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1. GENERAL INFORMATION ON THE PROJECT

1.1. Name of the project

"Ammonium translocation in cyanobacteria and their possible role as biofertilizers", AID-CDR
Grant No. DPE-5544-G-§S-6036-00. The project was carried out in, The Algal Biotechnology
Laboratory located in the Blaustein Institute for Desert Research Sede Boker campus, Ben Gurion
University of the Negev Israel in collaboration with the University of the Philippines at Los Banos,
College, Laguna, Philippines.

1.2. Background and objectives

Background:
The lack of available chemical fertilizers, especially nitrogenous ones at economic prices, is one of
the basic nroblems facing agriculture in developing countries. N-chemicals account for as
much as 30% of the total fertilizers needed for agricultural .crops and are often
regarded as the limiting factors in food production in developing countries. It is
therefore not surprising that biological nitrogen fertilizers that efficiently transfer nitrogenous
compounds from ‘he media to the plants are of great interest in many countries, particularly in
tropical Asia where rice is one of the major agricultural crops. Unfortunately, the increasing cost of
N-fertilizer and the widening gap between supply and demand of Nitrogen in the developing
countries have placed heavy constraints on the farmers. Realizing the influence of energy
cost on current and probable future prices of N-fertilizer, the need to stimulate
research on alternative sources of nitrogen for rice cultivation is thus imperative.
The concept of using N fixing CBA as nitrogen biofertilizers in rice fields is not yet fully explored,
and some major problems are still limiting the wide utilization of this biofertilization technique:
- The lack of an understanding of the environmental conditions prevailing in the rice ecosystem
which in some cases affect the blooming of the algae (either indigenous species or inoculated ones)
- The inability to produce good quality inocula at an economical price.
- The low efficiency of the transfer (utilization) of the fixed nitrogen by the CBA to the rice plants.

Objectives:

I)  Isolation and characterization of indigenous strains.
We propose to isolaie free-living Np-fixing cyanobacteria from rice paddies in order to study
their optimal growth conditions. Promising strains which exhibit high growth rates in the
laboratory will be cultivated outdoors to define the biological factors limiting their productivity.
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1) Isolation of N2-fixing cyanobacteria mutants which continuously release ammonia in the presence
of combined nitrogen.
The accumulated nitrogen in the: alga! cells can be made available to the rice mainly by mineraliza-
tion when the algal cells are microbially decomposed, while only a small part of this nitrogen is
available through exudation when the algae are still alive. Thus it is impossible to distinguish
between the demand for N-compounds required for the development of the rice plants and the
release of these substances by the cyanobacteria. We suggest, therefore, the development of new
strains of these algae which will fix atmospheric nitrogen and continuously release a fraction of it
throughout their course of normal growth. Using such strains, it should be possible to control the
flow of the nitrogen compounds  required for the development of the rice plants from seedling to
tillering.
11I) Development of new concepts for the utilization of No-fixing cyanobacteria as nitrogen
biofertilizers in rice paddies:
1. The cultivation of selected species of CBA in pilot plants for inoculum fuctories that will
produce the biofertilizer.
2. The biotechnology of harvesting and transferring the CBA in concentrated form to the rice
fields. '

1.3. Executive summary

The concept of using N fixing CBA as nitrogen biofertilizers in rice fields is not yet fully explored,

and some major problems are still limiting the wide utilization of this biofertilization techinique:

- The lack of understanding of the environmental conditions prevailing in the rice species or
inoculated ones)

- The inability to produce good q ality inocula at an economical price

- The low efficiency of the transfer (utilization) of the fixed nitrogen by the CBA to the rice plants.

During this project, intensive work was carried out to address these problems and good progress was

achieved:

1. Several promising strains from rice fields have been isolated and characterized, among which are:
Gleotrichia natans, indeginous to most rice fields in the Philippines, and A.siameusis, one of the
fastest natural nitrogen-fixing strains,

2. We isolated a mutant strain *;om mutagenized A.siamensis, which continuously releases ammonia.

3. We have succeeded to produce these strain for the first time in outdoor cultu:es to obtain inocula of
good quality.

4. Storage and transport. Several techniques were tested:

Air-drying in a non-humid place. In this dried form the BGA can be easily transported.
Another easy methods of transporting of BGA is by storing spores or akinets.



The progress we have made in improving the biotechnology of using cyanobacteria as N-
biofertilizers is now implemented in the Philippines. This information is now available to other third
world countries through the publications which summarize our accomplishments (see 3.1).

2. SPECIFIC METHODOLOGY

2.1. Screening and isolation procedures

2.1.1. Screening for indigenous species in rice fields ‘
PHASE 1 - Determination of growth limiting factors: light, pH, temp, nitrogen, phosphate, salinity
and predators.
Efficient production of inoculum of high quality.
PHASE 2- Application to rice fields:
a. enrichment and establishment of favorable endogenous species
b. efficient transfer of the fixed-nitrogen to the rice plant.

2.1.2, Mutagenesis using EMS for the isolation of ammonium excreting mutants:

100 ml of culture grown on BG110 medium in mid-exponential phase were harvested by
centrifugation at 3,500 rpm at room temp.

The filaments were washed once in BG11 medium containing 5 mM ammonium chloride and
suspended in 24 ml of the same medium to concentration of 5E8 cfu/ml.

Cells were sonicated for 15 seconds and washed in BG11 medium containing 5 mM ammonium
chloride and suspended in 24 ml of the same medium and then divided into two 12-ml cultures (1-
control: following every step of the experiment except addition of EMS; 2- for mutagenesis). EMS
was added to the cultures at a final concentration: of 1%,

Culture was incubated for 90 minutes in room temp. with continuous illumination.

Culture was washed in BG110 medium and suspended in 12 m! of the same medium.

Filaments obtained after mutagenesis were incubated at 48°C for 40 minutes.

Cells were collected by centrifugation and suspended in 100 m! BG11 medium containing

3 mM ammonium Chloride.

Culture was incubated in light in room temp. with gentle shaking for 10 h to allow segregation of
mutagenized chromosome, Plating on 500pum MSX and selection of the survivors on pH indicators

dyes as indication for ammonia excretion.



2.2, Laboratory techniques ai:i specific assays

1. Laboratory cultures: The algae were cultivated in 500 ml sterilized glass columns inside a
transparent plexiglass circulating water bath. Water temperature was controlled at 30°C. A constant
photon flux of 175 nE m2s!
of 8 cool-white fluorescent lamps. Continuous aeration was provided by bubbling filtered air
containing 1.5% CO, . Under this condition the pH was maintained at 6.8-7.0. The stardard growth

at the surface of the growth vessel was supplied laterally by a battery

medium was BG-11o (Stanier et al., 1971).

Unless otherwis stated, culture was sampled during the logarithmic growth phase for use in the
different experimens, .

2. Outdoor cultures: 2.5 m2 oval-shaped ponds with two channels forming a single loop were used.
The culture, 250 liters in volume (medium was BG-110) and 10 cm in depth, was stirred by a padale
wlheel. CO, was supplied to maintain the pH at a range of 6.5-7.5.

3. Nitrogenase activity was estimated by the acetylene reduction method (Stewart, 1967). Samples
of 4.6 ml of algal culture, washed in fresh BG-110 medium, were placed in a 25 ml Wheaton bottle
sealed with a flanged rubber septum. The Wheaton bottles were subjected to rotary shaking and
illuminated with a quantum flux of 75 pE m"2 s-1, during the assay. Cell suspensions were allowed
10 min of acclimation before injection of CyHz. Ethylene was analyzed on an HP 5890 gas
chromatograph using a stainless steel column packed with Poropack-N (0.2 cm i.d., 265 cm length).
Nitrogenase activity was expressed as it mol CoHy produced per mg clilorophyll per hour.

3. CONCLUSIONS AND PUBLISHED WORK

3.1. published work based upor: work carried out during this projeci

A. Chapters in Books:

1990 Boussiba, S. Nitrogen fixing cyanobacteria. Proceedings of the Fifth International
Symgposiumn on Nitrogen Fixation with Non-Legumes. Florence, Italy. Polsinelli, M.,
Materassi, R. and Vincenzini, M. (eds.) Kluwer Academic Publishers, pp 487-491.

1990 Boussiba, S. Ammonium transport systems in cyanobacteria. In: Inorganic Nitrogen
Metabolism. Ullrich, W.R., Rigano, C., Fuggi, A. and Aparicio, P.J. (eds) Springer Verlag,
Betlin, pp. 99-105.

B. Refereed Articles in Scientific Journals;

1988  Boussiba, S. Cyanobacteria as nitrogen biofertilizers: A study with the isolate Anabaena
azollae.. Symbiosis . 6, 12¢-138.
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1989  Boussiba, S. Ammonium uptake in the alkalophilic cyanobacterium Spirulina platensis.
Plant Cell Physiol, 32: 303-314.

1990 Querijero-Palacpac, N.M., Martinez, M.R. and Boussiba, S. Mass cultivation of the
nitrogen-fixing cyanobacterium Gleotrichia natans, indigenous to rice fields. J, Appl.
Phycol, 2: 319-325.

1990 Thomas, S.P., Zaritsky, A. and Boussiba, S. Ammonium excretion by a methionine
sulfoximine resistant mutant of the rice field cyanobacterium Anabaena siamensis . Appl,
Environ. Microbiol. 56: 3499-3504,

1991 Thomas, S.P., Zaritsky, A. and Boussiba, S. Genetic improvement of Anabacna siamensis
for ammonium hyperproduction and excretion. Bioresource Technology 38: 161-166.

1991 Boussiba, S. Nitrogen fixing cyanobacteria potential uses. Plant and Soit. 137: 177-180.

C. Referced articles (others):

1991  Martinez, M.R., Querijero-Palacpac, N.M., Guevarra, H.T. and Boussiba, S. Production

of indigenous nitrogen-fixing blue-green algae in paddy field in the Philippines. Workshop
on Mass Culture of Microalgae. November 18, Silpakorn University, Thailand.

D. Meetings and invited lectures

a. Jnvited Lecturgs:

1987  Boussiba, S. Ammonium transport in cyanobacteria. EMBO Workshop on Oxygenic and
anoxygenic electron transport systems in cyanobacteria (Blue-Green Algae), Cape Sounion,
Greece.

1988 Boussiba, S. Ammonium translocation in Anabaena azollae and its possible use as a
nitrogen biofertilizer. National Council for Research and Development. Nitrogen fixation in
symbiotic systems, Finland-Israel (Shoresh).

1989  Boussiba, S. Ammonia uptake and assimilation in cyanobacteria. Adv. Course on inorganic
Nitrogen Metabolism. Napoli, Italy.

1989  Boussiba, S. Anunonium transport systems in cyanobacteria. EMBO Workshop on
Comparative structure and function of membranes in chloroplasts and cyanobacteria. Corfu,
Greece.

1990  Boussiba, S. Nitrogen fixation in blue-green algae: potential uses. In: Biological Nitrogen
Fixation Meeting. Israel Society for Microbiology, Jerusalem, Istael.

1990  Boussiba, S. Ammonium excretion by an MSX-resistant mutant cf the rice-field
cyanobacterium Anabaena siamensis. First European Workshop on the Molecular Biology
of the Cyanobacteria. Durdan, France.

