorophenoxyacetic acid (2,4-D)(1mg l−1), and 6-benzylaminopurine, benzyl adenine (BAP)
(0.5mg l−1) [27]. Similarly, the half strength Murashige and Skoog (MS) medium with 2.26 μM
2,4-D and 6.6 μM 6-BAP also induce callus from Azolla explants. Transferring onto medium hav-
ing 6.6 μM 6-benzylaminopurin (BA) or IAA causes indirect regeneration of shoots and roots from
Azolla callus. Thus, it is clear that the biomass production in Azolla can be enhanced with manip-
ulation of nutrients and growth conditions.

25.4 Phytoremediation of Water Bodies

Aquatic macrophytes are well known for rhizofilteration because of rapid growth of roots [3]. This
method removes contaminants with the help of absorption and precipitation. The roots of these
plants establish stable contact with polluted water and the roots absorb or chemically transform
contaminants. The absorbed pollutant may either store in roots or translocated to aerial parts. The
plants continuously accumulate pollutants from water until the harvest. This method is success-
fully utilized to filter pollutants from water bodies including ground water, industrial waste water
and solutions containing radio nuclides. The concentration factor is an important concern during
rhizofilteration [49]. This factor represents a ratio of pollutant inside the plant body against pollu-
tant present in the solution. Rhizofilteration method having higher pollutant concentration factor
is preferred for purification of water bodies.Azolla sps had highermetal concentration factorwhich
made them ideal for rhizofiltration of heavy metals (Table 25.2).
The ability to grow in N deficient conditions makes Azolla a candidate plant for rhizofilteration.

This plant found to effectively remove trace metals from water bodies. A. pinnata removed more
than 90% of Hg and Cd from industrial effluents [56]. The plant body contained about 7.4 g Cd
kg−1 dry weight. This study indicated that A. pinnata is a suitable to remove heavy metals from
ash slurry and chlor-alkali effluent. Studies with various strain of Azolla indicated potential of
this plant in the removal of As [60]. The highest level of As found in the fronds of A. caroliniana.
This plant accumulated more than 0.25 g As kg−1 dry biomass. The lowest level of As found in
the fronds of A. filiculoides where the concentration of As was less than 0.06 g As kg−1 dry weight.
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Table 25.2 Phytoremediation capability of Azolla.

Pollutant Accumulation References

Pyrocatechol 5mg/0.9 g fwt [50]
Rhodamine B 10mg/0.4 g fwt [51]
Atrazin 18 μg/1 g fwt [52]
Ethyl-benzenes 5mg/0.1 g fwt [53]
CH4 58 kg/ha land [54]
N 60 kg/ha land [55]
Cd 75mg/Kg dwt [56]
Zn 31mg/Kg dwt [57]
Ni 41mg/Kg dwt [57]
Pb 9mg/Kg dwt [58]
As 28mg/Kg dwt [59]
Hg 70mg/Kg dwt [56]

fwt - fresh weight, dwt - dry weight ha-hectare.

But A. filiculoides found to accumulate higher levels of Cd, Cr, Cu, and Zn ranging from a
concentration of 1000–10 000 ppm [57]. This species also found to accumulate more than 1.8% Pb
in biomass. Studies show that species of Azolla such as A. microphylla, A. filiculoides, A. pinnata,
and A. microphylla, had bioconcentration factor greater than 90% for Pb2+, Cu2+, Mn2+, and Zn2+
respectively [61]. Mercury is a well known pollutant which undergoes phytovolatilization [62].
Therefore, chemical transformation of Hg is essential for efficient phytoremediation. Generally,
Hg transformed to methyl mercury which later transform to ionic (Hg2+) and elemental (Hg0)
forms. The accumulation of Hg in A. caroliniana reported to be greater than 800mg kg−1 dry
matter [63]. This species also found to accumulate significant amount of Cr, Cd, and Pb. Therefore,
A. caroliniana can be utilized for cleaningmunicipal wastewater. Themetal accumulation capacity
of Azolla species found to be influenced by physiochemical properties of the solution such as
the presence of diverse metal ions. For example the accumulation of Pb found to decrease in
A. pinnata when there was excess Zn ion in the solution [37].
Several studies comparedmetal accumulation capacity ofAzolla plantswith other aquaticmacro-

phytes. It reported that Azolla sps efficiently removed Hg from aquatic habitats compared with
Vallisneria plants [64]. But the ability to accumulate Hg was lower compared to Pistia and Eich-
hornia. However, a direct comparison between aquatic macrophytes for metal accumulation is not
feasible because of difference in both initial metal ion concentrations in the solution and amount
of biomass used to start the culture. The metal accumulation capacity of Azolla sps also found to
vary with metal ions. Azolla plants had high affinity to accumulate Ni. It reported that A. filicu-
loides accumulate Ni more than 28mg kg−1 [65]. Also, order of metal accumulation in A. pinnata
reported as Ni> Zn> Co = Cd > Cu > Pb> Cr [65]. The higher Ni accumulation capacity could be
the outcome of relatively low toxicity of Ni unlike other heavy metals such as Cd and Pb.
Azolla found to effectively mitigate CO2 from the atmosphere as well as water bodies. It reported

