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INTRODUCTION
About 75% of the 143 million hectares of rice land are wetlands where rice
grows under flooded conditions during part or all of the crop cycle. Flooding
leads to the differentiation of macro- and microenvironments differing in
redox stàte, physical properties, light status and nutrient status, which allows
all kinds of N2-fixing micro-organisms (aerobes, facultative and strict
anaerobes, heterotrophs, phototrophs, free-living and symbiotic) to grow in
wetland rice fields (Roger and Watanabe, 1986) (Fig. 12.1).This results in a
unique agroecosystem in which moderate but constant yields have been
obtained for centuries after continuous cropping without N fertiliser addition.
A compilation of 211 balance studies in rice soils indicated that in the absence
of N fertiliser application, biological N, fixation (BNF) averaged 31 kg N
crop-', among which 2/3 could be roughly attributed to photodependent
organisms, mostly free-living cyanobacteria (Table 12:l)(Roger and Ladha,
1992).
AS nitrogen is the key nutrient in rice production, most actual and potential
microbiological soil management of wetland rice refers to the N cycle.
Emphasis has been on BNF and inoculation with N,-fixing micro-organisms
(Roger et al., 1993).
The oldest technology employing N,-fixing micro-organisms in rice fields
the utilisation of AzoZZa as a green manure, which dates back to the 11th
in Vietnam and at least the 14th century in China (Lumpkin and
Plucknett, 1982). The causative agent of the beneficial effect of A z o l h was
identified by Sirasburger (1873) is a symbiotic N,-fixing cyanobacterium
(AnQbaenaazollae) but progress in Azolla-A. azollae biotechnology, in particular
recombination and sexual hybridisation, has only recently begun (Wei et al.,
1986;Lin et al.,- 1988; Lin and Watanabe, 1988).
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mecllanismsinvolved are not known (Saito and Watanabe, 1978; Kulasooriya
c/ d., 1980).
E$& of agrochemicals on cyanobacteria
Mineral N is known to inhibit BNF by cultures of cyanobacteria. In situ
aibition is less marked and depends on the method of fertiliser application.
NitrogeA broadcasting often strongly inhibits photodependent BNF
(Fig. 12.3) (Roger et al., 1988) and shows a negative correlation between
photodependent BNF and N use efficiency (kg rice produced per kg N
applied) (Roger, 1991).Broadcasting N fertiliser, widely practised by farmers,
not only inhibits photodependent BNF, but also causes N losses by ammonia
volatilisation. In contrast, deep placement of N fertiliser decreases N losses
by volatilisation and reduces the inhibitory effect of N fertiliser on
cyanobacteria (Fig. 12.3) (Roger et al., 1980; Roger et al., 1988).
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Fig.12.3 Dynamics of cyanobacteria biomass during a crop cycle under four N fertiliser

management practices (IRRI, 1991).

Phosphorus is a key nutrient for rice field cyanobacteria, which are often I'
deficient (Roger et nl., 1986). Its application stimulates photodependent BNF
and cycmobacterial growth, especially in acid soils (Cholitkul et al., 1980).
The impact of pesticides on rice field cyanobacteria was reviewed by
'loger (1995a, b) through the analysis of 311 references. Results can be
'U"wised as follows: Cyanobacteria are often more resistant to pesticides
than eukaryotic algae, which may lead to a selective effect of some pesticides,
'"')ich promotes CyanObacterial growth. This was observed with algicides
' h e t r y n e and Algaedyn) and insecticides (BHC and I'CP). Simultaneously,
"'Secticides inhibit invertebrates that feed on algae (grazers), thus further
~'ronK)ting
cyanobacteria.and photodependent BNF. That was observed with
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photodependent BNF, as shown with PCP and several formulations used
rice fields. Some herbicides seem to specifically affect the N2-fixing ability
of cyanobacteria, as indicated by an inhibition observed in N-free n1ediLim
but not in the presence of inorganic N, as observed with DichIone
Machete.

Composition, Biomass and in situ Productivity
The photosynthetic aquatic biomass (algae and vascular macrophytes) dIat
develops in floodwater is usually a few hundred kg dry weight ha-* ar,d
rarely exceeds 1 t ha-' (10-20 kg Nha-'). Reported productivity ranges from
0.5 to 1 g C m-' day-' (Roger, 1996) which provides a n indirect estimation of
the maximum productivity of cyanobacteria in rice fields. Assuming that
the photosynthetic aquatic biomass is composed exclusively of N2-fixing
cyanobacteria (C/N = 7) and primary production is 0.5 t C ha-' crop-),
cyanobacteria could provide 70 kg N ha-* crop-'.
Cyanobacteria can develop impressive blooms in rice fields. Standing
crops of 5-20 tons fresh weight ha-' are usually recorded for growth visible
to the naked eye. But because of the low and wide range of dry matter (0.214%)and high ash (31-71%) content of fresh cyanobacteria, a bloom usually
represents less than 10 kg N ha-* (Roger et al., 1986). The median of 400
weekly biomass measurements in 65 plots on the IRR1 farm when
cyanobacteria were blooming was 4 kg N ha-' and the maximum 17 kg N
ha-' (Roger, 1996) (Fig. 12.4). Nitrogen contribution by cyanobacteria is
largely the result of nutrient turnover of the standing biomass, for which no
data are yet available. However, the observation that cyanobacteria usually
do not bloom more than twice during a crop cycle indicates a rough potential
of 30 kg N ha-' crop-'.

Nitrogen-fixing Activity
N, fixation by cyanobacteria has been almost exclusively estimated from
acetylene-reducing activity (ARA) measurements. Data published before 1980
vary from a few to 80 kg Nha-' crop-' (mean 27 kg) (Roger and KulasooriW
1980). About 200 crop cycle measurements in experimental plots at IRRI
(Roger et al., 1988) show activities of the same order: 0-1200pmol C,H, for
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Fig. 12.4 Distribution of 400 estimates of N in cyanobacteria biomass in 65 experimental plots
when growth was visible to the naked eye (after Roger, 1996).

kg N ha-' crop-' and averaged 20 kg in no-N control plots, 8 kg in plots
with broadcasted urea, and 12 kg in plots where N was deep-placed. ARA
was negligible in 75% of the plots where urea was broadcast (Roger et ßl.,
1988) (Fig. 12.5). As N,-fixing cyanobacteria usually bloom only when the
photic zone is depleted of N, most of their N can be assumed to originate
from BNF. Inubushi and Watanabe (1986) reported that cyanobacteria in
15
N-labelled plots had about 90% N derived from the air (Ndfa).