1990 Boussiba, S. Nitrogen fixing cyanobacteria - potential uses. Fifth Iniemat. Symp. Nitrogen
Fixation with non-legumes. Florence, Italy.

1991  Boussiba, S. and Martinez, M.R. Ammonium translocation in Cyanobacteria and their
possible use as nitrogen biofertilizer. Biological Nitrogen Fixation. Networking workshop
USAID meeting of principal investigators. Banff, Canada.

b. Meetings:

1987  Boussiba, S. Anabaena azollae as a nitrogen biofertilizer, 40 International Meeting of the
French Society of Applicd Algology. Villeneuve D'ascq, France.

1988  Boussiba, S. and Gibson, J. Ammonium translocation in cyancbacteria. 6" Symp. on

Photosynthetic Prokaryotes. Nordwijkerhout, The Netherlands.
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1989  Boussiba, S. Biomass production of nitrogen-fixing cyanobacteria. Adv. Course on
Inorganic Nitrogen Metabolism. Napoli, Italy.
1990 Thomas, S., Zaritsky, A. and Boussiba, S. Genetic improvement of Anabaena siamensis

for ammonium hyperproduction and excretion. 5t Internat. Conf, Soc. Appl. Algol. on:
Recent Advances in Algal Biotechnology, Tiberias, Israel.

1990  Palacpac, N., Martinez, M. and Boussiba, S. Mass cultivation of an indigenous nitrogen-
fixing blue-green alga Gleotrichia natans. 5th Internat. Conf. Soc. Appl. Algol. on: Recent
Advances in Algal Biotechnology, Tiberias, Israel.

1991 Martinez, M.R., Marcelino,V.M., Palacpac, N.Q. and Boussiba, S. Outdoor production
of nitrogen fixing blue green algae. Workshop on Mass Culture of Microalgae. Silpakorn
University, Thailand.

1991  Martinez, M.R., Sarmiento, J.F. and Boussiba, S. Effects of phosphorous on algae and
rice growth. Workshop on Mass Culture of Microalgae. Ibid.

1991  Martinez, M.R., Encio, D., Paje, P.P., Guevarra, H.T. and Boussiba, S. Interrelationship
of planktonic and colony-forming algae in soil based pond. Ibid.

3.2. Concluding remarks of PI's

Dr. Boussiba:

Our collaboration with the Philippines is well established. Dr. Martinez has visited the Algal
Biotechnology Laboratory for several weeks and one of her students, Nirrian Palacpac, has spent
several months in the lab in Israel. Actually, Ms. Palacpac was a joint research student of Dr.
Martinez and myself for an M.Sc. degree. I have visited their laboratory in the Philippines and set up
turbidostats there (brought from Israel) for growing algae under controlled conditions. We have also
constructed outdoor ponds 2.5 m-2, similar to those we have in Israel. The facilities installed in Dr.
Martinez's laboratory for cultivating microalgae were of great importance for the successful
implementation of the completed project.

The progress we have made in improving the biotechnology of using cyanobacteria as N-
biofertilizers is now implemented in the Philippines. This information is now available to other third
world countries through the publications which summarize our accomplishments (enclosed).

Dr. Martinez : (sec letter attached)

3.3 Reprints and othei relevant materials related to this project:
*[etters
*Final technical renn+t b Ne Moartina.

* Reprints



P.,0, Box 169

September 17, 1991

Prof. Jaime Wisniak L

Vice Pres. & Dean of Ressarch & Development
Ben Gurion Univarsity

P.0, Box 653

Beer Sheva Israel

Dear Prof. VWisniak:

Thank ycu so much for having given me the opportunity
to work with Dr. Sammy Boussiba on this recently concluded
U.S. AID-CDR Grant about "Ammonium Translocation in Cyano-
bacteria and their Possible Use as Blofertilizers."

I have learned a 1lot from the collaboration and it is
already revolutionizing our Cyanobacteria production with
the use of your toclinologies. However, it may take sometime
before we can be proficlent in tha ayatem. Othervise, we
will 8still be in the backward stage of dual cultivation of
our algae with rice that has a minimal contribution in
biomass as compared to the Israesl technology.

I did not only learn about technical aspects of *he
project but I aiso came to approeciate the "drive" and high
motivation for work of my collaborator. It took sometime
for me to understand and adjust to the situation but T am
very appreaiative to him for his efforts and patience. I
think the project made me more understand him and the Israeli
people in genaral. o, L Lt

Lastly, the monetary remuneration we got helped a
number of people over here - from 8lving jobs to travel and
education,

Thank you and my bast regards,

' Very truly yours,

Moo LA /f'\'ro'f“"”[ﬁ
MILAGR@5A R. MARTIN®Z
Associatn Profassor & Director

¢cc: Dr. Sammy Boussiba
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N.-Fixing Cyanobacteria as Nitrogen Biofertilizer —
A Study With the Isolate Anabaena azollae

SAMMY BOUSSIBA

Microalgal Biotechnology Laboratory, The Jacob Blaustein Institute Jor
Desert Research, Ben-Gurion University at Sede Boker, Sede Boker, 84993
lsrael Tel. 972-57-86825 Telex 5280 DIRBG IL

Received April 17, 1088; Accepted July 7, 1088

Abstract
Anabaena azollae possesses several characteristic features advantageous for ap-
plication as a nitrogen biofertilizer: fast growth rate (1-0.0675 h™!; dcubling
time of 10.2 h}; tolerance to a wide range of temperatures (20-4n°C); ability
to grow and to fix nitrogen at optimal values (nitrogenase activity-32 pmol

CzHy mg~!chl h™1) over a broad range of pH (8 to 9); growth rate and
nitrogenase activity not effected by the presence of 1% NaCl in the growth
medium. Its production outdoors in 2.5 m? ponds was also tested over several
months. Maximum yield of 17.9 g m—2d~! was obtained during the month
of August in which the morning and noon temperatures fluctuated between
21-24°C and 31-34°C, respectively the ponds being partially (30%) shaded
to decrease light intensity.

Keywords: Anabaena azollae, nitrogen fixation, biofertilizer, biomass production,
rice paddies

1. Introduction

The use of nitrogen-fixing cyanobacteria as nitrogen biofertilizer in rice
fields is of great significance in many countries in the far east, where rice is
the major staple diet. Indeed since the first report by De (1939) testing the
potential application of these algae as a biofertilizer, many studies have been
devoted to introducing this biofertilization technique, in various countries
(Venkataraman, 1977, 1986; Roger and Kulasooriya, 1980; Martinez, 1984;
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Ley and Qianlin, 1985; Grant et al., 1986; Roger and Watanabe, 1986). To
date, however, the use of these algae as N-fertilizer still suffers from some ma-
jor problems: The inability to produce good quality inocula at an economical
price (Watanabe, 1984); the lack of understanding the environmental condi-
tions prevailing in the rice ecosystem which in some cases affect the bloom-
ing of the algae, cither endogenous species or inoculated ones (Roger and
Kulasooriya, 1980); the low efficiency of the utilization of the fixed nitrogen
by the rice plants (Watanabe et al., 1987).

This study describes tiie performance of Anabaena azollae, isolated from
Azolla filiculoides, in relation to its application as N-fertilizer. Datz con-
cerning the effect of pll, temperature and salinity (environmental conditions
which regnlate the abundance of cyanobacteria in rice fields) on the growth
rate and nitrogenase cctivity are presented. The possibility of cultivating this
strain outdoors under N, fixing conditions during a relatively long period of
time was also tested.

2. Materials and Mecthods
Organism

Anabacena azollae isolated from Azolla filiculoides, was donated by E. Tel-
Or, Faculty of Agriculture of the Hebrew University at Rehovot, Israel.

Growth conditions

1. Laboratory cultures: The algae were cultivated in 500 ml sterilized
glass columns inside a transparent plexiglass circulating water bath.
Water temperature was controlled at 30°C. A constant photor. flux of
175 uE m~?s~at the surface of the growth vessel was supplied laterally
by a battery of 8 cool-white fluorescent lamps. Continuous aeration
was provided by bubbling filtered air containing 1.5% CO,. Under
these conditions, the pH was maintained at 6.8-7.0. The standard

" growth medium was BG-110 (Stanier et al., 1971). Unless otherwise
stated, cultuses were sampled during the logarithmic growth phase for
use in the different experiments.

2. Ouldoor cultures: 2.5 m? oval-shaped ponds with two channels forming
a single loop were used. The culture, 250 liters in volume (medium
was BG-110) and 10 cm in depth, was stirred by a paddle wheel.
CO,; was supplied to maintain the pH at a range of 6.5-7.5. Pond
maintenance: Temperature, dissolved oxygen, and pH in the outdoor
cultures were monitored daily. Light intensity ranged from 900 to
1250 uE m~3s~'between March to August, respectively.
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To maintain steady state growth, the culture was bled as required. In all
outdoor experiments the biomass concentration was kept between 6-8 mg-chl
liter—2,

Enzyme assays

Nitrogenase activity was estimated by the acetylene reduction method
(Stewart, 1967). Samples of 4.6 ml of algal culture, washed in fresh BG-110
medium, were placed in a 25 ml Wheaton bottle sealed with a flanged ruLber
septum. The Wheaton bottles were subjected to rotary shaking and illumi-
nated with a quantum flu of 75 uE m~?s~!, during the assay. Cell suspen-
sions were allowed 10 min of acclimation before injection of C,H;. Ethylene
was analyzed on an HP 5890 pas chromatograph using a stainless steel column
packed with Poropack-N (0.2 em i.d., 265 cm length). Nitrogenase activity
was expressed as ¢ mol C;H, produced per mg chlorophyll per hour.

Other methods

Ash free dry weight (AFDW) and chlorophyll-a were determined as previ-
ously described (Boussiba et al., 1987). Protein was devermined according to
Lowry et al. (1951). Frequency of heterocysts was calculated by microscopic
countings and is expressed as % of the total number of cells in the culture.

The effect of temperature on growth was studied in a temperature block
maintaining a temperature gradient from 20 tc 45°C with 1.5 degree incre-
ments between adjacent test tubes. The light intensity at the bottom surface
of the tubes was 110 uE m-%s~1,

3. Results
Effects of environmental factors

The eflect of different growth conditions on the specific growth rate and
nitrogenase activity of A. azollae were tested in the laboratory. This isolate
grew relatively fast and fixed nitrogen over wide ranges of pH’s (Fig. 1). The
specific growth rate and the maximum nitrogenase activity being 0.065 h-1,
and 32 pmol C;H, mg=* chl h-!, respectively, at PH 7.0. The same effects,
high growth rate and nitrogenase activity, could be achieved in cultures grow-
ing in air, but in which the pH is controlled to 6.8~7.0. A. azollae can tolerate
a wide range of temperatures from 20 to 40°C, without its growth rate being
adversely affected (Fig. 2). This strain exhibits tolerance to NaCl up to 1%
without its growth rate or its nitrogenase activity being affected (Fig. 3).
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Figure 3, Effect of NaCl on the growth of Anabaena azollae. NaCl was added to final
concentrations {w/v) as indicated.