that Azolla can fix 1.86 t CO2 ha−1 within 1 year period [55]. The release of NH3 is very common in
fresh water lakes and rivers. The nitrogen rich fertilizer, livestock waste, household cleaning prod-
ucts, atmospheric deposition, and sewage treatment plants contribute formation NH3 in water.
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Ammonia found in water as NH4+ ion which is a weak base. An elevated level of NH3 causes
toxicity in fish via disturbing pH balance and gas exchange. The lethal concentration of NH3 in
water is 0.2–2mg l−1. But Azolla plants found to effectively absorb NH3 from water bodies [55]. It
estimated that Azolla can fix about 30–60 kg N ha−1. Studies pointed that A. pinnata remove NH3
from solution at a faster rate than Eichhornia crassipes. It found that growth ofAzolla removemore
than 5mg l−1 NH3 from lake water [55]. This study also revealed that combination of Azolla and
Eichhornia effectively remove phosphatewhich is a potential agent of eutrophication in freshwater.
The emission of CH4 which is a greenhouse gas in flooded rice paddy system decreased more than
40% after cropping with Azolla [54]. It also found that the growth of Azolla stimulate oxidation of
CH4 in rice paddies because of creation of oxygen rich conditions in standing water. The presence
of cyanobacteria had a critical role in the release of oxygen which build oxidation environment in
the water. However, it must be noted that the presence N and C content in the soil is the key reg-
ulatory factor for CH4 efflux during co cultivation of Azolla in rice paddies. The formation of N2O
which is also a greenhouse gas occurs in rice paddies because of the microbial transformation of
nitrogen present in soils andmanures [66]. The efficient N utilization capacity ofAzolla also found
useful to decrease N2O emission from wet arable lands [66].
Hydrocarbon polluting sites are often N limited. The presence of Azolla not only increase N

but also enhance microbial growth. The bioremediation capacity of Azolla on petroleum prod-
ucts found to depend on both bioaugmentation – enhanced degradation of pollutants with help of
microbes and biostimulation – the improvement of physico-chemical conditions of the plot. A study
conducted on diesel contaminated site revealed that Azolla significantly decrease the contaminant
in 16weeks with the help of microbes [67]. The amount of xylenes and ethyl-benzenes lowered
about 100 times in the presence of Azolla culture. The growth of bacteria consortium with genes
of A. pinnata decreased aromatic compounds up to 50% during growth on 4% diesel containing
mineral medium [53].
Azolla also exhibited a notable ability to remove herbicides, pesticides, pharmaceutical waste

products, and dyes. A. caroliniana grow in 10 ppm atrazine contaminated solution had accumu-
lated about 18 μg of this compound per g fresh biomass [52]. Studies show that A. microphylla
tolerate exposure to organochlorine insecticide – Endosulfan, and organophosphate insecticide –
Monocrotophos. Tolerance to these pesticides achieved with the help of antioxidant enzymes
and accumulation of proline, respectively [68]. Pyrocatechol use as a precursor chemical in
pharmaceutical and perfume industry. Growth of A. filiculoides helped to remove more than 90%
of this compound from 5 ppm pyrocatechol solution [50]. A. pinnata accumulated more than 75%
of rhodamine B from aqueous solution contain 10 ppm of dye [51]. The pH of the solution found
to influence accumulation of rhodamine B where maximum phytoremediation capacity observed
at pH3. Also, A. pinnata reported to effectively remove malachite green and methyl violet 2B dyes
fromaqueous solutions [69, 70]. The efficacy of removalwas dependent ondosagewhere concentra-
tion of 15 ppmmalachite green and 20 ppmmethyl violet 2B found to be ideal for phytoremediation.
Thus, it is clear that Azolla is a highly promising plant for the phytoremediation of water bodies.