Recycling N from Cyanobacteria and Availability to Rice
The extent to which CyanObacteria contribute to the N requirement of the
Clop is determined by the algal standing biomass and turnover time, the
rate of N,fixation and the extent to which N from cyanobacteria becomes
,
available to the plant. In addition, cyanobacteria might benefit rice by
111echanisins other than BNF.
No information is available on in situ N exudation by cyanobacteria, but
because algal photosynthesis increases floodwater pH, it is foreseeable that
durhg the build-up of the bloom, most of the excreted N will either be
'einlmobilised or lost by NH, volatilisation (Roger, 1996). Therefore, most
origbating from CyanObacteria.is probably made available to the crop
through mineralisation after the death of the algae. Late decomposition of
''w bloom durinp the cvcle and the resultant late availability of N to rice
'I
c',:' "%ht increase N-content of the grain without increasing yield (Grant et d.,
f
logs).
Depending on the nature of the material (fresh VS.dried), the method
E!
Of
"Pplication
and the presence or absence of soil fauna, recovery of
.
% '?a'lobactrria N bv rice averapes 30% and varies from 13 to 50% (Roger et
2'*
'I'
l987) (Table i2.2). Recovery was highest with fresh cyanobacteria
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Fig. 12.5 Distribution of 180 estimates of average ARA and N
, fixed during a crop cycle 111
experimentalplots under 26 cultural practices (after Roger et al., 1988) Each estunatc
is the average of 13 daily measurements performed at intervals during the crop
cycle on 13 core samples comprised submersion water and the first centmetre of
soil. The left part of the histogram corresponds to plots in which N ferther was
broadcast in the floodwater; the right part corresponds to plots in which N ferthser
was neither applied nor deep-placed.

incorporated into a soil depleted of fauna (Tirol et al., 1982). It was lowest
with dried cyanobacteria applied on the surface of a soil rich in tubificid
worms, which reduce the recovery of algal N by rice by making more soil N
available through mineralisation (Grant and Seegers, 1985a).

Effects other than N on Rice
The N,-fixing ability of cyanobacteria is the main, but probably not the only
reason for increased rice yields. Other possible beneficial effects summarised
by Roger and Kulasooriya (1980) include (1) competition with weeds, (2)
increased soil organic matter content and improved soil aggregation, (3)
excretion of organic acids that increase P availability to.rice, (4)inhibition of
sulphide injury in sulphate reduction-prone soils by increased O2content
and plant resistance to sulphide, and (5) production of plant growth
regulators (PGR) that enhance rice growth.

?
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Bibhographic study of the effect of cyanobacterial lnoculation on rice yield*
(adapted from Roger, 1991)
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'bata compiled from 41 references listed in Roger, 1991.

lnocuhted in various soils rarely establish themselves; and (4) indigenous
32-f lilng
' ; cyanobacteria are frequently more numerous than cyanobacteria
in the recommended dose of 10 kg of soil-based inoculum (Grant
''I
.I%%; Reddy and Roger, 1988; Bisoyi and Singh, 1988; Reynaud and
' í c t t ~ g ,1988; Roger e&aI., 1987).These findings suggest that more attention
should be paid to cultural practices in order to alleviate factors that limit
?'OWl-i and BNF by indigenous strains already adapted to the environment.
Ol.1