Table 1. Outdoor production of Anabaena arollae in 2,6 m3 ponds

Month Temperature Output rate Nitrogenase* Heterocysts
(1087) (°C) (g m—2a-1) activity (% of total cells)
March  12-16! 23-262 5.6 4.7 4-6

June 18-21 28-31 12.3 6.2 5-6
August 21-24 31-34 17.9 5.8 6-6

Imorning; 2 noon
*nilrogenase activity — umol C3H¢ mg=1 chl h—1

Outdoor mass production of Anabaena azollae

Data accumulated at Sede-Boker concerning the mass production of
A. azolla; during several seasons of the year are presented in Table 1. A
major elfect which controlled the mass production of this nitrogen fixing
strain was the temperature fluctuation during the months of production.
Maximum yield of 17.9 g m~2d~! was obtained during the 1aonth of August
during which the morning and noon temperatures were close to optimum.
No difference between C/N ratios were observed in the material grown in the
lab or outdoors (data not shown).
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Some characteristic features of outdoor cultivation of this strain were ob-
served: (1) Relatively small amounts of ammonia were present in the medinm
during growth (between 0.1 and 0.3 mM). This phenomenon was not ob-
served in the laboratory; (2) significant reduction in frequency of hetero-
cysts (5~7%) and nitrogenase activity (4-7 pmol C;H mg~*chl h=1) during
growth, compared with laboratory cultures; (3) sensitivity to solar irradiance
(1250 uE m~?s~*!) which necessitated continuous shading of the pond in the
summer (August), reducing light intensity by 30%.

The release of ammonia to the surrounding environment

In one event during the course of growth in outdoor ponds, a sudden drastic
drop in temperature occurred (below 10°C). This caused rapid decomposition
of the Anabaena cells and an increase of ammonia in the growing medium
(Fig. 4).

The released ammonia was consumed and promoted the establishment of
new species of algae (green) as revealed by microscopic observation and by the
total loss of nitrogenase activity (Fig. 4). This situation is comparable to the
decomposition of cyanol \cteria in rice fields, when the nitrogen compounds
are utilized hy the rice r ants.

4. Discussion

Rice fields continuously undergo environmental changes during maturation
of the rice plants (Roge: and Kulasooriya, 1980). During the growth cycle
of the rice plants, light becomes limiting due to tillering development, and
there is an increase of pH from 6 to 7 in the inoculation slages, to 8-9.5
towards the end of growth. Also, due to evaporation, there is a constant
increase in salt concentration, while temperature may alvo fluctuate over a
wide range (Venkataranian, 1986). Clearly, these environmental factors may
directly affect the growth and development of cyanobacteria in rice fields. In
particular, these factors may control nitrogenase activity and therefore af-
fect the performance of these microorganisms as nitrogen biofertilizers. The
search for saitable strains which can perform weli under the different envi-
1onmental conditions prevailing in rice fields, should therefore by considered,
as the first stage in the development of biotechnology using cyanobacteria as
biofertilizer.

The results obtained in this investigation and previously (Zimmerman and
Boussiba, 1987), regarding the effect of environmental factors on the growth
rate and nitrogenase activity of A. az llac give support to the possibility of
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Figure 4. Growth and ammonia release of Anabasna azollae cultivated outdoors in 2.5 m?
pond,

using this isolate a3 a nitrogen biofertilizer. This strain grows relatively fast
(dt of 10.2 hr), but slower than Anabaena siamensis another potential biofer-
tilizer strain which grows much faster (dt of about 4.0 hr) (Antarikanonda,
1985). A. azollae, however, possesses several other characteristic features
which may be considered advantageous; it fixes nitrogen at almost optimal
rates over a broad rang. of pH; tolerates a wide range of temperatures; and
can withstand up to 1% NaCl in the growth medium without its growth or
its nitrogenase activity being significantly affected. Indeed, these features
of A. azollae have been described previously (Antarikanonda and Lorenzen,
1983) as the desirable ones, when considering natural isolates of N,-fixing
cyanobacteria to serve as nitrogen biofertilizer.
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The next important stage when considering application of N,-fixing
cyanobacteria as nitrogen biofertilizer is mass production of high quality
inoculum of the desirable strains (Watanabe, 1984). Data concerning mass
production of nitrogen-fixing cyanobacteria are still limited, and the rate
of reported production 6-8 g m~2day~! is relatively low (Watanabe, 1959).
Recently Fontes et al. (1987) obtained higher rates of production 8 to 13 g
(dry weight) m~2day~! using Anabaena variabilis. It is imperative to con-
sider these data with great caution since they were obtained in a small scale
(0.25 m?) and over a relatively very short period of time. The highest rate
of production in a bigger reactor 2.5 m? obtained in this work was 17.9 g
(A.F.D.W.) m~2day-*. The rate of production wes caiculated from a culture
being at steady state of at least 25 days.

The third stage, which should nerhaps be considered the critical one in the
selection of the desirable strain, io be used as a nitrogen biofertilizer, is its
performance under field conditions. Important factors which should be taken
into consideration are: competition with endogenous strains, resistance to
pesticides'and grazers and, finally, the effectiveness of fixed nitrogen transfer,
to the benefit of the rice plants (an example of such a flow of nitrogen during
the decomposition of A. azollae is documented in Fig. 4). The perforuance
of A. azollae in rice fields is now being investigated,
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Ammonia Uptake in the Alkalophilic Cyanobacterium
Spirulina platensis'

Sammy Boussiba

Microalgal Biotechnology Laboratory, The Jacob Blaustein Institute for Desert Research,
Ben-Gurion University at Sede Boker, Sede Boker 84993, Israel

Ammonia uptake was studied in the alkalophilic cyanobacterium Spirulina platensis. In
continuous cultures under optimal growth conditions ammonia supported optimal growth (doubl-
ing time of 9.3 h), causing a reduction of glutamine synthetase activity to 25% of that found in
cultures grown on NOy. Long term (20 min) ammonia uptake assays were performed to study
the dependency on metabolism: 1) Ammonia uptake proceeded at the same rates in the light and
in the dark, the pH dependency pattern correlating with light-dependent O, evolution and dark
O, consumption. 2) The uptake of ammonia was pH dependent with an optimum at pH 9.3, 3)
The uptake was totaily dependent upon the activity of glutamine synthetase and was completely
inhibited by methoinine sulfoximine.

To study the mechanisin by which NH, /NH, enters the cells, short term experimnents (up to
1 min) were performed at pH 7.0 and pH 10.0: At pH 7.0 the uptake was slow and at a constant
rate. At pH 10.0, the uptake did not saturate even at 1 mM ammonia and the kinetics were
biphasic, consisting of a fast component lasting less than 5 seconds and of a subsequent slower
component. The fast phase was insensitive to methionine sulfoximine, whereas the slower phase
was completely inhibited by this compound. We suggest that under optimal (alkaline) pH the en-
try of ammonia into Spirulina cells is likely to be a ApH driven diffusion process, continuously
supported by its intracellular assimilation.

Key words: Alkalophilic — Aminonia uptake — Cyanobacteria — Methionine sulfoximine —

Spirulina platensis,

Spirulina platensis is ar alkalophilic cyanobacterium,
which grows optimally at pH 9.0, but withstands pH values
as high as 11.5 (Zarouk 1966). At present it is being exten-
sively cultivated for the production of protein and rare
chemicals (Kichmond 1986). However, limited informa-
tion is available concerning its nitrogen metabolism
(Boussiba and Richmond 1980) and the uptake of nitroge-
nous substances at high pH values. The latter is of special
interest when ammonia is used as the sole nitrogen source,
since this molecule, which is mostly unprotonated at
alkaline pH (pK 9.25), was reported to uncouple cyanobac-
terial photosynthesis (Abeliovich and Azov 1979). We
therefore set out to study whether S. platensis can grow
satisfactorily on ammonia as a sole nitrogen source at an

Abbreviations: MSX, methionine sulfoximine; GS, gluta-
mine synthetase.
! Contribution number 35 of the Microalgal Biotechnology
Laboratory.
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alkaline pH and if so, to characterize the mechanism of its
influx.

Ammonium uptake and its retention have been exam-
ined in neutrophilic cyanobacteria (Boussiba et al. 1984,
Kashyap and Johar 1984, Turpin et al. 1984, Zimmerman
and Boussiba 1987, Ritchie and Gibson 1987, Oh:nori and
Kanda 1987). 1t has been shown that Anacystis nidulans
can take up NH{ in the light against a concentration gra-
dient. NI} uptake was completely inhibited by dark
anaerobic conditions and by protonophores. It was also
strongly inhibited by -SH reagents and by MSX, a specific
and irreversible inhibitor of GS (Rowell et al. 1979). It
was concluded (Boussiba et al. 1984) that a) interference
with energy supply or with ammonia metabolism limits am-
monia entry into the cells; and b) the glutamine synthetase/
glutamate cynthase enzyme system is the primary ammonia
assimilation pathway in Anacystis nidulans. The latter
conclusion was also arrived at by Ohmori and Ohmnori
(1988) for Spirulina platensis, although they also suggest
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that in this organism alanine dehydrogenase plays a minor
part in the assimilation process. The role of glutamate
dehydrogenasse was found by Ohmori and Ohmori (1988)
to be negligable, as was generally observed for other
cyanobacteria (Guerrero and Lara 1988).

In the present study we found that ammonia (2.5 mm)
can support growth at a fast rate (9.3 h doubling time).
Ammonia uptake at pH 7.0 and pH 10.0 showed difterent
kinetics. The mechanisms by which ammonia enters the
cell of this cyanobacterium are discussed. Please note that
term ammonia is used here to cover both the protonated
and unprotonated forms of this compounds, while NH, or
NH, are used where one or the other forms is meant
specifically.

Materials and Methods

Organism and growth conditions—Cpirulina platensis
(LB1475/a), obtained from the Cambridge Culture Collec-
tion, was grown in Zarouk’s medium (Zarouk 1966). The
cyanobacteria were cultivated either in continuous culure
as described previosuly (Boussiba and Richmond 1980), or
in 500 ml batch cultures, in glass columns. Crowth
temperature was 35°C; pll was maintained in the range of
8.9-9.1, and the cultures were stirred by means of an air
stream (4 liters- mir™') containing 1.5% CO,. Illumina-
tion was provided by cool white fluorescent lamps at a cons-
tant light intensity of 180 4E-m~?-s~'. Cultures grown
continuously were allowed to grow for at least 10 doubl-
ings, after which they were regarded to be at steady state,
Cells from steady state cultures were used for most of the
experiments.

Ammonia uptake assays—The experiments were per-
formed as described previosuly (Bcussiba ct al. 1984) with
some modifications. Cell suspensions (15 ml) containing
up to 1 mg protein.ml™! were placed in a 50-ml Erlenmeyer
flask and agitated gently in a water shaker-bath at 35°C, at
a light intensity of 100 y4E-m .5~ provided by overhead
cool-white fluorescent lamps. NH,C! was added to final
concer.rations ranging from 10 to 1,000 uM. Samples
werce drawn out at intervals, filtered through a 25-mm GF/
C filter and the ammonia in the filtrate was determined by
the phenol alkaline hypochlorite method (Solorzano 1969),
as previously described (Boussiba et al. 1984). Uptake
assays were prolonged either for 20 min when the uptake
was correlated to metabolic activity of the cells, or for
short periods (up to 1 min), when the mechanism of uptake
was studied. For the determination of pH optimum the
following buffers were used: 20 mm phosphate buffer for
pH 6.0-8.0 or 50 mM bicarbonate buffer for pH 9.0-10.8.
A control experiment showed that at the pH range used
there was no disappearance of ammonia from a medium
frec of cells under the experimental conditions.

