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I. Abstract

The Azolla-Anabaena symbiosis is outstanding due to its high productivity combined
with its ability to fix nitrogen at high rates. Because of this, in recent decades, countless
studies have been conducted on this association, but with insufficient synthesis and
coordination. This paper, therefore, attempts to review and synthesize past and recent
findings concerning the biology and utilization of Azolla in hopes that this will facilitate
increased future collaborative research on this “green gold mine.” It reviews the taxonomy,
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distribution, morphology, physiology, and reproduction of Azolla as well as new develop-
ments in its manifold uses.

Because of the growing concern about conservation of the environment and the need
for deploying renewable, sustainable resources; the application of Azolla as a biofertilizer
on agricultural crops, in order to provide a natural source of the crucial nutrient nitrogen,
can be very beneficial to the future of our planet. Besides the environmental appropriate-
ness of the use of Azolla, for multitudes of farmers in many parts of the world who cannot
afford chemical fertilizers, Azolla application can enhance their economic status, increas-
ing yields while minimizing costs. Due to the fact that rice paddy fields form an ideal
environment for Azolla, one of its most suitable applications is on rice.

Besides its utilization as a biofertilizer on a variety of crops, Azolla can be used as an
animal feed, a human food, a medicine, and a water purifier. It may also be used for the
production of hydrogen fuel, the production of biogas, the control of weeds, the control
of mosquitoes, and the reduction of ammonia volatilization which accompanies the
application of chemical nitrogen fertilizer.

Résumé

Une haute productivité associée avec une capacité 2 fixer 1’azote atmosphérique
démontre I’importance de la symbiose entre Azolla et Anabaena. Ce fait fut responsable
des multiples études conduites et de I’intérét porté a cette association durant les dernitres
décénnies. Mais il semblerait qu'une synthése ainsi qu’une coordination entre ces dif-
férentes entreprises soient manquantes. L’article présenté ici tente de rassembler et
synthetiser les résultats accumulés sur la biologie et I' utilsation possible d’Azolla, tout en
espérant ainsi faciliter la collaboration future entre chercheurs investigant cette “mine d’or
vert.” La taxonomie, la distribution, la morphologie, la physiologie et la reproduction
d’Azolla seront couverts, ainsi que ses potentiels multiples usages.

De plus en plus, la conservation de I’environnement et le besoin d’employer des
ressources renouvelables de manidre 2 assurer leur usage continu, sont des priorités
importantes. L'utilisation d’Azolla en tant qu’engrais vert pour I’agriculture, dans le but
de fournir de 1’azote, élément crucial du cycle nutritionel, pourrait offrir une alternative
bénéfique pour le future de notre plandte. Azolla peut étre utilisée par des agriculteurs
n’ayant pas les moyens d’employer des engrais chimiques, un peu partout dans le monds,
de manigre responsable pour le bien de I’environnement. Son application ameliorerait
leurs revenus de part son impact sur 1’accroissement des rendements tout en minimalisant
le cofit de production. Un des exemples les plus convaincant est son utilisation pour la
culture du riz, etant donné que les champs de riz représentent un environnement idéal pour
Azolla.

Outre son emploi en tant qu’engrais vert pour différentes productions agricoles, Azolla
peut aussi trés bien étre utilisée en tant que nourriture pour les productions animaliéres,
pour la consommation humaine, comme composant pharmaceutique, ou étre utilisée dans
un processus de purification de ’eau. Son emploi peut aussi inclure la production
d’hydrogéne en tant que combustible, la production de biogaz, le controle de plantes non
desirées, le controle des moustiques, ou participer a la réduction d’émission d’azote lors
de I’épandage d’engrais chimiques.
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I1. Introduction

Azolla~Anabaena is a symbiotic complex in which the endophytic blue-green alga
Anabaena azollae Strasburger lives within the leaf cavities of the water fern Azolla Lam.
The endosymbiont, which is nitrogen-fixing, provides sufficient nitrogen for both itself
and its host (Peters, 1978). The fern, on the other hand, provides a protected environment
for the alga and also supplies it with a fixed carbon source (Peters, 1976; Van Hove, 1989).

There is a wealth of literature on the Azolla-Anabaena association. In the 1970s and
1980s, besides the publishing of a vast number of research papers, there were several
extensive reviews written on Azolla and its uses (Peters, 1977; Lumpkin & Plucknett,
1980, 1982; Watanabe, 1982; Van Hove, 1989). Shi and Hall (1988) gave an historical
perspective on Azolla and reviewed the nature of its symbiosis and energy metabolism.
Numerous research papers have also been written in the 1990s. However, there has been
no recent review synthesizing new findings on the biology of Azolla and new develop-
ments in its manifold uses.

Of the many uses of Azolla described in this paper, the most outstanding is its
application as a biofertilizer in agricultural production due to its ability to fix nitrogen at
high rates. Because of the growing and highly justified concern about conservation of the
environment and the need for deploying renewable, sustainable resources in every avenue
of man’s endeavors, one of the most relevant of which is agriculture, applying Azolla to
crops as a natural source of the crucial nutrient nitrogen can be very beneficial to the future
of our planet. Besides the environmental appropriateness of the use of Azolla, for
multitudes of farmers in many parts of the world who cannot afford chemical fertilizers,
Azolla application can enhance their economic status, increasing yields while minimizing
costs.

However, the best techniques of application need to be determined—often they vary
from one environmental situation to another—and such techniques need to be conveyed
in an effective way to the users, i.e., the farmers. Despite the vast number of investigations
that have been conducted over the past decades, further research is required in order to
capitalize on this important natural resource, particularly research springing from a
synthesis of knowledge and having a collaborative approach.