210 Symbiotic Assimilation of Nitrogeii

#

Practices known to enhance cyanobacterial growth include liming acidic
soils, P split application, grazer control and deep placement of N f'crtiliscr
(Roger and Watanabe, 1986).These practices might suffice to realise IllOre
the potential of indigenous cyanobacteria and are a prerequisite fol.
establishing inoculated strains, if and when inoculation is needed.
The ubiquity of heterocystous cyanobacteria in rice soils does not mean
that inoculation is unnecessary. Inoculation with desired strains inight hc
useful because the accumulation of P 6y the propagules of the ir.loculL,m
(produced with high levels of P) gives .them an initial advantage Over ti,?
propagules of the indigenous cyanobacteria, which are usually P deficient
(Roger et al., 1986). Because spore germination is photodependent (Reddy,
1983), inoculated propagules spread on the soil surface should germhlate
more readily than indigenous propagules mixed with the soil. The effect o[
inoculation is likely to be more important after an upland crop grown before
rice or after a long dry fallow, when the density of the indigenous
cyanobacteria population may be low at the beginning of the rice season.
Inoculation might also permit early establishment of an N,-fixing bloom
and thus the availability of more fixed N to rice.
But there are still many uncertainties about the methodological aspects of
cyanobacterial inoculation and the nature of inocula to be used. Most
algalisation trials have been conducted using inocula developed from a
mixture of laboratory cultures, but almost none of the published inocula fion
experiments have paid attention to the establishment of inoculated strains.
As already mentioned, there is increasing evidence that most of the blooins
obtained with various treatments combined with inoculation are from
indigenous strains (Grant et al., 1985; Reddy and Roger, 1988; Bisoyi anil
Singh, 1988; Reynaud and Metting, 1988). When the inoculum is produced
on the spot in small plots or trays, it is likely that the strains present in.thc
local soil will outcompete the intended isolates even before the inoculum is
added to the field. Available data are not sufficient to draw definite
conclusions, but they clearly suggest that use of an inoculum produced
from the soil to be inoculated should be tested whenever experiments are
conducted. This strategy of local bacterial inoculation seems especially
advisable where there is a long dry fallow, which often results ,in partial
sterilisation under very warm climates. In that case inoculation slxdd be
combined either with deep placement or delayed application of N fertiliser,
One can speculate on the possibility of selecting or designing efficiellt
strains for inoculation. Several authors have screened for high N,-fixillg
activity, but their findings may not be useful because there is little reason
per se why high N,-fixing activity should correlate well with
si'rr
colonisation potential. In fact, most fast-growing strains (doubling time Of
5-12 hours) belong tc the genus Anabaena, have short filaments, and arc
therefore susceptible to grazing. A study of 12 strains showed that those
with high N,-fixing activity in vitro did not establish in situ (Antarikanonda
and Lorenzen, 1982; Huang, 1983).
of
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Another approach has been the selection of nitrogenase-derepressed
mutal~tswhich excrete NH: into the medium. Such an Anabaena variabilis
muta1It was found to provide N to rice in an N-free gnotobiotic culture
,nore efficiently than the parent strain (Latorre et al., 1986; Thomas et al.,
1991). However, studies at IRRI showed that the strain is not competitive
and did\ not multiply when inoculated in soil microplots (Roger et al.,
unpu!$.).
Biological engineering of cyanobacteria is currently limited to unicellular
strains that are morphologically, physiologically and ecologically very
different from the N,-fixing strains considered for inoculating rice fields.
Probably 'super N2-fixing cyanobacteria' can be selected or designed and
grown in test tubes but the characteristics that will enable them to survive,
develop and fix N, in rice fields are still largely unknown.
I t can be concluded that after several decades of experiments,
is not a proven technology. Cyanobacteria are ubiquitous in rice fields and
their N potential is moderate (10-30 kg N crop cycle-'). A specific
management may ensure the expression of this potential through the control
of grazers combined with P application and deep placement of N fertiliser
but is rarely economically viable. On the other hand, N-fertiliser deep
placement on its own is definitely the best technology to take advantage of
the potential of indigenous cyanobacteria. It avoids proliferation of unicellular
eukaryotic algae, which causes floodwater alkalinisation and N losses by
ammonia volatilísation. It avoids the early proliferation of predators of
microalgae and vectors of human diseases (ostracods, mosquito larvae...). It
allows N,-fixing cyanobacterial growth, otherwise inhibited by competition
and grazing (Fig. 12.6). A large set of experiments in non-inoculated rice
fields has demonstrated the efficiency of this technology in significantly
hicreasing rice yield by promoting BNF by cyanobacteria and ensuring a
better efficiency of the N fertiliser applied (Table 12.4). A better
LIlIderstmding of the factors that could allow inoculated non-indigenous
strains to establish in sifu is needed before cyanobacterial inoculation could
be reconsidered as an agricultural practice in rice cultivation.
12.4

Average acetylene-reducing activity (ARA) during crop cycle and rice yield
under different urea management practices' (from Roger et al., 1988)
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Fig. 12.6 Schematic representation of the effect of N fertiliser broadcasting in rice fiCid
floodwater on microalgae, cyanobacteria and zooplankton.

SYMBIOTIC CYANOBACTERIA:AZOLLA
Symbiosis
Symbiotic associations between cyanobacteria and plants exist with one or n
few genera of phycomycetes, ascomycetes, green algae, diatoms, liverworts,
mosses, ferns, gymnosperms and angiosperms. The only symbiosis of
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cultivationfor centuries in North Vietnam ~d Southern China. Its use was
perally ignored by scientists in other countries until the mid-1970s. Since
then, articles, reviews and information gathered from China and Vietnam
llave stimulated interest ir. and research on Azolla (Watanabe, 1982).
proceedings of two workshops on Azolla (IRRI, 1987; Silver and Shröder,
1984) provide additional information. Two issues of The Philippine
Ayr.iculhu+t (1986a, b) were devoted to free-living and symbiotic
cyanObacteria in the Philippines, where a National Azolla Action Program
was established in 1982.
China and Vietnam are the only countries with long histories of Azolla
CLIltivatioii, extending back to the eleventh century in Vietnam and at least
the Ming dynasty (1368-1644) in China (Lumpkin and Plucknett, 1982).
In China, Azolla has been used from 37" N (Shandong) to 19" N (Hainan).
Because the strains used grow best at an average daily temperature of 25°C
or below, Azolla is usually grown in late spring (May to June) in the North
and in early spring (March to April) in the South. During summer, insect
damage limits its growth. Most frequently, Azolla is grown for about one
month, then incorporated before transplanting. To a lesser extent, wide-row
transplanting permits cultivation of Azolla with rice and several incorporations during the crop cycle. In some places, Azolla is grown before and
after transplanting (Liu, 1979).
In Vietnam, Azolla has been used in the Northem provinces for spring
rice because in summer it grows poorly and insect incidence is severe. The
technology described by Roger and Watanabe (1986) is as follows. About 23 months before transplanting (August), Azolla is collected from natural
environments by specialists and multiplied on government Azolla farms.
Inoculum is sold to co-operatives and farmers who propagate it in the fields
froin November to February. As in China, Azolla is grown and incorporated
before and after transplanting. Azolla grown before transplanting is fertilised
With 2.2 kg P ha-' every 5 days, 4.2 kg K ha-' every 10 days, and 0.5-1.0 t
ha-' farmyard manure every 5-10 days. When chemical fertiliser is not
aL"ailahle,ash is substituted. Intercropped Azolla is usually not fertilised, but
I' is available, one application of 4.4 kg P ha-' is recommended. Azolla
lnocuhn is applied in the field at 0.3-0.5 t fw ha-' along with farmyard
To facilitate vegetative multiplication, fronds are broken using a
special tool. Azolla is collected before heavy rains to prevent its being washed
the fields. If insect pests develop, Azolla is collected and placed under
for 15 hours to kill the larvae. Two to 3 weeks after inoculation, the
fie'd is covered with about 20 t Azolla fw ha-'. Half of this is collected in
"'ounds and composted by covering it with soil. The remaining half is
for 7-10 days more, after which the field is again fully covered. Half
'.If the second'crop and the compost are incorporated in the soil. Rice is
t'a1'sP1a17tedand the remaining half of the second Azolla crop continues to
R'o'v~ S W n to 10 days after transplanting, the field is covered, and half of

1'

the third crop is incorporated by hand and foot between the rows. Sotl,eti,ncs
a fourth crop is grown and incorporated. This technology producesan
average of 40 t Azolla fw ha-' crop-', equivalent to 80 kg N ha-'. The a,,eragc
annual rice yield in the Red River delta is 5-7 t ha-'. The winter crup, with
Azolla, yields 3-5 t ha-', and the summer crop, without Azolla, yields 2
or less. The Azolla technology used in Vjetnam is labour intensive; it might
be improved by wide-row transplanting of rice for easier Azolla incorporatio,,
with a rotary weeder.