Measurements of oxygen evolution and consump-

tion—Cells were washed and resuspended in a fresh
Zarouk medium, which was adjusted to different pH
values, as outlined above. Suspensions at a concentration
of 2.0 ugchlorophyll-ml™' (150 ug protein-mi~*) were
used. The rates of oxygen evolution in the light (photo-
synthesis) and of oxygen consumption in the dark (respira-
tion) were measured at 30°C with a Clark-type oxygen clec-
trode (Yellow Springs, Ohio Instruments Co.) connected to
a recorder (Vogor 310). The light intensity at the surface
of the electrode cell was 700 4E.m 2571,

Other methods—Glutamine synthctase assays were per-
formed in concentrated suspensions (1 mg protein-ml™').
Cells were then permeabilized with 2% toluene for one
minute and kept on ice for 15 min. Activity was measured
as transferase (Sampio et al. 1979). Pigments extraction
and quantification were performed as described by
Boussiba and Richmond (1979). Total protein was deter-
mined by Lowry’s procedure (1951). For the determina-
tion of ammonia and nitrate in the growth medium,
Nessler's methhod, as modified by Abeliovich and Azov
(1979), and the Szechrome NAS methed (Shilo and Rimon
1982) were respectively employed.

Results and Discussion

Arumnonia as a nitrogen source

S. platensis grown in batch culture utilized either
nitrate or ammonia (Fig. 1). Except for a t day lag in the
presence of ammonia, growth rates with the two nitrogen
sources were similar. This cyanobacterium can thus assimi-
late ammonia at pH 9.0 as its sole nitrogen source and does
so with the same cfficiency as for nitrate. Morcover, when
both these nitrogen substrates were present in tiie growth
medium, ammonia was used preferentially (Fig. 1, insert),
as has also been observed in neutrophilic cyanobacteria
and green algae (Ohmori et al, 1977, Cresswell and Syrett
1979).

Further evidenze for the ability of this cyanobacterium
to use ammonia as its nitrogen source without its growth be-
ing adversely affected was obtained from continuous
cultures. Under steady state conditioins, cultures fed with
NOj and NH/ exhibited the same doubling time, i.c. 9.3 h
(Table 1). GS activity in cells grown on ammonia was only
259 of that found in cells grown on NO; (Table 1), a
response generally observed in neutrophilic cyanobacteria
growing in the presence of NH, (Rowell et al. 1979, Tuli
and Thomas 1980, Zimmerman and Boussiba 1987).

Ammonia uptake and metabolic activities

When relatively dilute  S. platensis suspensions
(0.3 mg protein-ml~') were used, ammonia uptake ap-
peared to be linear for over 20 min. It proceeded at similar
rates in the light and in the dark (Fig. 2A, B, respectively),
exhibiting an identical pH dependency: no activity at
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Fig. 1 EfTect of the nitrogen source on growth of S. platensis in
batch cultures. 0=, 3mmM NOy, adjusted daily; U+, 3 mm
NH{, adjusted daily; -®-, 3 mm MO; + 3mm NH/, only NH{ be-
ing adjusted daily.

Insert: fluctuations of NOy (@) and NH. (A) in the medium dur-
ing growth in the presence of both NOj and NH.. Broken lines,
daily adjustment of NH{ to initial concentration.

pH 6.0, an optimum at pH 9.0 and approximately 80% of
the optimum at pH 10.8 (Fig. 2). These findings, however,
differ from those obscrved in several neutrophilic
cyanobacteria, e.g. Anacystis nidulans (Boussiba et al.
1984) and Anabaena azollae (Zimmerman and Boussiba
1987) in which NH, uptake was totally pH indvpendent, ex-
hibiting the same rate between pH 6 and 9. This may in-
dicate that in Spirulina ammonia penctrates via a
mechanism different from that operating in the latter
cyanobacteria.

The same pattern observed for ammonia uptake was
found for other metabolic activitics, such as light depen-
dent O, evolution and dark O, uptake (Fig. 2A, B, respec-
tively). These data indicate that ammonia uptake may be
related to the overall activities of the cell,

The step in which ammonia uptake is likely to interact
with cellular metabolism is its actual assimilation, i.c. the
activity of glutamine synthetase. To investigate this
possibility the effects of glutamine and MSX (a specific in-

Table 1 Stcady state growth rate and glutamine syn-
thetase activity of Spirulina platensis cultivated under
differcnt nitrogen sources

H a
Nitrogen s‘::::{'; d('ltl') GS activity?
NOy 3.0 9.6 0.95
NH} 2.5 9.3 0.20

‘e doﬂﬁiiv.g time,
® pmol gletamythydroxamate-min~'.(mg piotein)™".

hibitor of the glutamine synthetase, Rowell et al. 1979),
were tested at two pH values. At pH 7.0, a low concentra-
tion of MSX (5 um) completely inhibited NH/ entry almost
instantancously (Fig. 3a), the inhibition being accom-
panied by a total loss of GS activity (Fig. 3b). At pH 10.0
NH;, uptake und GS activity were also completely inhibited
by MSX (Fig. 3a, b), but much higher concentrations
(100 um) were required, and only after 5 min from the time

6

5 ¢

- S
s 14 3¢
o £ [ 2=
Tl 1* &5
o O¢g
o9 | T
a a T
> o 0 c
¢ £ 1 c k&
I = 06 2 ¢
Z CE> . ao
E Ll 105 € &

I Joa 20

2] of (<]
[ Jo3 O =

y o

ar 402 ©

N 1 i 1 1 i
5% 8 T
pH

Fig. 2 Effect of pH on ammonia uptake and on O, evolutivn in
the light (A) and dark O, consumption (B) in S. platensis,
Spirulina cells grown under stcady state conditions, were washed
in fresh medium and adjusted to different pH valucs as indicated
in Materials and Methods. For the assays of ammonium uptake
(20 min), cells werc concentrated to 0.3 mg protein.ml~!, and
NH; was added to a final concentration of 50um. For oxygen
measurements, cells were diluted to 2 g chl.mil ™' (150 ug protein.
ml~'). Numbers are average of five different experiments; in all
cases standard deviation did not excead 10%. -0, NH{ uptake;
~O-, O; evolution; -®-, O, consumption.
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cells were washed and treated as described in Fig. 2, and concentrated to 0.3 mg protein-ml ', Ammonium and MSX were added at the
beginning of the assay at the following final concentrations: NH{, 60.0 um; MSX, 5 um at pH 7.0 and 100 g at pH 10.0. GS in the con-
trol treatments were 1.1 and 0.95 umol glutamylhydroxamate-(mg protein) ~'-min~' at pH 10 and pH 7 respectively. Numbers are

average of five differents experiments, standard deviation did not exceed 129%.

of application. When added together with MSX at
pH 10.0, glutamine alleviated the inhibitory effect of MSX
on both ammonia uptake and GS activity, probably by pro-
tecting the latter (Table 2). The same results werc obtained
at pH 7.0 (data not shown). These data furth=r support
the assumption (Boussiba and Gibson 1985) (hat primarily
MSX inhibits GS, rather than a direct inhibition of the
ammonium carrier (Turpin et al. 1984), and that net am-
monia uptake is observed only when conditions permit
continuous amidation, i.e. GS activity. These findings
differ also from previously reported data in Klebsiella
pneumoniae (Kleiner and Castorph 1982) suggesting that
the ammonium transport systein contains a regulatory site
for glutamine and its analog MSX.

Anunonia uptake mechanism and the effect of pH
Ammonia uptake was studied within short intervals

(1 min) to study its influx mechanism, at pH 7.0 (practically

all [>99%] of the ammonia is protonated) and at pH 10.0

Table 2 Effect of MSX and glutamine on ammonium up-
take and glutamine synthetase activity in Spirulina platen-
sis

Addidons et (o contia
no 22.5 100
50 i MSX 0 5
500 uM gin 19.7 95
50 um MSX + 500 um gln 20.3 92

* nmol.min~'.(mg protein)~".
% 1.15 umol glutamylhydroxamate. min~'-(mg protein) ~'.

-0, GS activity; }-, NHY; -, NH{ +MSX.

(over 909 vnprotonated). The patterns of uptake at these
pH values differed greatly: at pH 7.0, typical Michaelis-
Menten kinetics were obtained with a /7, of 34 um and a
Vo Oof 22nmol-(mg protein)™'.min~' (Fig. 4). At
pH 10.0, the uptake rate increnced with ammonia concen-
tration, and saturation was not reached even at 1 mM am-
monia (Fig. 4). These data may suggest different
mechanisms of aramonia entry into this cyanobacterium
but may also reflect different kinetics of glutamine syn-
thetase at the two pH values.

As noted above, linear smmonia uptake were observed
at all the pH values tested when dilute cell suspensions were
used. When the experiments were conducted using higher
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Fig. 4 EfTect of pH on ammonia uptake by S. platensis as a func-
tion of NH{ concentration in the medjum. Numbers are
average of five different experiments, standard deviation did not
exceed 15%. -a-, pH7.0; -+, pH 10.0.
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cell densities (1 mg protein-ml™"), an additional phenome-
non was observed. At pH 10.0 the uptake consisted
of two components: a rapid initial disappearance of am-
monia from the medium immediately upon its applica-
tion, which lasted less than 5 seconds (the shortest period
measured), and a subsequent slow phase (Fig. %). The fast
phase was totally insensitive to MSX and tock place even
when GS was completely inhibited. (Fig. 5). Theslow com-
ponent at pH 10 was totally inhibited by MSX through its
effect on GS activity (Fig. 5). At pH 7.0 the uptake was
slow and at almost constant rate and completely inhibited
by MSX (Fig. 5).

The different uptake patterns observed at these pH
values (Fig. 4, 5) suggest the possible involvement of more
than one mechanism for the entry of ammonia into
S. platensis. At pH 7.0 the ammonium ion (NH/) pro-
bably crosses the plasma membrane against a concentra-
tion gradient (Boussiba et al. 1984) via an active process
characterized by saturation kinetics (Fig. 4) as has been sug-
gested also for neutrophilic cyanobacteria (Boussiba et al.
1984, Kashyap and Johar 1984, Turpin ct al. 1984, Zimmer-
man and Boussiba 1987, Ritchie and Gibson 1987, Ohmori

Time (s)

Fig. 5 Effect of MSX on short-term ammonia aptake by
S. platensis at pH 7.0 and pH 10.0. Spirulina cells taken from
cultures growing at steady state were washed in fresh medium, re-
suspended in the appropriate buffers (see Materials and Methods)
and concentrated up to 1 mgprotein.m!~'. Ammonia concentra-
tion at zero time was 350 um. MSX was added 5 min before am-
monium uptake assays started, by which time GS activity was com-
pletely inhibited. MSX concentration was 5um at pH 7.0 and
1000 at pH 10.0. Numbers arc average of five different ex-
periments, standard deviation did not exceed 159%.