25.5 Prospects in Sustainable Remediation and Bioeconomy

Sustainable remediation practices maximize the utility of a system for human health and envi-
ronment [71]. This approach assesses impact of remediation on society, environment, and the
economy. Apart from reduction of harmful impact on environment, the safety of community is
focused in sustainable practices. The concept tries tominimize usage of petrochemical based energy



Trim Size: 178mm x 254mm Single Column Prasad670360 c25.tex V1 - 04/26/2021 9:11pm Page 526�

� �

�

526 25 Azolla Farming for Sustainable Environmental Remediation
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Figure 25.3 Sustainability of Azolla farming. The cultivation of Azolla bring socio-economical development
in rural area because of potential to generate value added products such as compost and job opportunities.
(a) Azolla growth ponds. (b) Facile seeding of Azolla in fields. (c) Azolla intercropped in rice paddies.
(d) Washing of Azolla biomass for composting. (e) Inoculation of Azolla biomass in compost pits. (f). Azolla
vermicompost. See color inset section for the color representation of this figure.

whereas maximize that of renewable energy [71]. There is higher demand for reuse, and recycle
materials and waste in the course of sustainable remediation. Azolla plants widely applied for fer-
tilizermanagement in rice paddies [3] (Figure 25.3). The ability to concentrate nitrogen in nitrogen
deficient condition made this plant as an alternative of N fertilizer [19]. The lowland rice reported
as ideal for application of Azolla because both the plants require flooded habitat. Azolla can be
grown as monocrop or intercrop with rice. Monocropmethod practices prior to rice culture. In this
method, the biomass acts as a source of fertilizer in the field. But additional economy comes to
attention when Azolla grow as an intercrop. So it is clear that sustainable remediation using Azolla
can be performed both field and biomass based approaches.
Economy of handlingAzolla culture is an important aspect when in use for environmental reme-

diation. Large scale cultivation of Azolla practice using green manure such as cowdung [72]. Min-
eral salts are used when Azolla grown for biomass which can be converted to fodder and compost.
Magnesium sulfate, murate of potash, and superphosphate are common salts used in large scale
Azolla farming [72]. All the expenditure including labor for the production of 1 kg Azolla biomass
is less than 1 US $in developing countries such as India (Table 25.3). Therefore, the utilization of
Azolla biomass in sustainable remediation programs had tremendous scope. However, the draw-
back is that co culturing of Azolla with crop plants can only be practical under submerged condi-
tions. Secondly, the short life span and dissolution of metal ions from dead colonies restrict usage
of Azolla in phytoremediation.
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Table 25.3 Bioeconomics of Azolla farming.

Manure/fertilizer expenditure Expenditure (INR)

90 kg cow dung (Rs 1 for kg−1) 90
250 g Magnesium sulphate (Rs 20 kg−1) 5
100 g Murate of potash (Rs 50 kg−1) 5
2 kg Super phospahte (Rs 10 kg−1) 20
2 kg Mineral mixture (Rs 30 kg−1) 60
4.45 sq.m silpalin sheet 800
Bricks 30 nos 300
Labor 12 per year @ Rs 600 per day 7200
Total expenditure per year 8480
Azolla production Cost (INR)
Compost 100 kg/tank for 2 kg per day /
tank (350 days 700 kg)

500

Expenditure for 700 kg of Azolla f.wt. 8000
Azolla production cost per kg 11

Azolla very often intercropped with rice plants where the introduction of the plant helped to
decrease the usage of nitrogen fertilizer [73]. Crop plants utilizes the ammonium either leaching
from living Azolla plants or release during decomposition of biomass [74]. Also, Azolla intercrop-
ping help to increase the utilization of N in the field via trapping excess NH3 release from the
fertilizer. Secondly, intercropping with Azolla prevents growth of algae in the field because it acts
as a physical barrier of sunlight. Thus growth of Azolla in paddy field prevents increase of soil
pH and microbial process due to algal growth. The presence of Azolla also helps to decrease the
temperature of the field up to 5% which is a critical factor affecting crop yield in tropics [75]. It
estimated that two unit of petroleum required for the production of one unit of nitrogen fertilizer.
This is because the production of 1 kg nitrogen fertilizer requires minimum energy of 50MJ [76].
But Azolla plants can fix 30–60 kg N ha−1 in 30 days [77]. So the usage of Azolla in farming system
helps to boost economy via decreasing the usage of synthetic nitrogen fertilizer. Synthetic fertilizer
also had expenses during synthetic and transportation processes. Dry biomass of Azolla contains
25–35% protein, 10–15% minerals, and 7–10% amino acids, bioactive substances, and biopolymers.
So besides nitrogen,Azolla co culturing helps to provideminerals such as phosphorus, amino acids,
and vitamins essential for crop growth. Also, the growth of Azolla oxygenates rhizosphere of crop
plants under submerged conditions.
Biomass conversion to green manure, fodder, biodiesel, and biosorbing agents ensure sustain-

able environmental applications and bioeconomy with Azolla farming (Figure 25.4). Soil physico-
chemical properties such as porosity and specific gravity of soil improved after mixing with Azolla
manure [78]. It also reported that the addition of fresh biomass of Azolla at the rate of 20 kg ha−1
increased water holding capacity, organic carbon, ammonium-N, nitrate-N, and its available P, K,
Ca, andMg in the banana field [54]. Dry biomass ofAzolla contains 3.32%N, 1.64%Ca, 2.71%K, and
0.34% P respectively. So the usage of Azolla biomass as green manure helps to replenish macronu-
trient deficiency in agriculture fields. Study pointed that Azollamanure treatment increases grain
yield in rice more than 25% compared with urea [79]. Azolla manure also reported to increase
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(a) (b) (c)