Ecology of Azolla
Occurrence
Azolla is widely distributed throughout the world, occurring in a broad
latitudinal range on five continents (Lumpkin and Plucknett, 1982). ~l~~
international bibliography on Azolla (Capaya, 1979; IRRI, 1983b)cites almost
50 articles recording Azolla in rice-growing countries. To develop significant
biomass in rice fields, however, the fields need to be inoculated wit11 AZ&
and the Azolla cultivated.
Climatic factors
The optimum temperature for most species (20-30°C) is below the average
temperature in the tropics. Cool weather is a key to successful A'zolln
cultivation in Vietnam and China. Some strains, however, can grow at
temperatures higher than 35°C (Lumpkin, 1987; Watanabe and Berja, 1983).
The successful growth of Azolla pinnata at high temperature observed in
North Senegal, where humidity is low (Diara et al., 1987), indicates that in
the humid tropics the detrimental effect of high temperature might be mostly
indirect, resulting in a high incidence of insect and fungal pests.
Light saturation for Azolla growth was reported to occur at 20-50'%1of full
sunlight (Peters et al., 1980). According to Lumpkin (1987), Azolln is not
inhibited by full sunlight if other factors are not limiting. On the other hand,
several reports indicate a decrease in growth or BNF at various ,light
intensities between 60 and 120 klux (Becking, 1979; Li Zuo-Xin et al., 1987;
Roger and Reynaud, 1979).When Azolla is grown with rice, shading by the
rice starts decreasing Azolla growth 2-3 weeks after transplanting and inhibits
it after about 45 days (Lumpkin, 1987). Daylength correlates with Azdh
growth (Lumpkin and Bartholomew, 1986), which indicates better potential
for Azolla cultivation in higher latitudes with long, cool days than in the
tropics with constant daylength.
Physicochemical factors
The pH for optimum growth of Azolla in culture solution lies in a range of
4.5-7.0 but Azolla can survive within a range of 3.5-10 (Lumpkin, 1987).The
major effect of pH on Azolla growth is probably related to nutrient deficiencles
(Fe, Zn etc.) occurring at high values, or toxicities (Al, Fe etc.) occurring at
low values (Watanabe et al.,' 1977a).

in rice fields at IRRI (unpubl. data). Algal blooms may compete with Azolla
for nutrients and, by increasing floodwater pH, may reduce nutrient
availability to Azolla.
Effct of Nfertiliser
In the absence of competing organisms, BNF by A z o h is more tolerant of
combined N than BNF by free-living organisms. When Azolla caroliliiana
grown in nutrient solutions of NO, ,NH; and urea, all at 35 ppm N, it
derived 86% of its N from BNF in NO, solution, 70% in NH; solution and
bo"/, in urea solution (Peters et al., 1981). In floodwater, however, N favours
"le
growth of competing aquatic plants that may hinder AZOIZU
growth. In
the Presence of green algae, 1.4 mM NH: decreased A. pinnata growth by
"'% (Watanabe et al., 1977).
The hila canopy prevents light penetration into the floodwater, inhibits
the GroWh of other phototrophs and depresses photodependent CO, uptake.
under an Azolla canopy, the floodwater pH remains lower than in
'"o'/n-free conditions, which may decrease N losses by NH, volatilisation.
,.
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Efect of pesficides
Herbicides have been shown to be toxic to Azolla even though une of tl,e
recognised beneficial effects of Azoh is its weedicide effect. Therefore,there
is little interest in combining the use of Azolla with that of herbicide,,
Threshold values for toxicity are much higher for insecticides than for
herbicides. Insecticides favour Azolla growth by decreasing insect Pest
incidence but some may also be phytotoxic.

Azulla as a Source of N for Rice

'

BNF by Azolla has usually been estimated from biomass measurement and
the assumption that most of Azolla N originates from BNF, The I5N dilution
method and the 15Nmethod have confirmed that most N in Azolla Originates
from the atmosphere (Kumarasinghe et al., 1985; Kulasooriya et al., 1988).
The N potential of Azolla was summarised by Roger and Watanabe (1986)
from data obtained mostly in experimental plots. The N content in maximum
standing crops ranged from 20 to 146 kg ha-' and averaged 70 kg ha-]
(n = 17; C.V. = 58%), N,-fixing rate ranged from 0.4 to 3.6 kg N ha-l d-' and
averaged 2 kg N ha-' d-' (n = 15; C.V. = 47%).In 4-year field trials at 37 sites
in 10 countries, productivity was lower than in experimental plots (Watwabc,
1987). Biomass was 5-25 t fresh weight ha-' (10-50 kg N ha-') for Azo110
i
grown before or after transplanting (average 15 t ha-' or 30 kg N).
Nitrogen recovered by the rice plant from l5N-1abelledAzolla incorporated
in soil ranged from 20 to 34% (Table 12.2).As with cyanobacteria, availability
increases when Azolla is incorporated in the soil.