Open symbols without MSX, closed symbols with MSX, -},
pH 7.0; -0-, »H 10.0,

and Kanda 1987). At pH 10 a diffusion mechanism which
consists of two phases may be responsible for the entry of
ammonia. The fast component is driven by 4pH acidic in-
side. Preliminary results (S. Boussiba and S. Belkin, un-
published data) indicate that at pH 10.0 the cytoplasmic
pH is approximately 8.5. The ApH is therefore large
cnough to support the inward movement of the uncharged
ammonia, and lead to its introeellular accumulation
(Schuldiner et al. 1972, Gaensslen and McCarty 1971). In-
deed when cells were toluenized and the ApH collapsed, the
fast influx of ammonia was totaly abolished, indicating
that uptake of ammonia from the medium was not caused
by unspecific binding. Following this initial fast entry, the
continuous activity of glutamine synthetase supports fur-
ther enay by reducing internal ammonia concentration,
thus supplying the driving force for the sccond slower
phase. The fast phase was thus apparent only in the pres-
ence of high cell densities, since only then were significant
amount of ammonia removed from the medium.

The data presented suggest that ammonia can serve as
nitrogen source for optimal growth of Spirulina at high
pH, and that GS is the ultimate regulator for ammonia up-
take, most likely through the catalysis of nitrogen assimi-
lation. Further support for the latter assumption is provid-
ed by prolonged inhibition of GS by MSX, which causes
leakage of ammonia from cells of S. platensis (unpublished
results) as has been reperted in other cyanobacteria
(Boussiba et al. 1984, Zimmerman and Boussiba 1957).
We suggest that under optimal (alkaline) pH the entry of
ammonia into alkalophilic cyanobacteria such as Spirulina
is primarily u diffusion process driven by the pH gradient
on the one hand, and by the GS dependent intracellular am-
monia assimilation on the other hand.
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An ammonium-excreting snutant (SS1) of the rice field nitrogen-fixing cyanobacterium Anabaena siamensis
was isolated after cthyl methanesulfonate mutagenesis by sclection on 500 M r-methionine-nr-sulfoximine.
SS1 grew In the presence and absence of r-methioninc-bi-sulfoximine at a rate comparable to that of the
wild-type strain, with a doubling time of 5.6 h. The rate of ammonium release by SS1 depended on cell density;
it peaked at the 12th hour of growth with 8.7 pmol mg of chlorophyll=' h™! (at a chlorophy!l concentration
of 5 ug mI™") and slowed down to almost nil at the fourth day of growth. A similar paltern of rrlease by
Immobilized $S1 was observed between £2 to 20 h after londing alginate beads in packed-bed reactors at the
rate of 11.6 pmol mg of chlorophyli=' h™", The rate was later reduced significantly due to the fast growth of
SS1 on the substrate. Prolonged release of ammonium at the peak level was achicved only by maintaining SS1
under continuous cultivation at low chlorophyll levels (5 to 7 wg mt™"). Under these conditions, nitrogen
fixation In the mutant was 30% higher than that In its parent and glutamine synthetasc activity was less by
50%. Immunoblot analysis revealed that SSI and its parent have similar quantities of glutamine synthetasc
protein under ammonium excretion conditions. In addition, a protein with a molecular welght of about 30,000

seems to have been lost, as seen by electrophoretic scparation of total proteins from SS1.

Nitrogen-fixing cyanobacteria are being used as nitrogen
biofertilizers in rice fields in countries where rice is the major
staple diet (30, 31). Although some strains which thrive in
rice ficlds release small quantitics of the major fertilizing
product, ammoni-, during active growth, most of the fixed
products arc made available mainly through autolysis and
microbial decomposition (18). Under these circumstances, it
is difficult to contro! the fNlow of nitrogen compounds needed
for the development of rice plants. A possible solution to this
problem is to develop strains of cyanobacteria which release
ammonium continuously.

Mutants of Anabacena variabilis and Nostoc muscorum
resistant to the ammonium analog cthylenediamine and to
the L-glutamate analog L-methionine-pL-sulfoximine (MSX)
have been reported o release ammonium (11, 12, 22, 24, 26),
They exhibit, however, a slower growth rate as compared
with that of their parents. Another major problem of using
cyanobacteria as biofertilizers is the competition between
indigenous and introduced strains, the former generally
dominating. It was assumed that ammonium-cxcreting mu-
tants that had been isolated from strains indigenous to rice
ficlds would overcome the constraints of the rice field
cnvironment better than strains derived from other habitats.
The reinoculation and establishment of these mutants in rice
ficlds would thus be comparatively more successful.

In the present work, we used a rice field isolate of *.
siamensis which has a fast growth rate (0.123 h™') and high
nitrogen-fixing capacity (6). This strain also adapts well to
temperature fluctuations (25 to 42°C) prevailing in rice fields
and to the salinity ranges (1 to 2%) existing in most of the
tropical wetland soils (5). We hereby describe the character-
ization of an ammonium-excreting mutant of A. siamensis.
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MATERIALS AND METHODS

Organism, The nitrogen-fixing cyanobacterium A. siamen-
sis used in this study, originally isolated in Thailand (6), was
obtained from the Sammlung von Algenkulturen, Pllanzen-
physiologisches Institute, Universitit Gottingen, Géttingen,
Federal Republic of Germany, under the signature Ana-
haena sp. strain B 11.82.

Growth conditions. A. siamensis was cultivated in AS
medium (1) in 500-ml sierilized glass columns placed in a
transparent Plexiglas circulating water bath. Water temper-
ature was maintained at 42°C. A constant photon Nux of 175
microcinsteins m™2 s™! at the surface of the growth vessel
was supplied laterally by a battery of cight cool-white
fluorescent lamps. Continuous acration was provided by
bubbling filtered air containing 1.5% CO,. The pH was thus
maintained at 7.0 to 7.2, Unless otherwise stated, cultures
were sampled during the logarithmic growth phase for use in
the different experiments.

Continuous culture experiments were carried out as de-
scribed previously (7). The cultures were maintained at 5 pg
of chlorophyll ml™",

Immobilization was carried out by using the alginate
entrapment method (11) with a few modifications. Cyano-
bacterial ccll suspensions containing 10 pg of chlorophyll
ml™! were mixed with an equal volume of 3% sodium
alginate solution and added dropwise into 0.1 M CaCl,
solution through a capillary tube to form beads of 2 to 5 mm
in diameter. The alginate-entrapped cells were collected
after 2 h and kept at 4°C for 12 h. The beads were loaded into
packed-bed reactors to coliect the ammonium released into
the culture medium with a dilution rate of 0.2 h™',

Growth was followed by means of chlorophyll and protein
determinaticns; the initial inoculum contained 1 g of chlo-
rophyll ml~!, which corresponded to a protein concentration
of 26.3 pg ml~*. Chlorophyll a was determined colorimetri-
cally in methanol extracts (17), and protein was determined
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by the method of Lowry et al. (16) ofter digestion with 0.5 N
NaOH.

Mutagenesls. Mutagenesis with ethyl methanesulfonate
was carried out as reported by Spiller 1 al. (26). Mutants
resistant o MSX were selected on agar plates conlaining 500
M MSX. Ammonium-excreting mutants were selected on
plates containing the pH indicator phenol red. One ol the
mutants, designated as 881, caused a strong change of color
on the plates und was used for further studies.

Phycocyanin determlnations. Five millifiters of cell suspen-
sion was centrifuged at 10,000 x g for 10 min at 4°C. The
pellet was suspended in the same volume of 20 mM sodium
acetate buller, pH 5.5, containing 3 mM sodium azide and 10
mM disodium EDTA. Cells were broken by sonication at 4°C
and centrifuged at 10,000 x ¢ for 10 min at 4°C o remove
membrane Irigments containing chlorophyll. Phycocyanin
concentration was calculated from measurements of optical
densities at 620 and 630 nm (28).

Heterocyst frequencies. Heterocyst frequencies were de-
termined microscopically. Ten independent counts of abouwt
100 vegetative cells cach were made for each sample.

Ammonium uptake. Ammonium uptake was followed for
20 min starting from an initial concentration of 100 pM. as
described previously (32). Cell concentration for the treat-
ments corresponded 1o 120 pg of protein ml™!.

Ammonium  determinations. Culture fltrates were col-
lected during growth and analyzed for the amounts of
ammonium released into the medium by Solorzano's phenol-
hypochlorite method (25).

Enzyme assays. Nitrogenase activitics were estimated in
intact filaments by the acetylene reduction assay (27). Sam-
ples of 4.6 ml of culture were washed, suspended in fresh AS
medium, and placed in 25-ml Wheaton hottles sealed with a
flanged rubber septum., The Wheaton bottles were pliced on
a rotary sharer (100 rpm) and illuminated with a quantum
flux of 75 microeinsteins m™2 57} during the assay. The
filaments were allowed to stand for 10 min before injection of
acetylene. Ethylene was analyzed with an HDP 5890 gas
chromatograph, using a stainless-steel column packed with
Porapack-N (0.2-cm inside diameter, 265-cm length). Nitro-
genase aclivities were expressed as micromoles of C,H,
produced per milligram ol chlorophyll per hour.

Nitrogenase activities in immobilized cyanobacteria were
determined as described above by incubating the alginate
beads (with 5 pg of chlorophyll mi™') in 130-ml Wheaton
bottles.

Glutamine synthetase (GS) activities were assayed in
concentrited suspensions (1 mg of protein ml™" ol cells
which were permeabilized with 29 toluene for 1 min and
then kept on ice for 15 min. Activity was measured as
translerase and expressed in micromoles of y-glutamyl hy-
droxamate formed per milligram of protein per minute (23).
For in vitro GS activity determinations, 500 pM MSX was
added 1o the enzyme assay mixture.

Sodium dodeceyl sulfate-polyacrylamide gel electrophoresis.
Exponentinlly growing cells were harvested and suspended
in 20 ml ol ice-cold "T'ris hydrochloride bufier (phl 8.0)-2 mM
disodium EDTA-3 mM dithiothreitol-5 mM MgCl,-1 mM
phenylmethylsulfony! fluoride. The cells were lysed by pas-
sage through a French pressare cell (113 kg em 2y and then
centrifuged (10,000 > g) for 30 min at 4°C to remove debris
and unbroken cells. Soluble polypeptides were precipitated
by addition of trichloroacetic acid (to 55%), and the peliet
recovered alte centrifugation was washed with ice-cold
acctone, The posteins were suspended in Laemmli's break-

ing bufler, boiled for § min, separated by clectrophoresis
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through 10% (wt/vol) polyacrylamide gels containing 0.1%
{wi/vol) sodium dodecyl sulfate (13), and then stained with
Coomassie blue G. The molecular weights of standard poly-
peplides  (Sigma Chemical Co.} used were as follows:
200,000 (myosin); 116,250 (3-galoctosidase); 97,400 (phos-
phorylase bY; 66,200 (bovine albumin); 45,000 (egg albumin);
3L000 (carbonic anhydrase).