This paper, therefore, attempts to review and synthesize past and recent findings
concerning the biology and utilization of Azolla-Anabaena in hopes that this will facilitate
future collaborative research on this “green gold mine.”

II1. Taxonomy

The genus Azolla Lam. (established by Lamarck in 1783) belongs to the Salviniales.
Previously, the most widely accepted view was that Azolla belonged to the family
Salviniaceae and consisted of two subgenera and six living species (Lumpkin & Plucknett,
1980). The subgenus Euazolla, characterized by three megaspore floats and septate
glochidia, included four species: A. filiculoides Lam., A. caroliniana Willd., A, micro-
phylila Kaulf., and A. mexicana Presl. The subgenus Rhizosperma, characterized by nine
megaspore floats, included two species: A. pinnata R. Br., with simple glochidia, and A.
nilotica Decne., with no glochidia.

Tan et al. (1986) advocated that Azolla should not be placed in the same family as the
genus Salvania but, rather, should be placed in a separate family, the Azollaceae. They
recognized the same subgenera (they called them sections), as did earlier taxonomists,
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stating that sect. Rhizosperma is characterized by the presence of papillae all over the
vegetative body, the presence of nine megaspore floats, and the presence of simple
glochidia; whereas sect. Azolla (or Euazolla) is characterized by the possession of papillae
only on the leaves and some branches, the presence of three megaspore floats, and the
presence of well-developed, septate glochidia with terminal anchor-like structures. They
recognized the same six species within these sections as did Lumpkin and Plucknett
(1980). Although another species, A. rubra R. Br., has been added by some taxonomists
to sect. Azolla, they preferred to regard it as a variety of A. filiculoides. A new charac-
teristic they found useful in taxonomy was the type of float morphology such as the smooth
type and the “punctured” type.

There have been some recent developments in the taxonomy of Azolla. Saunders and
Fowler (1992) revised the taxonomy of sect. Rhizosperma based on multivariate statistical
analyses of ultrastructural, gross morphological, and anatomical characteristics. They
more clearly delimited the characteristics of A. pinnata and A. nilotica. They named and
described three distinct subspecies of A. pinnata, namely, subsp. pinnata, subsp. asiatica
subsp. nov., and subsp. africana stat.

Saunders and Fowler (1993) suggest major revision of the supraspecific taxonomy of
gen. Azolla on the basis of a review of published morphological data and their own studies
involving cytological and cladistic analyses. They, like Tan et al. (1986), suggest that it is
more appropriate to place Azolla in the monotypic family Azollaceae. They propose that
both subgenera and sections should be used in the supraspecific taxonomy of Azolla, with
subg. Azolla being divided into two sections. Section Azolla should include five species
(A. filiculoides Lam., A. rubra R. Br., A. mexicana Presl, A. caroliniana auct. non Willd.,
and A. microphylla auct. non Kaulf.). Section Rhizosperma should contain only A. pinnata
R. Br. Moreover, they propose that A. nilotica Decne. ex Mett. be placed in a new
subgenus, Zetrasporocarpia. They justify this separation of A. nilotica into its own
subgenus on the bases that it has the unique habit of producing sporocarps in fours, that
it has a chromosome number of 2n = 52 (whereas A. pinnata has 2n = 44 like the species
of sect. Azolla), and that it is evolutionarily more distant from the species of sect. Azolla
than is A. pinnata.

IV. Distribution

Azolla occurs in freshwater habitats in tropical, subtropical, and warm-temperate
regions throughout the world. Prior to intervention by man, A. caroliniana was distributed
in eastern North America and the Caribbean, A. filiculoides in the Americas from southern
South America through western North America to Alaska, A. microphylla in tropical and
subtropical America, A. mexicana in the Americas from northern South America through
western North America, A. nilotica in East Africa from Sudan to Mozambique, and A.
pinnata in most of Asia and the coast of tropical Africa (Sculthorpe, 1967; Lumpkin &
Plucknett, 1980; Watanabe, 1982; Van Hove, 1989). In Tanzania, A. pinnata var. africana
and A. nilotica were reported to be found in Lakes Victoria, Tanganyika, and Nyasa by
Rendle (1907 in Mshigeni, 1982), Van Meel (1952 in Mshigeni, 1982), Demalsy (1953 in
Lumpkin & Plucknett, 1980), and Demaret (1955 in Mshigeni, 1982). Azolla nilotica is
also found in Dar es Salaam Region (Wagner, 1983, 1988, 1992).
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V. Morphology

The Azolla macrophyte, called a frond, ranges from 1 cm to 2.5 cm in length in species
such as A. pinnata and to 15 cm or more in the largest species, A. nilotica. It consists of
a main rhizome, branching into secondary rhizomes, all of which bear small leaves
alternately arranged. Unbranched, adventitious roots hang down into the water from nodes
on the ventral surfaces of the rhizomes. The roots absorb nutrients directly from the water,
though in very shallow water they may touch the soil, deriving nutrients from it. Each leaf
consists of two lobes: an aerial dorsal lobe, which is chlorophyllous, and a partially
submerged ventral lobe, which is colorless and cup-shaped and provides buoyancy. Each
dorsal lobe contains a leaf cavity which houses the symbiotic Anabaena azollae (Peters,
1977; Lumpkin & Plucknett, 1980).