Effects other than N on Rice
AzoIla not only provides additional P for the rice crop, but also enhancesthe
use of P from mineral fertiliser (Sampaio et al., 1984). The threshold
concentration of K for absorption was estimated as 0.85 ppm K,O for Azolln
and 8 ppm for rice (Liu, 1984).Irrigation water usually contains 1-5 ppm K,
which is below the level at which rice can absorb K rapidly, but enough for
rapid absorption and concentration by Azolla, which becomes a source of K
for rice when incorporated. Several reports note that Azolla decreases weed
incidence (Diara et al., 1987; Lumpkin and Plucknett, 1982). In Senegal, the
Azolla cover decreased water evaporation by 20% (Diara et al., 1987).Azdl7
improves the structure of the soil as do most organic manures (Roychoudhuy
et al., 1979, 1983). That becomes important in fields where rice is grown
sequentially with an upland crop.

Analysis of Field Experiments in situ
International field trials conducted for 4 years at 37 sites in 10 countries
(Watanabe, 1987) showed that (1)incorporating one crop of Azolla grown
before or after transplanting is equivalent to application of 30 kg fertiliser
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ha-'
(2) incorporating two Azolla crops grown before and after
is equivalent to split application of 60 kg N ha-l (Table 12.5).
tra~lsp]anting
Table12.5 International Azolln tnak at 37 sites in 10 Countries (adapted from Watanabe, 1987)

Yield
'I'rcv h e n t

_-

N, no A z o h
)ln ', 3 split applications
I,[)kg N lia 'I, 3 split applications
/lzl,ll,l incorporated before transplanting
/\:,i/l[i incorporated after transplanting
/\Z,II/~ inoculated after transplanting but not incorporated
Cwnbinatirn~of treatments 2 and 4
C'~inibinatio11
of treatments 2 and 5
Azrillri incorporated before and after transplanting

(',introI
kg p,i

nii

(t ha-')
3.00
3.65
4.24
3.73
3.67
3.61
4.15
4.07
4.09

YO control*
100 c
121 b
141 a
124 b
122 b
120 b
138 a
135 a
136 a

'V,,lues lollowed by the same letter are not significantly different at p = 0.05.

Current Use
In 1978, FAO (1978) estimated that AzolIa was used on more than 6.5 million
ha in China. h 1979, Liu (1979) reported an estimate of 1.34 million ha. In
1982, Lumpkin and Plucknett (1982) reported that Azolla was used in 2% of
the 34 million ha planted to rice in China.
In Vietnam, in 1980, Azolla was used in the Northern and North Central
provinces on about 500,000 ha or 9% of the total rice area (Roger and
Watanabe, 1986).
In the Philippines, farmers adopted Azolla on 5000 ha in South Cotabato
in 1981 (Kikuchi et al., 1984); success was mainly due to a high level of
available P in the soils and a short dry season. Azolla use extended to 26,000
ha in 1983, and 84,000 in 1985 (Mabbayad, 1987). In the proceedings of the
1985Azulla Workshop (IRRI, 1987), quantitative information on the rice area
where Azulla is used is available only for the Philippines (84,000 ha). The
Papers presented durhg the Workshop indicate that China, the Philippines
Vietnam were using Azolla. Brazil, India, Pakistan, Senegal, Sri Lanka
and Thalland were studying the feasibility of Azolla adoption by rice farmers.
With the advent of available cheap sources of urea and potash, however,
area devoted to Azolla technology in Vietnam and China decreased
durhg the 1980s. & o h use has not spread to other countries.
In FWnprovince, China, Azolla use dropped to 5-10% of the rice hectarage,
down from 20% at the begnning of the 1980s. The same trend was observed
for green manures such as AstragaIus, currently used on 10-20% of the land,
dolvn from a maximum of about 30% (Stone, 1990). Ori the other hand,
'terest LI^ Azolla use as a fish and animal feed, a mineral scavenger and
depollutant has increased in China (Liu, 1988). Reduction of AZO^ use in
also stems from the changing governmental economic policy, which
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CONCLUSION
Nitrogen is usually the limiting factor to higli yields in rice fields. Therefore,
LISe of BNF as an alternative or supplementary source of N for rice has been
the lnajor approach in microbiological management of wetland rice. Among
N,-fixhIg micro-organisms present or introduced in rice fields, cyanobacteria
,,lay a major role. Free-living indigenous forms have spontaneously enabled
n,odest but constant yields (1-2t'ha-') to be obtained for centuries after
col,tfiluous cropping without N fertiliser addition. Symbiotic forms were
a]SO uscd for centuries in rice fields in China and Vietnam, enabling
SiplifiCant yields (2-5 t ha-') to be obtained through labour-intensive and
quite sophisticated green manuring technology.
Iiesearch on free-living and symbiotic cyanobacteria as biofertilisers for
rice reached intensive development in the 1970s and 1980s. Since then, the
number of research papers dealing with these topics has markedly declined.
Research on free-living cyanobacteria has shown that, as an additional
SOLII'CC of N for rice, they have a moderate potential of about 30 kg N ha-'
crop-' which may translate to a yield increase of 300-450 kg ha-' . Inoculation
of rice fields with selected or transformed strains is not a proven technology.
On the other hand, the knowledge acquired about the general ecology of
rice-field floodwater during these studies has enabled practical recommendations to optimise its management in a way that favours BNF by
cyaiwbacteria, improves chemical N fertiliser utilisation, and helps to control
I)otwlations of detrimental invertebrates. Over the long term, biological
wgincering of cyanobacteria may design 'super N,-fixing cyanobacteria'
bu1 the characteristics that will enable them to survive, develop and fix N2
In ricc fields are still not known.
h d h has proved useful as a nitrogen biofertiliser in China and Vietnam.
CL1rrently its use has drastically declined in these countries and AZOI~U
has
not been ddopted in most of the countries where it was tested for adoption
as green manure for rice. Progress in strain collection, selection, hybridisation
and recombination has opened ways to alleviate many environmental and
nutritional limitations of Azolla. However, socioeconomic limitations are the
most important and are probably increasing in relation to changes in
policies and practices. But recent studies have shown that AzoZZa
hasa Potential not only as a green manure, but as a multipurpose biofertiliser
th"' cal1 alsa decrease N losses by ammonia volatilisation. It can also be a
SL'Pk'ressor, a potassium source through its ability to concentrate this
C'clncl)lf211 animal feed, and a primary producer in rice-fish-Adla
fu"i\ratiol).
The potential of Azolla as a multipurpose crop, which may revive
'ntcycst Its use, will decide the extent of its future utilisation.

a

Of

grr'."'ellt

t h work of the author was conducted under a collaborative
h w e e n ORSTOM (now IRD) and IRRI.