Imurmoblot analysis. Following electrophoresis, proteins
were transferred clectrophoretically o a nitrocellulose mem-
brane filter (0.45 pm; Sigma Chemical Co.)at 110V for 1 h
in an ABN PolyBlot transfer system (American Bionetics)
(29). The GS levels in dot blot and Western blot (immuno-
bloty analyses were detected with the antiserum against
purificd Anabaena sp. strain 7120 GS by the method of Orr
and Hascelkorn (21) and the reagents of Stratagene Cloning
Systems (picoBlue ImmunoDetection Kit) per the Kit diree-
tions.

Chemicals, MSX was purchased from Sigma, and other
chemicals were from I3, Merck AG. Sodium alginate was the
product of” Aldrich Chemical Co. Chemicals used for poly-
acrylamide gel electrophoresis were acquired from Bio-Rad
Laboratorics.

RESULTS

Growth characteristics of $§1. SS1 mutant contained chlo-
rophyll (IFig. 1A) and protein (Fig. 1B) at the same level as
the parent throughout the growth cycle. At the optimal
temperature (42°C), both mutant and wild-type strains grew
with a doubling time of 5.6 h, whether the nitrogen source
was molecular nitrogen (Fig. 1) or nitrate (data not shown),
altaining the stationary phase on day 3. The doubling time
wis reduced when ammonium or glutamine were used as the
sole nitrogen source (about 4 and 4.5 h, respectively). Both
stritins grew at the same rate when immobilized (Table 1),
§81 exhibited phycocyanin levels (14.0 pg mi™") signifi-
cantly higher than in the parent strain (9.6 pg ml™'). Addi-
tion of 500 pM MSX to wild-type liquid cultures caused
chlorosis (Fig. 1A), followed by filament lysis (Fig. 1B).

Rate of ammonium release. No detectable ammonium was
released by the parent strain during active growth (data not
shown). The rate of ammonium production by SS1 during
the growth cycle ina batch culture (Fig. 2) was the highest at
the 12th hour (8.7 pmol mg of chlorophyll™? h™') and
declined during the entry to the stationary phase at day 2;
subsequently, the rate was almost nil. In continuous cul-
tures, on the other hand, the rate of ammonium production
was constant, 8.7 pmol mg of chlorophyll ' h™!, similar to
the rate at the 12th hour of growth in batch cultures (Table
D). A higher rate ol ammonium production, 11.6 pmol mg of
cilorophyll ' h' !, was obtained in immobilized cells (Table
b.

Ammonium uptake, Both the parent and mutant strains
showed the same pattern of ammonium uptake in the ab-
sence of MSX (Fig. 3), 32.6 and 30.1 nmol mg of protein™!
min "', respectively. Addition of 200 pM MSX completely
inhibited ammonium uptake only in the parent, but did not
change the rate of uptake by SS1, 30.6 nmol pg of protein™*
min !, with or without the inhibitor.

Nitrogenase activity. Both strains exhibited identical fre-
quencies of heteroeysts (about 199) and the same pattern of
acetylene reducing activity during the growth cycle (Fig. 4).
When the cultures became dense, their nitrogenase activitics
decreased, probably due to shortage of light available to the
cells rather than to the phase of growth; the specific activity
of the enzyme immediately after diluting the stationary-
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Chlorophyll (ug mi~1)

Time (days)

FIG. 1. Growth of the parent A. siamensis and its $S1 mutant in the presence and absence of 50 WM MSX, in terms of chlorophyll (A)
and protein (B) concentrations,

phase culture was similar to that in log phase (results not
shown). Both the patent and mutant strains exhibited acet-
ylene reducing activities in the presence of ammonium, the
rate being higher in S§S1 (8.9 pmol of C,H, mg of
chlorophyll™* h™! versus 1.8 pmol of C,H, mg of
chlorophyli~! h™!). Nitrogerase activity was 30% higher in
SS1 than in the parent strain at the 12th hour of growth,
reaching a value of 35.5 pmol of C.H, mg of chlorophyll ™!
h™1 in a continuous culture, it was similaily higher (Table
1). The activity in SS1 and not in the parent was further
enhanced (16%) by immobilization. Increased nitrogenase
activilies were obscrved in other cyanobacterial species
following immaobilization (8, 19).

GS activity. In the presence of 500 pM MSX, the GS
activity of the parent strain was completely inhibited. The
mutant strain showed <50% of GS activity in both the
presence and the absence of MSX, compared with that of the

TABLE 1. Growth rates, enzyme activitics, and ammonium
excretion rates for the parent and $S1 growa under
different growth conditions

Rate of NH,¢
cxcretion
tpmol mg of
chlorophyll !
hh

Nitrogenase activity GS aclivity (pmo)
(emol of C;H, mg  of y-glutamyl hy-
of chlorophyll ! droxamate mg of
h'h protcin™! min ')

Growth
conditions”

Batch culture

Parent 21.0 3.6 0.0

SS1 35.5% 1.3 8.7"
Continuous culture

Parent 24.5 3.0 0.0

SS1 35.3 1.4 8.7
Immobilized culture

Parent 20.5 31 0.0

SS1 41.3% 1.2 11.6"

¢ Doubling time was 5.6 h under all conditions for both parent and §S1.
*» Measured after 12 h of inoculation.
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wild-type strain (without MSX), during the whole growth
cyele (Fig. 5) and under immobilizing conditions (Table 1).
Similar reduction in SS1 GS activity was also observed
during in vitro assay (1.6 pmol of y-glutamy! hydroxamate
mg of protein™ min~! versus 3.1 pmol of y-glutamyl hy-
droxamate mg of protein™! min ! in the parent).

Protein analysis. When the total proteins were separated
by 10% sodium dodecyl sulfate-polyacrylamide gels, the
absence of a 30,000-dalton polypeptide was noticed in the
profile of SS1 (Fig. 6). Preliminary analysis revealed that it
was a soluble cytoplasmic polypeptide (results not shown),

Immunonssay of GS protein. Immunoblot analysis of crude
lysates at various dilutions showed similar extents of antigen
reaction in the parent and SS1 (Fig. 7A). GS protein levels
and its mobility scem to be identical in the parent and SS1 in
a Western blot analysis (Fig. 7B).

190 10
T s 5§
B A

o

¥ ° &2
~ <)
_-alo E;ﬁ.
A 4 U
2 ;&
: o
| 2 o0
&)

1 . . 0

Time (days)

FIG. 2. Chlorophyll content (O) and rate of ammonium relcase
(@) during the growth eycle of the SS1 mutant,
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FIG. 3. Ammonium uptake by the parent (O) and S$$1 (O).
Closed symbols are treatments with MSX.

DISCUSSION

The contribution of nitrogen-fixing cyanobacteria to the
productivity of rice uelds has long been recognized (30), but
the inoculation of nonindigenous cyanobacterial strains is
not as successful as expected due to failure to overcome the
interspecific competition and environmental constraints.
The need thus arises to identify good strains among the
nitive populations of nitrogen-fixing cyanobacteria having
high potentials of increasing the yield of rice plants. In this
respect, A. siamensis proved promising (5) and is already
marketed as an algal biofertilizer for rice ficlds. s efficiency
in increasing the growth and yield of rice plants is apparently
due to its high nitrogen-fixing capacny (2, 3). It was reported
to release a variety of amino acids during active growth (4),
but not ammonium as observed for other nitrogen fixers
found in rice fields (30). It does release ammonium into the
medium in the presence of MSX, an inhibitor of GS activity
(results not shown). Selection of mutants resistant to MSX
was found to lead to reduction in GS activity (11). The
unassimilated ammonium is conscquently released into the
medium without induction by MSX (24, 26). It is assumed
that a strain releasing ammonium continuously would be a
better biofertilizer (14). The MSX-resistant mrtant of A.
siamensis isolated in this study, SS1, seems to conform to
this expectation,

o 40
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§ g 20
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FIG. 4. Nitrogenase uctivity of the parent (O) and SS1 (@) during
growth in butch cultures expressed by acetylene reduction.
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FIG. 5. GS activity in the parent and SS1 strains grown with and
without MSX. Closed symbols indicate the addition of MSX. Circles
and squares represent the parent and the mutant, respectively.

§S1 released ammonium due to the high activity of nitro-
genase, both being controlled by the cell density of the
culture (Fig. 2 and 4). The direct cffector was apparently
light availability, which became progressively limited as cell
density increased. The rate of ammonium release was con-
sequently maximum only during the carly log phase of
growth in batch cultures. A similar pattern was seen under
immobilized conditions.

Bascd on the above observations, SS1 growing in contin-
uous cultures at low cell densities (chlorophyll value of 5 to
7 pg ml™") seems an ideal system for susti;aed ammonium
release. The rate of ammonium release by 8S1 was lower
than the rates obtained for other mutants of A. variabilis,
i.c., 35 to 50 pmol mg of chlorophyll™ h~! in batch and
immobilized cultures (11, 26). No data have been provided,
however, on the exzretion of ammonium by these mutants
under steady-state growth conditions. Hence, comparison of
rates of ammonium release by the various mutants is inade-
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FIG. 6. Separation of total proteins from parent (Janes 1 and 3)
and S51 grown in the absence (lane 2) and presence (lane 4) of 500

uM MSX
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FIG. 7. Immunoblot analysis (A) of total proteins in the parent
strain (1) and the mutant SS1 (2). Crude lysates were dotted from top
to bottom with the following amounts of protein: 100, 50, 25, 12.5,
6.25, and 3.125 ng. Western blot analysis (B) of GS protein: lanc 1,
SS1 grown in the absence of MSX: lane 2, SS1 grown in the
presence of MSX; lane 3, parent.

quate. The phycocyanin content of SS1 was also higher than
of the parent, and it is possible that a certain proportion of
the fixed nitrogen is expended for the synthesis of this
storage product (7).

Nitroge:.ase activity in SS1 was 30 and 50% higher than
that of the parent during steady-state growth (Fig. 4) and
under immobilizing conditions (Table 1), respectively. In the
presence of ammonium, SS1 nitrogenase activity was about
fivefold higher than that in the parent duc to a weaker
repression by the end product (22). GS seemed to be

AMMONIUM EXCRETION BY AN A. SIAMENSIS MUTANT
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defective in SS1 as well, exhibiting <50% of the parent
cnzyme activity (Fig. 5) without a significant reduction in
protein content (Fig. 7A). It thercfore appears that the
decreased susceptibility of nitrogenase activity to repression
by ammonium and the defective activity of GS are related to
ammonium excretion in SS1. The ammonium-excreting mu-
tants of A. variabilis (9), i.e., S/.1, ED81, and ED92, were
found to have derepressed nitrogenase and lower GS activ-
ities. Analyses of 73S and itls mRNA in the two ethylenedi-
amine-resistant rautants (9) suggested that one of them
(ED92) was a regulatory mttant containing less GS mRNA
and consequently less GS protein as found for A. azollae
growing in symbiosis (20). The other (ED81) is a structural
mutant with a catalytically deficient GS, resulting in reduced
activitics, which synthesizes protein in equal amounts to its
parent (12), as found for Nostoc sp. strain 7801 growing in
symbiosis {10. 15). Immunoblot analysis of crude proteins
and Western blot analyses of GS from SS1 revealed that its
quantity (Fig. 7A) and mobility (Fiz. 7B) arc the same as in
the parent. A modification similar to that of ED81 may also
have occurred in SS1, forming a catalytically deficient GS,
but conclusive evidence is yet to be obtained.