The interior surface of each leaf cavity is lined with an envelope (Peters, 1976) and
covered by a mucilaginous layer of unknown composition which is embedded with
filaments of A. azollae and permeated by multicellular transfer hairs (Shi & Hall, 1988).
It has been shown that the mucilage is produced by the symbiont (Robins et al., 1986).

The blue-green alga Anabaena azollae consists of unbranched trichomes containing
bead-like, heavily pigmented vegetative cells, approximately 6 um in diameter and 10 pm
in length (Van Hove, 1989), and lightly pigmented, intercalary heterocysts which are
slightly larger and have thicker cell walls. In very young leaves, trichomes lack hetero-
cysts. Heterocysts gradually increase in frequency until they comprise 30~40% of the algal
cells (Van Hove, 1989). According to Hill (1977), heterocyst frequency reaches a maxi-
mum of about 30% of the cells in the 15th leaf from the apex. Mature trichomes also
contain spores called akinetes. According to Peters (1975), trichomes, on average, consist
of 60.9% vegetative cells, 23.1% heterocysts, and 16% akinetes.

No other algal species exists in the leaf cavities of the fern. However, small populations
of non-nitrogen-fixing (Peters, 1977) bacteria do occur, such as Pseudomonas and Azoto-
bacter (Bottomley, 1920; Shi & Hall, 1988) as well as Arthrobacter (Van Hove, 1989;
Carrapico, 1991).

VI. Physiology

Physiologically, Azolla-Anabaena is outstanding because of its high productivity
combined with its ability to fix nitrogen at substantial rates. It is capable of photosynthe-
sizing at rates higher than most C4 plants since the variety of light-harvesting pigments
contained in the two partners are complementary and can capture a wide range of
wavelengths of light (Shi & Hall, 1988). Watanabe et al. (1977), conducting research at
the International Rice Research Institute in the Philippines, have shown in laboratory
studies that Azolla can double its mass in 3-5 days, growing in nitrogen-free solution, and
can accumulate 30-40 kg N ha™ in two weeks. In a rice paddy, five crops of Azolla were
grown consecutively, producing 117 kg N ha™ in 106 days. Under ideal conditions of light
and temperature, Peters et al. (1980 in Watanabe, 1982) obtained doubling times of 2.0
days or less for A. filiculoides, A. caroliniana, A. mexicana, and A. pinnata.

The maximum biomass attained by Azolla spp., as reported by various researchers, is
3190 kg dry weight ha™' for A. caroliniana and ranges from 640 to 2170 kg ha™ for A.
pinnata, from 830 to 1100 kg ha™" for A. mexicana, and from 1700 to 5200 kg ha™' for A.
filiculoides (Watanabe, 1982).
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There have been relatively few studies on Azolla nilotica in comparison with other
Azolla species. However, Wagner (1996), conducting experiments in outdoor cement
tanks, found that A. nilotica showed growth rates of from 25 to 90 g m™2 day™' and attained
a maximum biomass of 2.9 kg m™, This very high maximum biomass, in comparison with
other species, is due to its large frond size and the tendency for its apices to extend
vertically upwards. The shortest doubling time attained by A. nilotica was 2.0 days.

The reported rates of nitrogen fixation vary greatly. Becking (1979), examining the
reports of many researchers working on various species of Azolla in various parts of the
world, found that rates (in terms of ethylene production} ranged from about 20 to 200
pmol CzHs g™! dry weight hour™. Watanabe (1982) reported rates of 1.0-3.6 kg N ha™
day™’. In Indonesia, Azolla was found to fix 100-150 kg N ha™ year™ (National Academy
of Sciences, 1979). Wagner (1996) found rates of 116-695 nmol C2Hs4 g™ fresh weight
hour™! for A. nilotica.

Among types of organisms that fix nitrogen, symbiotic systems (e.g., legumes and
Azolla—Anabaena) have the highest rates per unit area, followed by free-living blue-green
algae, and then heterotrophic bacteria (Watanabe, 1985). Generally, Azolla-Anabaena is
capable of fixing nitrogen at higher rates than legumes. Typical rates are approximately
400 kg N ha™ year™ for the latter as compared to 1100 kg N ha™ year™ for the former
(Hall et al., 1995).

The nitrogen-fixing activity of the association is performed entirely by the symbiont,
Anabaena azollae. Alga-free fronds are incapable of fixing nitrogen (Peters, 1977). In
experiments performed on A. azollae isolated from the fern, it has been shown that about
one-half of the nitrogen fixed by the alga is excreted as ammonium ion. In the intact
association, the ammonium ions are assimilated by the enzyme glutamine synthetase,
found within the fern, and converted to amino acids (Peters et al., 1977 in Watanabe, 1982).
It appears that transfer hairs in the leaf cavities of Azolla play a role in the transport of
ammonium ions to the cells of the host (Watanabe, 1982; Van Hove, 1989). The nitrogen
incorporated into the Azolla~Anabaena complex is released into the medium upon min-
eralization (Watanabe et al., 1977).

The nitrogen-fixing ability of each leaf of Azolla, because it is a function of the
heterocyst frequency of the symbiont it houses (Watanabe, 1982), varies with leaf
maturity.

The relationship between Azolla and Anabaena azollae is one of permanent symbio-
sis—i.e., the two organisms are associated in all stages of the life cycle of the fern, and
the association persists from one generation to the other regardless of whether reproduc-
tion is sexual or asexual (Van Hove, 1989). The packaging of Anabaena filaments into
sporocarps is facilitated by branched epidermal trichomes known as sporangial pair hairs.
The originally undifferentiated filaments become entrapped in a cup-shaped indusium
which triggers their differentiation into akinetes. The symbiosis is reestablished following
gametogenesis and embryogenesis (Peters & Perkins, 1993).