Kt1
1.111

1.1

:

Lill

I.ill

I.iu

Liu
1.iu
1”LI
I.111
1.111

I.tll

Ma

Me
MU
MC

l’el

Pet

I’e t

1% i
l’Ili

Rai

i
.

Rice Field Cyanobacteria: Ecology, Contribution to Soil Fertility

223

KumarasingheK.S., Zapata F., Kovaks G., Eskew D.L. and Danso S.K.A. 1986. Evaluation of
the availabilityof Azolla N and urea N to rice using I5N. Plant and Soil 90: 293-299.
I,atorre
C., Lee J.H., Spiller H. and Shanmugam K.T. 1986. Ammonium ion-excreting
cyanObacterial mutants as a source of nitrogen for growth of rice, a feasibility study.
/<iotechnol.Lett., 8: 507-512.
1,j z"oxi11, Zu ShouXian, Mao MeiFei, Wang FuLai and Zhao BingBo. 1987. Determination of
the amount of N,-fixation and change in N,-fixing activity of Azolla in natural environIn: Azolla Utilization. IRRI, Manila, Philippines, pp. 223-231.
[,in Chan and Watanabe I. 1988. A new method for obtaining Anabaena-free Azolla. New
/%!/fol., 108: 341344.
CI,an, Liu Chung Chu, Zeng D.-Y., Tang L.-F. and Watanabe I. 1988. Reestablishment of
symbiosis to Anabaena-free Azolla. Zhungguo Kexue 30B: 700-708.
C1,ullg Chu. 1979. Use of Azolla in rice production in China. In: Nitrogen and Rice. IRRI,
Manila, Philippines, pp. 375-394.
1,iu C11ung Chu. 1984. Recent advances on Azolla research. In: Practical Applicatiojl of Azolla for
]<iceProduction. Silver WS and Shröder E.C. (eds.). M. Nijhoff/W. Junk Publ. pp. 45-54.
[,it, Chang Chu. 1988. The Rice-Azolla-Fish System. RAPA Bull., vol. 4, 1988. FAO, Bangkok,
Thailand, 37 pp.
1.u Shu Ying. 1987. Method for using Azollafiliculoidessporocarp to culture sporophytes in the
field. In: Azolla Utilization. IRRI, Manila, Philippines, pp. 26-32.
Lumpkin T.A. 1987. Collection, maintenance and cultivation of Azolla. In: Symbiotic Nitrogen
Fisniiolr Tecknology. G.H. Elkan (ed.). M.Dekker, Inc. NY, pp. 55-94.
I.umpkin T A . and Bartholomew D.P. 1986. Predictive models for the growth response of eight
Azolh successions to climatic variables. Crop Sci., 26: 107-111.
I.umpkm T.A., and Plucknett D.L. 1982. Azolla as a Green Manure, Use and Manageinent in Crop
Prodiictiotz.Westview Press, Boulder Co., USA.
Mabbayad B.B. 1987. The Azolla program of the Philippines. In: Azollu Utilization. IRRI,
Manila, Philippines, pp. 101-108.
Metting B.and Pyne J.W. 1986. Biologically active compounds from microalgae. Enzyme and
Microbiol. Tecknol., 8: 385-394.
Muchida O. 1987. Pests of Azolla and control practices. Textbook for Training Course on AzoIla
Use. Fujian Acad. Agric. Sci. and IIW, June 1987. IRRI, Manila, Philippines, 60 pp.
Mochida O.,Yoshiyasu Y. and Dimaano D. 1985. Insect pests on Azolla in the Philippines. In:
Azolla Utilization. IRRI, Manila, Philippines, pp. 207-213.
I'aYawal P.C.
and Paderon E.M. 1986. Sporocarp formation and spore germination of Azolla
s h i n s in the Philippines. Philipp. Argic. 69: 633-643.
I'edL"d P. and Reynaud P.A. 1987. Do Cyanobacteria enhance germination and growth of
rice? Platit aiid Soil 1 0 1 235-240.
IJetersC.A., Toia R.E. Jr., Evans W.R., Crist D.K., Mayne B.C. and Polle R.E. 1980. Characterkations and comparisons of five N,-fixing Azolla-Anabaena associations.I. Optimization
of gorwth conditions for biomass increase and N content in a controlled environment.
P h t Cell Environ., 3:261-269.
G.A., Ito O.,Tyagi V.V.S. and Kaplan D. 1981. Physiologicalstudies on N,-fixing Azolla.
In: Genetic Engineering of Symbiptic Nitrogen Fixation and Conservation of Fixed Nitrogen.
Lyons J.M., Valentine R.C., Phillips D.A., Rains D.W. and Huffaker R.C. (eds.).Plenum
Press, pp. 343-362.
f'J'ilip?JijJe Agriculturist (The). 1986a. Special issue. Bio-farm management for crop, livestock,
111 ' , . fish production, vol. 69, no. 4A.
'r"pPr~lcAgriculturist (The). 1986b.Studies on N,-fixing blue-green algae and their symbiotic
* O m
the Philippines, vol. 69, no. 48.
'lay T.B., Peters G.A., Toia R.E. Jr. and Mayne B.C. 1978. Azolla-Anabaena relationship. VII.
of ammonia-assimilating enzymes, protein, and chlorophyll between host
and Symbiont. Plant Plzysisol., 62: 463-467.