(d) (e) (f)

Figure 25.4 Bioeconomic potential of Azolla farming. The plant biomass can be used for the generation of
value added products such as compost, fodder, biosorbents, and biofuels. The proteinaceous nature of Azolla
biomass makes it as an ideal fodder. (a) Maintenance of Azolla culture in nursery. (b). Manual separation of
Azolla harvested from field. (c,d) Azolla feeding in pigs. (e,f) Azolla use as a fodder for cows. See color inset
section for the color representation of this figure.

yield of wheat, mungbeans, banana, and colocasia [54]. Azolla can use as mulch and compost. The
preparation of compost can be done after mixing with rice straw. It is noteworthy that the usages
of Azolla not only increase fertilizer use efficiency in the field but also prevent water pollution.
Azolla can serve as fodder for animal husbandry. The plant is enriched with 17–28% protein,

and contains amino acids, vitamins, and trace minerals. Dry Azolla flakes are used as poultry feed
whereas green biomass utilize as feed in pisciculture. Azolla can grow in situ in the fish rearing
ponds [19]. Simply, a part of the pond is earmarked for inoculums, and a barrier is made using rope
made of floating objects such as straw.Azolla slowly release to pond by lifting the rope after the for-
mation of mats. Azolla plots help farmers to cater fodder when there is scarcity of grass especially
during summer seasons.Azolla silage is preferred as fodder for pigs and cows (Figure 25.4). The fer-
mentation and the storage processes help to lower moisture content as well as increase nutritional
value of silage. Azolla silage is usually supplemented with regular feed of the animal.
Biosorption helps to remove toxic material from aqueous media. The biomass of Azolla found

to efficiently biosorb heavy metals such as Pb, Cd, Cu, and Zn [80]. The optimum uptake range
of metal ions was 50–228mg g−1 dry weight. Chemically modified form of A. filiculoides namely,
ferrocyanide Azolla sorbents type 1 found to effectively remove Cs and Sr from solution [81]. This
study points pretreatments help to increase pollutant binding capacity of cell wall of Azolla. The
biomass of Azolla was very effective to remove chemical oxygen demand and polyphenols from
olive mill waste water [82]. The biomass packed in to Imhoff cones and columns to remove the
pollutants. The biofilter was able to remove up to 4000 ppm polyphenol in the waste water.
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The higher biomass productivity made Azolla as a potent plant for biodiesel production. This
plant found to have sufficient levels of cellulose/hemicellulose, starch, and lipids, resembling com-
binations of terrestrial bioenergy crops and microalgae used for biodiesel production [83]. Among
various species, A. filiculoides and A. pinnata reported as ideal bioenergy crop. Hydrothermal liq-
uefaction allows maximum production of 20.2 t ha−1 of bio-oil and 48 t ha−1 of biochar from Azolla
in an year [84]. The ethanol production from A. filiculoides, 11.7× 103 l ha−1 in an year, found to
be close to that from corn stover (13.3× 103 l ha−1 in an year), but higher than from miscanthus
(2.3× 103 l ha−1 in an year) and woody plants, such as poplar (1.3× 103 l ha−1 in an year) [84]. Fer-
mentation ofAzolla biomass generates 2.2molmol−1 glucose or xylose of hydrogenwith a highC/N
ratio. Therefore, Azolla is a competitive feedstock for hydrogen production compared to biodiesel
producing crops such as Jatropha. So it is clear that Azolla farming is highly promising with regard
to minimizing greenhouse gas mitigation, development of economy, and employment opportuni-
ties, respectively.

25.6 Outlook

Azolla farming plays an important role in environmental remediation. The species diversity and
adaptability to grow under low nitrogen environment are key characteristics that make Azolla
ideal for application in environmental remediation. The plant is able to produce large amount
of biomass in a short interval of time. Aquatic habitat allows usage of this plant in the cleanup
of waste water. The plant accumulate significant amount of heavy metals and carbon compounds
that are toxic. The fresh as well as dry biomass of the plant is very useful for making biosorbents,
compost, fodder, and biofuel. There is tremendous scope for biomass of this plant for usage in phy-
toremediation which in turn boost bioeconomy. The optimal culture conditions of Azolla against
various pollutants need to be standardized. The development of value added products from Azolla
farming that are useful for sustainable environmental remediationmust be in focus. The integrated
Azolla farming based remediation strategies not only boost bioeconomy but also ensure sustainable
environmental remediation.
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