There is also evidence for the coevolution of host and symbiont. Cluster analysis
showed that fatty acid composition of the symbionts were similar within the four Azolla
spp. of subg. Euazolla and within the two Azolla spp. of the Rhizosperma (following the
previous, widely accepted system of taxonomy). However, a separation occurred between
symbionts from the two groups (Caudales et al., 1995).

1t appears that certain of the bacteria present in the leaf cavities of the fern, particularly
Arthrobacter, constitute a third partner in the Azolla-Anabaena symbiosis. The bacteria,
apparently non-nitrogen-fixing, seem to be present throughout the life cycle of the fern,
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following a developmental pattern identical to that of Anabaena azollae (Van Hove, 1989;
Carrapico, 1991). Forni et al. (1990) found that the strains of Arthrobacter that occurred
in the megasporocarps were the same strains that occurred in the leaf cavities of the fern,
indicating the permanence and consistency of the third partner in the relationship. The
role of the bacteria in the partnership is not yet understood.

There have been a few reports that alga-free Azolla may rarely occur in nature (Fremy,
1930; Hill, 1977; Shi & Hall, 1988). Through various techniques, researchers have
succeeded in obtaining alga-free Azolla (Nickell, 1958; Johnson et al., 1966; Moore, 1969;
Lumpkin & Plucknett, 1980). However, since alga-free fronds cannot fix nitrogen, they
develop extra roots and require nitrogenous fertilizer (Peters, 1976).

Anabaena azollae can be isolated from the fern (Peters & Mayne, 1974a; Peters, 1976).
The isolate is still capable of fixing nitrogen, but at lower rates than when associated with
the fern (Peters & Mayne, 1974b; Peters, 1975). Several scientists have succeeded in
culturing the isolate (Ashton & Walmsley, 1976; Becking, 1976; Shi & Hall, 1988).
However, the cultured isolate develops different characteristics from the fresh isolate,
which has led to the proposal that it be called a “presumptive A. azollae” (Shi & Hall,
1988). Reintroduction of the cultured isolate into algae-free Azolla appears to be ex-
tremely difficult, though there is one report of success (Liu et al., 1984),

Although photosynthesis takes place in the vegetative cells of Arabaena azollae, there
appears to be some dependency of the alga on its host. While in nonsymbiotic species of
Anabaena the heterocysts never make up more than 3-5% of the cells, they compose up
to 40% of the cells of the symbiont in mature Azolla leaves. From this it may be inferred
that the carbon requirements of the symbiont are partially provided by the host. Again, it
appears that transfer hairs play a role in transport of the nutrients (Van Hove, 1989).

VII. Reproduction

Azolla exhibits both sexual (involving a complex cycle) and asexual or vegetative
reproduction (Lumpkin & Plucknett, 1980; Van Hove, 1989). When environmental con-
ditions (not yet well-defined) are conducive, sexual reproduction occurs. At the first
ventral leaf lobe initial of a lateral branch, instead of forming a leaf lobe, the fern produces
two (four in A. nilotica) sporocarps which are of two types, the microsporocarps and the
megasporocarps, which at each ventral site may be either of the same type or mixed. The
microsporocarps, which are about 2 mm in diameter, each produce 8-130 microsporangia,
each containing 32 or 64 spores aggregated into 3—-10 massulae (Moore, 1969; Shi & Hall,
1988). The latter, because of their minute size, are known as microspores. The megasporo-
carps, which are about 0.5 mm in diameter, each produce a single megasporangium
containing a single megaspore, which is much larger than a microspore. Each megaspore
contains a small colony of Anabaena azollae filaments bearing akinetes.

At maturity, both the megasporocarps and the microsporocarps dehisce. The microspo-
rangia break open, releasing spongy masses of microspores, or massulae, into the water.
These massulae cling to the megaspores by filamentous structures known as glochidia
(except in the case of A. nilotica) and usually sink to the bottom.

After a period of dormancy, each microspore germinates and grows into a prothallus
that in turn produces ciliated, male gametes (antherozoids). The megaspore, still joined
to the megasporocarp, germinates and develops into a prothallus that produces female
gametes (oospheres). Oospheres are fertilized by antherozoids, thence developing into
embryos. Each embryo germinates and pushes itself out of the sporocarp to form a plantlet,
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the sporophyte, that floats to the water surface. It takes one or two months from germina-
tion to produce a branched frond (Watanabe, 1982).

Despite significant advances in the study of the biology of Azolla, some important
aspects of the life history remain unknown—e.g., the mechanism for the release of the
antherozoids and the pathway of fertilization within the megaspore (Tan et al., 1986).

Asexual or vegetative reproduction, which is by far the most common means of
reproduction both in nature and in agricultural application, consists of multiplication by
simple fragmentation of the fronds. This occurs when the most developed secondary
rhizomes, or branches, form abscission layers at their bases and break off from the main
rhizome (Watanabe, 1982; Van Hove, 1989).

VIIIL. Environmental Factors Affecting Azolla-Anabaena

The environmental factors affecting Azolla have been reviewed by Lumpkin and
Plucknett (1980, 1982), Hamdi (1982), Watanabe (1982), and Lumpkin (1987a, 1987b).
Water is a fundamental requirement of Azolla. It can survive only a few days in a paddy
field once the field is drained. Hechler and Dawson (1995) were the first to quantify the
effects of drying. They found that nitrogenase activity in A. caroliniana was maximum
when the moisture content of the tissue was 88-95% of the fresh mass; but under moisture
stress, when moisture content dropped to 80%, nitrogenase activity decreased to less than
one-fifth of the maximum. Therefore, proper water control in rice fields is essential for
the utilization of Azolla. A shallow water depth of 5 cm or less is best, although Azolla
can grow satisfactorily in greater depths.