A 30,000-dalton soluble cytoplasmic protein was absent
from SS1 grown in the presence and absence of MSX (Fig.
6). Its relevance to nitrogen metabolism should be eluci-
daied.

Ferilization of rice plants under laboratory conaitions by
application of another MSX-resistant mutant of A. variabilis,
SAl, was successful (14), The shorter doubling time of SS1
and the lack of a lag period at the beginning of the growth
cycle as compared with SA1 (26) are obvious assets for SS1
mass cultivation. These characteristics cnable cfficient pro-
duction of inoculum material. The usefulness of SS1 as a
biofertilizer to rice plants in the original isolate location
(Thailand) should be studiced further.
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Abstract

Glocotrichia natans, a nitrogen fixing cyanobacterium common in rice fields in the Philippines, was used
for studies to establish key features of its physiology and potential production in outdoor cultures. Under
optimal growth conditions (38 °C, pH 8.0, no carbon cnrichment) the specific growth rate of rice-field
isolate was 0.076 h~*. The pH of the medium (between 6.5 and 9.0) did not influence the growth rate,
but it did afTect phycobiliprotein content, as reflected by a change in colour. At pH 7.0 the culture was
green-brown, with phycobiliproteins constituting up to 16% of the total protein, while at pH 9.0 the
culture was brownish-black and the pigment content was as high as 28%, of the total protcin. In outdoor
cultures the specific growth rate was related dircctly to cell density in the range of 0.7-1.5 g dry weight
1" at a rate of stirring of 30 rpm, and inversely rclated to cell density at half this rate. At a stirring of
30 rpm, daily production of outdoor cultures harvested to maintain cell densities of 0.7, 1.15 and 1.5 gl!
were 14.7, 17.1 and 18.1 gm~2d -, respectively. This rate of production was maintained for more than

45 days. Phycobiliprotein content in the culture kept at a density of 1.5 g1 " reached 149 of the total

biomass.

Introduction

Large-scale  production  of  nitrogen-fixing
cyanobacteria (bluc-green algae) was ainied origi-
nally at expanding the traditional application of
diazotrophic heterocystous cyanobacteria as a ni-
trogen source in rice paddies (Roger &
Kulasooriya, 1980). Production was confined to

non-lined open ponds, in which the resulting algal
product contained a high percentage of soil, and
productivity was highly unpredictable in terms of
the amount and kind of algal biomass hat could
bc produccd (Venkataraman, 1969; Roger &
Kulasooriya, 1980).

Interest in the mass culture goes beyond their
usc as a nitrogen biofertilizer. The cyanobacteria
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also constitute a source of valuable products such
as phycobiliproteins, polysaccharides and protein
for feed and food (Cohen, 1986). One of the major
problems limiting this biotechnology, however, is
the fragmentary nature of the information avail-
able on the mass production of these microorga-
nisms (Fontes eral, 1987; Boussiba, 1988).
Some time ago, we began investigating the poten-
tial production of nitrogen-fixing cyanobacteria in
outdoor cultures (Boussiba, 1988). The aim of the
present study was to achieve efficient production
of biomass of Gloeotrichia natans for application
as N-fertilizer and as a source of biochemicals.
This cvanobacterium was chosen since it is com-
mon in rice ficlds in the Philippines.

Materials and methods
Organisr and growth medium

The strain of Gloeotrichia natans Rabh, cx. Flah.,
is an isolate from a wetland rice field at Los
Banos, Laguna, Philippines. It was cultivated in
BG-11 medium and its variant BG-11, (BG-11
with omission of NaNO,) (Rippka et al., 1979).
The name is based on the original ficld mor-
phology, since major morphological changes (loss
of large colony form, tapered filaments, akinetes,
terminal hairs) occurred upon transfer to the labo-
ratory.

Growth conditions

Laboratory cultures.  The cyanobacterium was
cultivated in cither of two systems: (a) 250 ml
Nasks, placed on a gyratory shaker at a constant
temperature of 30 °C under constant illumination
of 75 pmol photon m~2s~"'; (b) 500 ml glass
columns placed in a transparent plexiglass water
bath under the following conditions: temperature
30 °C; constant photon flux of 175 pmol pho-
tonm ™2 s~ " at the surface of the growth vessel;
continuous acration by bubbling filtered air with
or without 1.5% CO,, yiclding pH valucs of
6.8-9.0, respectively. In some experiments

NaHCO,; was added 10 the culture medium
instead of CO,. The effect of temperature on
growth was studied in cultures growing in tubes
by mecans of a temperature block, which
maintains a temperature gradient of 16 to 47 °C
with 1.0-1.5° increments. The light intensity at
the bottom surface of the tubes was 100 gmol
photon m~%s- ",

Outdoor cultures.  Cultures of G. natans grown in
12-litre bottles under controlled laboratory condi-
tions (30 °C, 260 pmo: photon m~2s-!, air
bubbling) were used as inocula for 2.5 m? outdoor
raceway ponds located at Sede Boger in the
Negev desert. The outdoor cultures, 200 litres in
volume and 8 cm in depth, were stirred by paddle
wheels. During the first two days after inocu-
lation, shade nets (which reduced light intensity
by 50%;,) were used to protect the cultures against
the inhibitory effect of high light. The pH was
maintained in the range of 8.5-9.5 by introducing
CO, into the cultures via porous rubber tubes.

Biomass was kept constant by daily removal of
a portion of the culture a procedure known as
‘bleeding’), thus maintaining the culture at steady
state. Measurements of pH, light intensity, tem-
perature and O, were made several times during
the day.

Analvtical methods

Specific growth rate was determined using chlo-
rophyll, protein and ash-free dry weight as growth
parameters. Chlorophyll and dry weight were de-
termined as described previously (Boussiba,
1988). Protein content was measured according
to Lowry eral. (1951) in samples that had been
uscd for chlorophyll analysis and then treated
with NaOH. Lipid content was determined as
described recently (Boussiba et al., 1988). Carbo-
hydrates were estimated by the anthrone method
(Hassid & Aoraham, 1957).

The concentration of phycobiliproteins was de-
termined in 25 ml culture aliquots which were
centrifuges, washed in 5 ml 0.1 M Nu phosphate
buffer at pt 7.0, resuspended in the same buffers
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and sonicated at a power setting of 150 W. Quan-
titative evaluations were based on the extinction
cocfficients according to the method of Bennett
and Bogorad (1973). Partial purification of the
phycobiliprotcins was performed by mixing crudc
extracts with ammonium sulp’ 1te (36%,) for
30min at 4 °C, followed by dialysis for 12h
against Na phosphate buffer (10 mM) at 4 °C.
The dialysate was then placed on a DEAE cellu-
lose column and cluted with increasing concentra-
tions of phospaoate buffer ranging from 10 to
150 mM. The light absorption profilc of the differ-
ent samples was determined with a Milton Roy
Spectronic 1201 scanning spectrophotometer.

Enzyme assays

Nitrogenase activity in laboratory grown cultures
was estimated by the acetylene reduction method
(Stewart et al., 1967). Samples of 4.6 ml, washed
in fresh BG,,-N medium, were placed in 25 m!
Wheaton bottles sealed with a flanged rubber sep-
tum. The Wheaton bottles were placed on a rotary
shaker and illuminated at a quantum flux of
75 pmol photon m~2s - ! during the assay. The
cell suspensicns were allowed acclimate for
10 min before injection of C,I1,. For the esti-
mation of nitrogenase activity in outdoor cultures,
the Wheaton bottles containing the algal culture
(resuspended in fresh medium) were cither atlow-
cd to float in the culture medium or fixed at the
surface of the culture (data for light intensity and
temperature during nitrogenase assays in the
outdoor cultures are given in Fig. 3), All assays
were carried oul for 1 h. The cthylene evolved was
analyzed by a HP 5890 gas chromatograph using
a stainless steel column packed with Poropak-N
(0.2 em i.d., 265 cm length). Nitrogenase activity
was expressed as umoi C,H, produced per mg
chlorophyll per hour. Data of Fig. 5 are from ~ne
representative day of Summer 1988 (usually
about 100 days a year with the same average tem-
perature and light irradiance).
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Results
Optimization of growth under luboratory conditions

G. natans was capable of growing under a wide
range of growth conditions of CO, enrichment,
pH, tcmperature, and NaCl concentration
(Table 1). Growth was not enhanced by the ad-
dition of CO, or of NalHCO,. Under optimal
growth conditions (38 °C, pH 8.0 and no carbon
enrichment) the specific growth rale (pmax)
attained was 0.076 h~', corresponding to a
doubling time of 9.1 h.

Effect of CO, supplement on phycobiliproteins

The growth rate of cultures grown with 1.5% CO,
was similar to that of cultures not supplicd with
CO, (Fig. 1). However, a large difference was
observed in the colour of the cultures, i.c.,
greenish-brown (with CO,) vs. brownish-black
(without CO,)due to the lower proportion of bath
the red and blue phycobiliprotein pigments to
chlorophyll in the former (Table 2), i.c., at 96 h of
growth 8.6: 1 of total protein with CO, vs. 19.9: ]
without CO, and at 156 h of growth 11.3:1 and
16.7: 1 respectively. The colour change is due to
quantitative change in the pigments and not quali-
tative, as their absorption profile is the same
under both conditions. The possibility that the pl1
of the medium, which was 7.0 with 1.59;, CO, and
9.0 without CO, supplement, was responsible for
these pigment differences was verified by the use

Table 1. Optimum growth conditions for Gloeotrichia natans
grown on BG-11,,

Variable Range permitting Optimum
growth value*

CO, (%) in air 0.03-1.5 0.03

NaHCO, (g1 ") 0-1.5 0

pH 6.5-9.5 8

Temperature (°C) 25-44 38

NaCl (gt~ ") 0-15 0

* A value leading to a doubling time of 9.1 h,
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Fig. 1. Growth of G. natans with 1.5%, CO, (closed symbols)

and without CO, enrichment {open symbols). @ O chloro-

phyll; O IR protein The pH of the medium was 6.5-7.0 with
CO, and 8.5-9.0 without CO,.

of media buffered between 6.5 and 9.0 for cultures
agitated on the gyratory shaker (inocula were
taken from cultures grown with continuous CO,

Table 2. Effect of CO, enrichment on pigment content (°, of
protein) of G. natans cultivated in the laboratory.

Pigment - CO, +CO,(1.5%,)
96 h 156 h 96 h 156 h
Chlorophylt a 1.4 1.1 1.1 1.0
Phycocyunin 149 92 5.3 6.8
Phycoerythrin 130 9.2 4.2 4.5

supply). The change in the colour of the culture
wis observed on the 3rd day after inoculation. At
apllabove 8.0 the colour of the cultures gradually
changed from green to black (data not shown).