4

33

224 Syiiibiotiu Assiiiiilotion of Nitrogen
Reddy P.M. 1983. Role of chromatic Lights in germination of the spores of blue-grecl, alga,
Arch. Hydrobid., Suppl. 67: 299-304.
Reddy P.M. and Roger P.A. 1988. Dynamics of algal populations and acetylc~,c-I.c~~l,cir,l:
activity in five rice soils inoculated with blue-green algae. B i d . Fertil. Soils 6: 14-2~.
Reynaud P.A. and Roger P.A. 1978. N2-fixing algal biomass in Senegal rice fields [(.!,I, ,111,
26: 148-157.
Reynaud P.A. and Metting B. 1988. Colonization potential of Cyanobacteria 01, tempcrcltc.
irrigated soils of Washington State. USA. Biol. A g k and Hort., 5:197-208.
Roger P.A. 1991. Reconsidering the utilization of blue-green algae in wetland rice cLiltii,atiol,,
In: Biologica/ Nzfixatioii Associated with Rice Production. Dutta S.K. and Sloger c, (eels
Oxford and IBH Publ. New Delhi, pp. 119-141.
Roger P.A. 1995a. Annotated bibliography on the effects of pesticides on phototrophic nlicr(,.
organisms of ricefields. In: bnpact of Pesticides on Fariner Health and the Rice € t i ~ ~ j i ~ i , j j l ~ ~ ~ , ~ ,
Pingali P.L. and Roger P.A. (eds.). Kluver Acad. Pub., pp. 493-618.
Roger P.A. 1995b. Impact of pesticides on wetland ricefield microflora, an analytical review
the Literature. In: Impacts of Pesticides on Hummi Health and Nie Rice Eriviro~iiiie~it.
Pingalj
P.L. and Roger P.A. (eds.). Kluwer Acad. Pub., pp. 271-308.
Roger, P.A. 1996. Biology and Management of the Floodwater Ecosystem in Ricefields. IRRI, Manila,
Philippines, 250 pp.
Roger P.A. and Reynaud P.A. 1979. Premières données sur l'écologie d'Azolln afiicntin cn zolle
sahelienne (Sénégal).Ecol. Plant, 14: 75-84.
Roger P.A. and Kulasooriya S.A. 1980. Blue-green Algae and Rice. IRRI, Manila, Philippmes, 112
PP.
Roger P.A. and Reynaud P.A. 1982. Free-living blue-green algae in tropical soils. In: Microbiology of tropical soilsand plant productivity. Diem H. and Dommergues Y . (eds.).M. Nijhoft,
pp. 147-168.
Roger P.A. and Watanabe I. 1986. Technologies for utilizing biological nitrogen fixation 111
wetland rice, potentialities, current usage, and limiting factors. Fert. Res. 9: 39:77.
Roger P.A. and Ladha J.K. 1992. Biological nitrogen fixation in wetland ricefields, estimation
and contribution to nitrogen balance. Plant and Soil, 141: 41-55.
Roger P.A., Grant I.F. and Reddy P.M. 1985. Blue-green algae in India, a trip report. IRRI,
Manila, Philippines, 93 pp.
Roger P.A., Reddy P.M. and Remulla-Jimenez R. 1988. Photodependent acetylene reducing
activity in ricefields under various fertilizer and biofertilizer management. In: nitr il^^^^^
FiTation, Hundred Years After. Bothe H., de Bruijn F.J. and Newton W.E. (eds.J,Custa\'
Fischer Publ., p. 827.
Roger P.A., Zimmerman WJ. and Lumpkin T. 1993. Microbiologicalmanagement of wetland
ricefields, In: Soil Microbial Ecology. Metting B. (ed.). M. Dekker Publ., pp. 417-455
Roger P.A., Kulasooriya S.A., Tirol A.C. and Craswell E.T. 1980.Deep placement, a method of
nitrogen fertilizer application compatible with algal nitrogen fixation in wetland rice
soils. Plant and Soil, 57 137-142.
Roger P.A., Tirol A., Santiago-Ardales S. and Watanabe I. 1986. Chemical composition ot
cultures and natural samples on N,-fixing blue-green algae from rice fields. B i d Ffrt
Soils, 2 131-146.
Roger P.A., Grant I.F., Reddy P.M and Watanable I. 1987. The photosynthetic aquatic biomass
in wetland rice fields and its effects on nitrogen dynamics. In: Efficienn! ~fNitrug'''
Fertilizersfor Rice. IRRI, Manila, Philippines, pp. 43-68.
Roger P.A., Santiago-Ardales S., Reddy P.M. and Watanabe I. 1987.The abundance of hetem
cystous blue-green algae in rice soils and inocula used for application in rice fields,
Fert. Soils, 5 98-105.
Roychoudhury P., Kaushik B.D., Krishnamurthy G.S.R. and Venkataraman G.S. 1979.Effect Of
blue green algae and Azolla application on the aggreggation status of the sod. Curre'''
Sci., 48: 454-455.

,.,.opping systems. In: Lreeif Maiiure 711 Kice bariiiiiq
I ~ o s e K r c lM.W.,
l l ~ Roumasset I.A. and Balisacan, A.M. 1985. Biological technology and agricul'

tur;d policy, an assessment of Azolla in Philippine rice production. A m r . I.
Agric. Econ.,
67: 726-732.