The optimum temperature for Azolla spp. is between 18° and 28°C (Tuan & Thuyet,
1979), although some species can survive a very wide temperature range of about —5° to
35°C (Lumpkin, 1987a). According to Watanabe (1982), the optimum temperature for A.
pinnata, A. mexicana, and A. caroliniana is about 30°C. Growth rates are reduced above
35°C and no species can survive at prolonged temperatures above 45°C (Lumpkin, 1987a).
Hechler and Dawson (1995) found that, in A. caroliniana, nitrogenase activity could be
detected at temperatures between 5° and 40°C, was relatively high at between 15° and
35°C, and was maximum at 25°C.

Azolla spp. generally grow best in less than full sunlight except in high latitudes during
spring. Results of experiments differ according to the latitude where they were performed.
In South Africa, Ashton (1974 in Lumpkin & Plucknett, 1980) found that growth and
nitrogenase activity were highest at 50% of full sunlight. In the Niger basin, Kondo et al.
(1989) found that the high light intensity and temperature prevailing during the hot season
suppressed Azolla growth. On the other hand, low light intensities under a dense growth
of rice cause Azolla to suffer or die (Lumpkin, 1987a). In exposing A. pinnata and A.
filiculoides to 30~100% of full greenhouse sunlight in Australia, Cary and Weerts (1992)
found the two species to have similar responses to shading. Biomass yields of cultures
exposed to 30% sunlight were less than one-third of those exposed to full light. Hechler
and Dawson (1995) found that nitrogenase activity in A. caroliniana was highest at
photosynthetic photon flux densities of 400-1000 umol m™ second™" and declined rapidly
at lower levels.

The optimum photoperiod for Azolla growth is 20 hours (Laurinavichene et al., 1990).
Moreover, nitrogenase activity shows a definite diurnal pattern.: Hechler and Dawson
(1995) found that nitrogenase activity in A. caroliniana was very low early in the morning,
rose sharply during midmorning, attained a maximum at 12:00-3:00 p.m., and then fell
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to a low level in the evening. Its diurnal pattern was determined to be due entirely to
environmental factors, particularly temperature and light, and not due to an endogenous
rhythm.

Besides affecting photosynthesis, light appears to regulate nitrogenase activity in
Azolla independent of CO2 fixation (Bar et al., 1991).

Optimum relative humidity for Azolla is about 85-90% (Watanabe, 1982). Higher
humidity combined with high temperatures stimulate the growth of insects and fungi.
Improvement in rice crop yield due to the application of Azolla is usually greater in a cool
dry environment or season than during a wet environment or monsoon season (Lumpkin,
1987a). De Waha Baillonville et al. (1991) found that productivity of Azolla was much
higher (twice as much with some ecotypes) in a subdesertic tropical area in Senegal than
it was in the humid tropical islands of the Philippines, though the reason for this is as yet
unknown. On the other hand, Hamdi (1982) reported that Azolla becomes dry and fragile
at less than 60% relative humidity.

The optimum pH range for Azolla growth is 4.5-7, although it can survive within a
range of 3.5-10 (Watanabe et al., 1977; Lumpkin & Plucknett, 1980; Lumpkin 1987b).
However, the response of Azolla to pH is greatly affected by other factors of the
environment such as light intensity, temperature, and soluble iron (Tuan & Thuyet, 1979;
Lumpkin & Plucknett, 1980; Hamdi, 1982). At high light intensity (60,000 lux), optimum
pH is 9-10, whereas at low light intensity (15,000 lux), optimum pH is 5-6. Nitrogen
fixation was found to be optimal at a pH of 6.0 with a temperature of 20°C (Ashton, 1974,
in Lumpkin & Plucknett, 1980). In greenhouse experiments, Cary and Weerts (1992)
found that, at a water temperature of 25°C, both A. pinnata and A. filiculoides showed
maximum growth at pH values of 5-7. Azolla pinnata showed greater tolerance to a wide
pH range than did A. filiculoides, the latter growing much more poorly at pH values of 4
and 8.

Azolla tequires all the essential elements that are required by other plants plus
molybdenum (an essential constituent of nitrogenase) and cobalt, which are required for
nitrogen fixation (Lumpkin, 1987b). Normally, nutrients must be availabie in the water,
though in very shallow water Azolla may extract some nutrients from the soil. Moreover,
adequate nutrient levels should be maintained throughout the period of growth. Tung and
Shen (1985) found that, after an initial 4-6-week period of fast growth and high acety-
lene-reduction activity by Azolla, these two activities decreased markedly, more because
of low nutrient levels in the water than because of shading by the rice.

Yatazawa et al. (1980) determined that the threshold levels of P, K, Mg, and Ca required
in the medium for Azolla growth were approximately 0.03, 0.4, 0.4, and 0.5 mmol 17,
respectively; whereas full nitrogenase activity required 0.03, 0.6, 0.5, and 0.5 mmol 17!,
respectively. The threshold levels of the micronutrients Fe, Mn, Mo, and B, for Azolla
growth, were 50, 20, 0.3, and 30 pg 17}, respectively.

Phosphorus is the most important and often limiting nutrient for Azolla growth
(Lumpkin, 1987a, 1987b). Phosphorus deficiency is indicated by smaller, less vigorous
plants and may cause the plants to become pink to deep red and fragile and to develop
very long roots. Cells of Anabaena azollae become pale green and deformed.

When tested with phosphorus (H2PO4) nutrient levels of up to 40 mg P I}, Cary and
Weerts (1992) found in greenhouse experiments that Azolla pinnata attained maximum
biomass at 5 mg P I"!, whereas A. filiculoides attained maximum biomass at 20 mg P 1.
Kondo et al. (1989) found that growth and nitrogen content of A. pinnata (Niger isolate)
was highest in laboratory culture at a phosphorus level of 3.1 ppm.
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Although Azolla does not require any nitrogen in the medium, the level of nitrogen in
the water does affect its growth and nitrogen-fixation rates. When tested with nitrogen
(ammonium and nitrate) levels of up to 10 mg N 17, Cary and Weerts (1992) found that
A. pinnata showed maximum growth at 1 mg N 1", whereas A. filiculoides showed
maximum growth at 10 mg N I"". P. K. Singh et al. (1992) found that the relative growth
rates of A. caroliniana and A. pinnata were higher at a nitrate level of 5 mM than they
were in nitrogen-free medium. However, higher levels of nitrate reduced growth. Hechler
and Dawson (1995) found that the source of nitrogen affected the response of A. carolini-
ana. Whereas 10.0 mg NO3-N 1™ increased growth rate, the same concentration of
ammonium-nitrogen decreased growth rate and urea had no effect.

Early reports indicated that the level of combined nitrogen in the medium had little or
no effect on the nitrogen-fixation rate of Azolla (Peters, 1978; National Academy of
Sciences, 1979; Lumpkin & Plucknett, 1980). It was thought that this was because the
fern protects the endophyte from the effects of the medium. However, P. K. Singh et al.
(1992) found combined nitrogen to adversely affect nitrogen-fixation rates. Nitrate levels
of 5, 10, 15, and 20 mM caused significant observable inhibition of acetylene-reduction
activity, as compared to the nitrogen-free controls, on the 16th, 12th, 8th, and 4th days
after application, respectively. Hechler and Dawson (1995) found that 2.0 mg NH4-N 17!
was sufficient to cause a significant reduction in nitrogenase activity in A. caroliniana,
whereas 10.0 mg NO3-N1"! was required to reduce nitrogenase activity. On the other hand,
10.0 mg urea-N I'! increased nitrogenase activity by 50%. Singh and Singh (1989) found
that the application of nitrogen reduced heterocyst frequency in Anabaena azollae.

Iron is a common limiting element (Watanabe, 1982), since it is an essential constituent
of nitrogenase (Fogg et al., 1973). Iron-deficient plants become yellow due to the
depletion of chlorophyll. Roots hecome thin and whitish (Malavolta et al., 1981). The
availability of iron is decreased by neutral to alkaline conditions (Lumpkin & Plucknett,
1980; Watanabe, 1982).

In calcium-deficient Azolla, there is intense reddening of the dorsal lobes and fronds
become fragmented (Watanabe, 1982). Roots become short, thin, and light in color
(Malavolta et al., 1981).

In potassium-deficient plants, fronds become yellowish brown (Watanabe, 1982).
Roots become dark brown and their growth is stunted (Malavolta et al., 1981).

Cobalt is required for the symbiotic growth of Anabaena azollae in the host plant. In
the absence of combined nitrogen, Azolla growth, chlorophyll content, and nitrogen
fixation is increased by the addition of cobalt (Johnson et al., 1966).

Certain biotic factors also affect Azolla. It may be attacked by pests such as lepidop-
terous or dipterous insects or fungal diseases, particularly during hot, humid periods.
These can be controlled, but such measures are costly (Hamdi, 1982; Lumpkin, 1987a).
Snails are a common pest on Azolla (Kushari, 1991; Mochida, 1991). Pablico and Moody
(1991) attempted to use the molluscicide Fentin acetate 1o control the golden apple snail,
Pomacea canaliculata Lam. However, rates required to kill the snail (0.2-0.9 kg a.i. ha™)
were phytotoxic both to Azolla and to rice. Rice seedling heights were reduced. When
applied at 0.9 kg a.i. ha™, more than 90% of A. pinnata was killed.

Intraspecific competition also affects the performance of Azolla. Hechler and Dawson
(1995) found that high plant density decreased specific nitrogenase activity per unit
biomass and per unit area. They found that the optimal plant density for nitrogenase
activity in A. caroliniana was 50-100 g dry weight m™>.



AZOLLA: BIOLOGY AND UTILIZATION 11

When considering the utilization of Azolla during this age of modern industry, it is
important to investigate its response to pollution of the environment. Azolla is extremely
sensitive to SO2 pollution in the atmosphere. Hur and Wellburn (1993) found that, even
at concentrations as low as 25 nl I}, there was severe damage to fronds and significant
reductions in growth, heterocyst development, and nitrogen-fixation rates. Ozone pollu-
tion also affects Azolla. Hur and Wellburn (1994a) found that growth rates of A. pinnata
were decreased by 25%, 25%, and 50% when exposed for 1 week to 30, 50, and 80 nl O3
1! of air, respectively. Exposure to ozone also reduced nitrogen-fixation rates and
heterocyst frequency of the symbiont. Moreover, Hur and Wellburn (1994b) found that
exposure to atmospheric NO2 pollution decreased rates of growth, nitrogen fixation,
heterocyst formation, and overall nitrogen cycling.