S.llllpai,, M.J.A.,Fiore M.F. and Ruschel A.P. 1984. Utilization of radioactive phosphorus (32P)
i,\ ~~t~/ln-Atiabaeria
and its transfer to rice plants. In: Practical Applicatioii of Azolla for
j;in. pr&rcfroii. Silver W.S. and Shröder E.C. (eds.). M. Nijhoff/W Junk Publ., pp.
1173-167.
silvcrw.5. a d Shröder E.C. (eds.) 1984. Practical application of Azulla for rice production. M
Nijlioff/W Junk Publ. 227 pp.
~ , n K l l 1 1 . ~ . 1973. Occurrence and distribution of cyanophages in ponds, sewage, and rice
iiclds. Arch. Mikrobiol., 89: 169-172.
St;lnipl ] ( . y .and Cohen-Bazire G. 1977.Phototrophic prokaryotes, the cyanobacteria. Aiiii. Rev.
Mi'.rlihd., 31: 225-274.
Stll1e 13, 1900.Evolution and diffusion of agricultural technology in China. In: Sliaring DiizovaI ~ ~ I J J Global
S,
Perspectives of Food, Agriculture and Rural Development. Kotle N.G.
(cd.). IRRI, Manila, Philippines, pp. 35-93.
Strasbtirgcr E. 1873. Uber Azolla. Veriag von Ambr. Abel Jena, Leipzig.
l'llonias S.P., Zaritsky A. and Boussiba S. 1991. Ammonium excretion by a mutant of the
nitrogen fixing cyanobacterium Ailabnena siainensis. Bioresource Techizology, 38: 161-166.
lirol A.C.,Roger P.A. and Watanabe I. 1982. Fate of nitrogen from a blue-green alga in a
Iloded rice soil. Soil Sci. Plant Nutr., 28: 559-570.
V,in Hove C., de Waha Baillonville T., Diara H.F., Godard P.,Mai Kodomi Y. and Sanginga N.
1987. Azolla collection and selection. In: Utilization of Azdla. IRRI, Manila, Philippines,
I)P. 77-88.
Vcnkataranian G.S. 1975. The role of blue-green algae in rice cultivation. In: Nitrogeil Fiwatioiz
by Fwr-living Microorganisins. W.D.P., Stewart (ed.), IBP No. 6, Cambridge Univ. Press,
pp. 207-218.
\'enkatat-ainan G.S. 1981 Blue-green Algae for Rice Production. A Manual for Its Promotion.
FA(.) Soil Bull. No. 46.102 pp.
bi'at~nabr A . 1959. Distribution of nitrogen fixing blue-green algae in various areas of South
and East Asia. I.
Gen. Appl. Microbiol., 5 21-29.
W a k " A . 1961. Collection and cultivation of nitrogen-fixing blue-green algae and their
effect on the growth and crop yield of rice plants. Stud Rokugawa h t . Tokyo, 9: 162-166.
Watanabe A., Nishigaki S. and Konishi C. 1951. Effect of nitrogen fixing blue-green algae on
the growth of rice plant. Nature, 168: 748-749.
WatanabeI. 1982. Azolla-Anabaena symbiosis-its physiology and use in tropical agriculture.
In: Microbiology of Tropical Soils and Plant Productivity. D o m e r g u e s Y.R. and Diem
H.G. (eds.). M. Nijhoff/Dr. W. Junk Publishers, The Hague, pp. 169-185.
WatanabeI. 1987.Summary report of the Azolla program of the Intemational Network on Soil
Fertility and Fertilizer Evaluation for Rice. In: Azolla Utilization. IRRI, Manila, Philip-

.,

ture. Aquat. Bit., 15 175-185.

-

(1.

Azdln growth. soil sci. Plant Nutr., 30: 595-598.
M1atanabe
I., Bena N.S.. and de1 Rnsario T).C 1981).Growth of Azolla in Daddv field as affected
*

.

'

I

.

AlJnl~wincomulex a nitrogen fertilizer of rici. IRRI Res. Paner Ser. 11. IRRI, Manila,

.XI
.rd
>',A,

Laboratoire de
!
Microbiologie IRD (LMI)
Université de Provence,
ESIL, Case 925
Institut de Recherche pour le 163Avenue de Luminy
13288, Marseille Cedex 9
Développement
anciennement QRSUWl FRANCE

Pierre A. ROGER
Directeur de Recherche
Chargé de Mission pour la Microbiologie et
les Biotechnologies associées au
Département des Ressources Vivantes.
Tel.: 04 91 82 85 71; Fax.:O4 91 82 85 70
E-Mail : rogerpaQesil.univ-mrs.fr

Marseille le 04/04/200 1

Service de Documentation
Cellule de collecte FDO
IRD
32 avenue Henri Varagnat
93 143 Bondy Cedex
perrot@plinio.bondy .ird.fr

Chers Collègues
Je vous prie de bien vouloir trouver ci-joint trois exemplaires du document suivant :

Roger PA (2001) Ricefield cyanobacteria, ecology, contribution to soil fertility and practical
utilization. Pages 199-226 inJ-F Morot Gaudry ed. Nitrogen assimilation by plants,
physiological, biochemical and molecular aspects. Science Publishers Inc. Enfield, New
Hamshire, USA.
Key-words: Nitrogen _fixation,
rice, cyaiiobacteria, Azolla, legumes.
_
I
- _-

12

96.94

4

226 Syrtzbiotic Assitnilation of Nitrogen
Watanabe I., Lapis M., Oliveros R. and Ventura w.1988. Improvement of phosphate fertilizer
application to Azollu. Soil Sci. Plant N d r . , 34 557-569.
Watanabe I,, Roger P.A., Ladha J.K. and Van Hove c.1992. Biofertilizer germplasm collec.
tions at IRRI. IRRI, Manila, Philippines, 66 pp.
Wei Wen-Xiong, Jin Gui-Ying and Zhang Ning, 1986. Preliminary report on Azolln llybritliza.
tion studies. BulLFujiun Acud. Agric. Sci., 1 73-79.

I
-

GIP data will be provided on request.

O 2001, Copyright Reserved

SCIENCE PUBLISHERS, INC.
Post Office Box 699
Enfield, New Hampshire 03748
United States of America
Intemet site: httF://www.scipub.net

sales@scipub.net (marketing department)
editor@scipub.net (editorial department)
iTfo@scipb.net (for all other enquiries)
ISBN 1-57808-139-4

Ouvrage publié avec le concours du Ministère français chargk de la
Culture - Centre national du livre
Published with the support of the French Ministry of Culture.
Translation of: Assimilation de l'azote chez les plantes aspects physiologique,
biochimique et moléculaire, INRA, Paris, 1997. New Chapters added and Text
updated by the authors for the English edition in 1999-2000.
French edition: O INRA,Paris, 1997
ISBN 2-7380-0716-3
ISSN 1144-7605
Published by Science Publishers, Inc., Enfield, NH, USA
Printed in India