The use of different pesticides appears to have varying effects on Azolla. Ismail et al.
(1995) found that molinate reduced the growth and nitrogenase activity of A. pinnara but
increased its chlorophyll content. On the other hand, carbofuran significantly increased
its chlorophyll content and nitrogenase activity but did not affect its growth.

IX. The Utilization of Azolla-Anabaena

Azolla-Anabaena has many uses. It can be utilized as a biofertilizer on rice and many
other crops, an animal feed, a human food, a medicine, and a water purifier. It may also
be used for the production of hydrogen fuel, the production of biogas, the control of weeds,
the control of mosquitoes, and the reduction of ammonia volatilization that accompanies
the application of chemical nitrogen fertilizer.

A. AZOLLA-ANABAENA AS A BIOFERTILIZER

Whereas research in past decades was aimed solely at maximizing agricultural yields,
the present international focus is on combining increased productivity with environmen-
tally sustainable agricultural practices (Peoples et al., 1995). In order for agriculture to
be sustainable, nutrients must be replenished. Fortunately, for the all-important nutrient
nitrogen this can be done through an environmentally favorable process, biological
nitrogen fixation.

Nitrogen is the element most often limiting in food production (Hardy et al., 1968).
Agricultural production is directly dependent on nitrogen. In rice, the amount of nitrogen
absorbed to produce grain is nearly constant at 19-21 kg N t™ of whole grain rice
(Murayama, 1979). Therefore, yields can be raised significantly by increasing the amount
of nitrogen available to crops. Nitrogen can be supplied to rice either by adding chemical
fertilizers or by increasing the amount of nitrogen supplied naturally, particularly by
biological nitrogen fixation.

The use of chemical fertilizers in rice fields is expensive, disturbs the equilibrium of
agroecosystems, and causes pollution of the environment. These problems may be avoided
by the use of biofertilizers (Madhusoodanan & Sevichan, 1992).

Most of the chemical nitrogenous fertilizer is produced by industrial nitrogen fixation.
In this process, for every single unit of nitrogen fertilizer produced, two units of petroleum
are required (Hamdi, 1982). This expensive mode of production, combined with the cost
of transport, makes the application of fertilizer too expensive for the majority of farmers
in developing countries. Moreover, petroleum is a limited, nonrenewable resource.

The use of nitrogenous fertilizers in agriculture has several effects on the environment.
Nitrate-containing runoff from farmlands causes water pollution in surrounding aquatic
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ecosystems and contaminates groundwater. Nitrate concentrations above the safe level
stipulated by the World Health Organization (11.3 mg 1) have been reported in drinking
water in England, France, Denmark, Germany, the Netherlands, and the United States.
Mixing infant formula with nitrate-contaminated water can be fatal to newborn babies
(Cunningham & Saigo, 1990).

The use of nitrogenous fertilizers causes acidification of soils (Stumpe & Vlek, 1991)
and their long-term application significantly reduces microbial activity in the soil (Sutton
et al.,, 1991).

Not only the use of, but also the production of, fertilizers causes pollution. Pasternak
et al. (1988) reported that growth characteristics of trees are affected by atmospheric
pollution from nitrogen fertilizer factories.

The utilization of biofertilizers has several advantages over chemical fertilizers. First,
biofertilizers are inexpensive, making use of freely available solar energy, atmospheric
nitrogen, and water. Second, biofertilizers utilize renewable resources, whereas the
production of chemical fertilizers depends on petroleum, a diminishing resource. Third,
biofertilizers are nonpolluting. Fourth, besides supplying nitrogen to crops, biofertilizers
also supply other nutrients such as vitamins and growth substances (Venkataraman &
Kaushik, 1980). Fifth, biofertilizers improve the general fertility of the soil by increasing
the availability to crops of a number of nutrients, by increasing the organic matter in soil,
and by improving soil structure.

Although there are no published reports concerning the release of growth-promoting
substances by Azolla-Anabaena, this aspect deserves attention. There have been several
studies on the effect of hormones, vitamins, and other growth-promoting substances,
extracted from free-living blue-green algae, on the growth of various crops including rice
(Misra & Kaushik, 1989a, 1989b; Wang et al., 1991). Therefore, there exists the possibility
that Anabaena azollae may also produce such substances.

Azolla—Anabaena can be beneficial as a biofertilizer on a variety of crops, including
rice, taro, wheat, and many others.

There are three primary methods for applying Azolla to crops. First, it may be grown
in the field as a monocrop during the fallow season and then incorporated into the soil
before planting the target crop. Second, Azolla may be grown as an intercrop among the
target crop. Third, natural or deliberately cultured growths of Azolla may be harvested
from ponds, swamps, or flooded fields and applied to a variety of target crops, either by
incorporating it into the soil before planting the crop or by applying it as a mulch on top
of the soil around the bases of crop plants. Often, a combination of these methods of
application is utilized.

B. THE UTILIZATION OF AZOLLA-ANABAENA ON RICE

The most suitable target crop for the application of Azolla is lowland rice, since both
plants require similar environmental conditions—most notably, a flooded habitat—and
they grow together compatibly.

Azolla may be applied on rice either as a monocrop or an intercrop. As an intercrop it
is usually inoculated into the field just after transplanting the rice and, after a period of
growth, may be incorporated into the mud or allowed to die naturally by fungal rot or light
starvation (Lumpkin, 1987a). However, a combination of applications is usually recom-
mended. In particular, benefit to rice can be maximized by first growing Azolla as a
monocrop, incorporating it, and then, after transplanting the rice, applying it again as an
intercrop with one or more subsequent incorporations. For many centuries, Azolla has
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been used to successfully increase rice yield in Vietnam and southern China (Fogg et al.,
1973; Watanabe & Liu, 1992). The earliest written record of Azolla was in an ancient
Chinese dictionary called the Er Ya, which appeared about 2000 years ago. A Chinese
book on agricultural techniques published by Jia Si Xue in 540 a.d. mentioned Azolla with
respect to applied plant cultivation (Shi & Hall, 1988). Azolla grows in lowland rice fields
in Indonesia, India, China, Vietnam, Thailand, Senegal, and other tropical countries.

Many experiments have demonstrated the effectiveness of Azolla as a biofertilizer on
rice, though the extent of the benefit varies greatly according to the climate, the method
of application, the species of Azolla used, and many other factors. At Davis, California,
the use of Azolla increased rice yields by 112% over unfertilized controls when applied
as a monocrop during the fallow season, by 23% when applied as an intercrop with rice,
and by 216% when applied both as a monocrop and an intercrop (Peters, 1978). Tung and
Shen (1985) found that Azolla grown with rice appeared to suppress the growth of rice in
the early stages, probably due to competition. However, at maturity, although rice grown
with Azolla did not have greater height or tiller number, straw and grain yield were higher,
particularly grain yield which was 42-55% higher than the controls where no Azolla was
applied. Sisworo et al. (1990) found that Azolla was equally as effective as urea on rice
when both were applied at the rate of 30 kg N ha™' at transplanting and at maximum
tillering. In the Niger basin, Kondo et al. (1989) applied A. pinnata as an intercrop,
inoculating it 5 days after transplanting the rice and then incorporating it and reinoculating
27 days after transplanting. They obtained a 27% increase in grain yield. In China, the
application of Azolla as a monocrop and as an intercrop incorporated 40 days after
transplanting resulted in a 30.6% increase in rice grain yield (Lay et al., 1989). In
Tanzania, Wagner (1996) applied A. nilotica in various trials as an intercrop, with one
incorporation, obtaining increases of 19—103% in grain yield and of 1-23% in straw yield.
Significant increases were also found in rice height and the number of tillers per hill.

In contrast with the application of chemical nitrogenous fertilizers, the benefits brought
about by green manures such as Azolla and Sesbania sp. are long-term. In an experiment
where 10 crops of rice were planted consecutively, application of these green manures,
both as a monocrop and as an intercrop, increased grain yield by 1.8-3.9 t ha™' above the
controls, an effect similar to or greater than the effect of 60 kg N ha™! urea application.
The green manures were found to have beneficial residual effects after nine crops of rice,
whereas urea fertilizer did not (Ventura & Watanabe, 1993).

Singh and Singh (1990a) found that Azolla application improves soil fertility by
increasing total nitrogen, organic carbon, and available phosphorus in the soil. These
findings are supported by Satapathy (1993) and Thangaraju and Kannaiyan (1993), who
found that the most effective application for increasing soil fertility was first culturing
Azolla as a monocrop, incorporating it before transplanting, and subsequently culturing
it as an intercrop with two incorporations. Van Hove (1989) found that Azolla improves
soil structure when incorporated because of its high productivity, which supplies large
quantities of organic matter.

Wagner (1996) conducted experiments in which Azolla nilotica was applied to rice
grown in outdoor cement tanks with soil collected from paddy, closely simulating natural
rice paddy ecosystems. Kjeldahl analysis was used in measuring the nitrogen content of
all components in the tanks at the commencement and termination of the experiments.
The results showed that Azolla had a significant positive effect on total nitrogen over time.
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Another benefit of applying Azolla as a biofertilizer is that in low-potassium environ-
ments it has a greater ability to accumulate potassium than does rice. Thus, when the fern
decomposes, it acts indirectly as a potassium fertilizer (Van Hove, 1989).

Many studies have been conducted that compare the effectiveness of Azolla with other
types of biofertilizers. In a study on the effects of free-living blue-green algae (Tolypothrix
tenuis, Aulosira fertilissima, Nostoc sp., Anabaena sp., and Plectonema sp.), Azolla, and
chemical nitrogenous fertilizer, S. Singh et al. (1992) found that rice grain yield was
highest with the application of Azolla + 120 kg N ha™ (5.01 tha™), followed by blue-green
algae + Azolla + 60 kg N ha™' (4.62 t ha™) and, lastly, by 120 kg N ha™! (4.61 t ha™).

In a long-term experiment at the International Rice Research Institute in the Philippines
(Watanabe & Ventura, 1992), results showed that Azolla gave higher rice grain yield
(3.3-3.9 t ha™ during the dry season than did Sesbania or urea (both 1.8-2.5 t ha™),
During the wet season there was no difference among Azolla, Sesbania, and urea treat-
ments, though each of these yielded 1.7t ha™! more than the control. Residual effects were
shown with both biofertilizers but not with urea. Both biofertilizers increased soil organic
matter content.

Singh and Singh (1990b) found that the addition of phosphorus fertilizer increased
growth and nitrogen fixation of both blue-green algae and Azolla biofertilizers. Whereas
the application of either Azolla or blue-green algae, along with the addition of phosphorus,
increased grain and straw yield of rice, the addition of phosphorus alone had no effect.
The effect of Azolla on rice was similar to that of 30 kg N ha™’, while the effect of
blue-green algae was comparatively less.

Lumpkin (1987a) discussed the maintenance of Azolla in nurseries and its cultivation
and field management. Since sexual reproduction is rare in some ecotypes (and the
environmental conditions that trigger it are not well known) and since the production of
a large biomass of Azolla from spores is a slow and difficult process (Van Hove, 1989),