Growti of outdoor cultures

The specific growth rate of outdoor cultures was
related dwectly to the rate of turbulence and
related inversely to cell density (Fig. 2). At a tur-
bulence of 30 rpm, the growth rate was 26 and
339, higher at cell densities of 1.15 and 1.5g1~"
than that at a culture density of 0.7gl"". At a
turbulence of 15 rpm the growth rate at a cell
density of 1.5g 1" was 50%, lower than that at
0.7 g1, At a stirring rate of 30 rpm, daily pro-
duction of outdoor cultures harvested to maintain
cell densities of 0.7, 115 and 1.5 g1~ " were 14.7,
17.1 and 18.1gm~*d ", respectively. This rate
of production was maintained for more than 45
days. During that period, daily microscopic in-
spection of the different cultures revealed that
there was no contamination with other micro-
algac. The major cell constituents were proteins
(42%, of DW), carbohydrates (~33%, of DW)
and lipids (8%, of DW). Phycobiliprotcins consti-
tuted 14%; of total dry weight.
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Fig. 2. Efiectof rate of turbulence on the specific growth rate
of G. natany in outdoor cultures as « function of cell density,
0O culture stirred at 15 rpm; [l culture stirred at 30 pm.
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Temperature, rather than light, was the major
limiting factor for photosynthetic activity, as de-
termined by O, evolution (Fig. 3). Although light
intensity at 0900 was sufficient for photosynthe-
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Fig. 4. Nitrogenasc activity of G. natans under different cnvi-

ronmental conditions. A, controlled conditions indoors; ]

outdoors with mixing; @ outdoors without mixing. Nitro-

genasc activity is expressed as jgmol C,H, produced per mg
chlorophyll per hour.
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sis, O, cvolution rate was low at that time, since
the water temperature was 7 to 9 °C below air
temperature and 14 to 17 °C below the optimum
required for growth. Water temperature had still
to risc to 30 °C or higher for optimal photosyn-
thetic activity. This behaviour was observed at all
cell densities tested.

Unlike the photosynthesis process, nitrogenase
activity scemed to be affected mainly by light
intensity and not by temperature. At 0010, nitro-
genase activity was near its optimal value riched
at noon time (Fig. 4), while temperature was far
from optimum (Fig. 3). Nitrogenase activity as-
sayed in the pond in non-agitated cultures was
relatively fow as compared with that in agitated
flasks (Fig. 4). These differences were attributed
mainly to the effect of light, since cultures of
G. natans sampled in the pond during the day and
assayed under controlled conditions in the labo-
ratory yiclded the same value of activity (Fig. 4),
which was lower than the values obtained outside.
The difference in the level of aclivity indoors and
outdoors is attributed to the high light intensity
outdoors (Fig. 3).

Discussion

Onc of the major problems still limiting wide-
spread used of cyanobacteria as nitrogen fer-
tilizers in rice fields is the difficulty of producing
cfficiently large quantitics of monoalgal inoculum
for commercial use. This situation is largely duc
to the lack of information on the growth charac-
teristics of these microorganisms. The isolation of
the main dominant strains that thrive in rice ficlds
and characterization of their growth requirements
arc therefore essential for their utilisation. Since
G. natans is found in many rice ficlds in the
Philippines, we chose to study this species.
Until recently inocula of G. natans were ob-
tained from natural blooms in non-lined ponds,
which are an unreliable source. Hence, the ability
to cnsurc a large and continuous supply of clean
cultures of this cyanobacterium by the use of open
raceways would be advantageous. In the present
study we have succeeded in improving the growth
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rate of G. natans 1o a considerable extent and in
shortening its mean generation time to 48 h in
outdoor cultures (calculated from Fig. 3) and to
9.1 h under laboratory conditions. In earlicr in-
vestigations this isolate was found to divide in rice
ficlds every 168-240 g, and in laboratory cultures
every 72-120 h (Martinez et al., 1981).

As has been found for other microalpac culti-
vated ontdoors (Richmond, 1986) light and tem-
perature are the main factors limiting growth of
G. natans. The light regime 10 the algal cells could
be improved by optimising both the cell density
and the rate of stirring (Fig. 3). Since the optimal
temperature could be maintained only for part of
the day (Fig. 4), it seems that temperature is the
most important factor limiting production in our
system.  We therefore expect that in  the
Philippines where the ambient temperature is
higher than in Isracl, a yicld higher than
18gm~2d~" may be obtained.

The maintenance of steady-state conditions
also reduces the chances of contamination of the
culture. We assume that the following conditions
protect the cultures from contamination: re-
latively high cell density ; clumps formation of the
cultures (making grazing by predators difficult);
and the absence of an external source of nitrogen
(probably preventing the proliferation of nitrogen-
consuming microorganisms),

G. natans did not respond to CO, supplement
by increasing its growth rate, the concentration of
this gas present in the air and water being
apparently sufficient for its growth, However,
CO, absence effected considerable increase in the
phycobiling content as compared within that
under CO, enrichment. Our data suggest that the
pH of the culture regulates this characteristic.
Such a phenomenon has not been reported for
other cyanobacteria. Cyanobacteria usually pos-
sess cither the blue (phycacyanin) or the red
(phycoerythrin) phycobiliproteins as their major
accessory pigment. The relative content of thesc
piginents can be affected by the wavelength
supplied during grovith, a phenomenon called
complementary chromatic adaptation (Bennet
and Bogorad, 1973). This strain of G. natans is
unusual in possessing the two phycobiliproteins

in cqual concentrations. It is noteworthy that our
rice cyanobacterium isolate contains a phyco-
cyanin having an absorption spectrum resembling
that of the phycocyanin pigment present in red
algac (O’heocha, 1965), while its phycocrythrin
spectrum is typical of cyanobacteria (Rodriguez
etal., 1989).

The possibility of obtaining a uni-algal inocu-
lum of G. natans at a reasonable rate of produc-
tion will thus improve its cfficicncy as a nitrogen
biofertilizer as well as facilitate the extraction of
valuable products, such as phycotiliproteins. The
red and blue phycobiliprotein pigments, which
together constitute 14°; of the algal dry weight
may be used as colouring agents for food and
cosmetics, and as immunofluorescence probes in
medical research (due to their high fluorescence).
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Abstract ammonium cxcretion, glutamine synthetase, rice
ficlds.
Anabaena siamensis isolated from rice fields in
Thailand is a fast growing cyanobacterium with a
high nitrogen-fixing activity. Mutant strains resis-
tant 10 the r-ghutamate analogue, L-methionine  INTRODUCTION
sulfoximine (MSX) were isolated by ethyl methane-
sulfonate mutagenesis. A stable nutant named A.  The heterocystous cyanobacteria can utilize light
siamensis SS1, which released ammonium to the energy to support both carbon dioxide fixation
medium, was stdied further. In batch cultures the  and nitrogen [ixation under acrobic conditions
rate of ammonium production peaked at the carly  (Stewart, 1980). This allows them to produce
log phase and gradually decreased until the 4th day  fertilizer nitrogen tha:r can contribute to the
of prowth when the cultures reached a density of %) growth of plants. The agronomic significance of
ug chl ml™'. To obtain constant release of ammo-  cyanobacteria, cither [rec-living or in symbiotic
nimn by 881, continuous culture experinments were association with the aquatic fern, Azolla, has long
performed at a cell density of S g chl ™' and the  been recognized (Moore, 1969; Venkataraman,
Jollowing results were obtained: (1) growth rate as 1975). The application of nitrogen-fixing cyano-
the parent (1:0-123 =) in the presence and abs-  bacteria in the Orient replaces 20-30% of the
ence of 500 um MSX; (2) 48% GS transferase activ-  chemical nitrogen [lertilizer demand, increasing
ity when compared with the parent; (3) ammonivm  the natural lertility of the paddy-field soils
excretion at a rate of 8 pmol (g chl)=! h=! as (Venkataraman, 1975).
measured up to 20 generations (120 h); (4) de- However, the inoculation of non-indigencus
repressed nitrogenase activity; and (5) 30% higher cyanobacterial strains is found to Le not totally
nitrogenase activity than that of the parent. SS1 successful due to the failures to overcome the
immobilized in alginate beads (5 g chl mi~') interspecific  competitions and  environmental
exhibited values of glhutamine synthetase and — constraints (Grant et al,, 1985). There is hence a
nitrogenase (I(‘Iil‘il_}’ similar to those of free cells. need to idcmi[y ideal strains from the indigcnous
However, ammonium excretion at the rate of 1161 population of a particular location of interest for
pmol (mg chly™" ™! was obtained only up to 20 h the production of inoculum for algalization, and
after loading in bioreactors, due to the Jast growth to assess its effects upon rice yields. In this
of SS1 as also occurred in bateh enltures. resnect, Anabacena siamensis isolated from Thai
rice ficlds appears to be a promising organism for
Key words: Anabaena  siamensis, mutagenesis, algalization, due to its fast growth rate and adapta-
amino acid analogue resistance, nitrogen fixation, tion to wide temperature (25-42°C) and salinity
(1-2%) ranges (Antarikanonda, 1982a; Antari-
*To whom correspondence should be addressed. kanonda & Lorenzen, 1982).
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The nitrogen fixed by cyanobacteria is made
avaiiable to the environment mainly by autolysis
and mineralization after death (Martinez, 1984),
Free-living cyanobacteria release ammonium in
insignilicant quantities during growth but can
exerete it in high amounts when treated with
MSX, a highly specific, irreversible inhibitor of
glutamine synthetase (Ronzio et al., 1969). How-
ever, in symbiotic association, cyanobacteria such
as A, azollae and Nostoe sp. 7801, release fixed
nitrogen to the host's nitrogen requirements in the
form of ammonium due to an inhibition of GS
activity under symbiotic conditions (Orr & Hascl-
korn, 1982; Joseph & Mecks, 1987). Ammonium
excretion in cyanobacteria seems to be dependent
upon GS rather than on nitrogenase activity.
Actually, mutations in the GS structural gene,
ginA, causing reduction of GS activity result
in excretion of ammonium (Polukhina er al., 1982;
Hien ¢ al, 1988). Based on this principle, an
ammonium excreting mutant of A, variabilis has
been found to be effective as a supplier of
nitrogen fertilizer to rice plants in laboratory
experiments  (Lattore et al,, 1986). However,
growth of these strains can be very slow when
compared to their pareni strains, which in turn are
not indigenous  organisms.  Hence, we  have
selected arice field isolate (A, siainensis) which is
already marketed as algal biofertilizer for rice
crops and claimed to increase the growth and
yicld of rice plants due to its high nitrogen-lixing
capacity (Antarikanonda, 19820, ¢).

In this paper we describe the isolution and
characterization  of an  ammonium  excreting
mutant of A. sicinensis,

METHODS

Organism and growth medium

The nitrogen-fixing cyanobacterium, Anabacna
siamensis used in this study is an isolate from
Thailand (Antarikanonda, 1985) and has been
deposited in the Sammlung von Algenkulturen,
Plianzenphysiologisches  Institute,  Universitiit
Gottigen, Federal Repubtic of Gerrany under the
signature Anabaena spee. B 11,42 The com-
ponents ol growth medium  (Antarikanonda,
1982a) (AS medium) contained per liter: 020 ¢
K,HPO,.31,0, 0-25 g MgSO,.7H,0, 0056 ¢
CaCly, 023 g NaCl, 0:025g FeSO,.7H,0,
0027 g Titriplex 1ll, 0002 g MnCli,.411,0,
00015 g NaMoO,.2H.0, 00002 g ZnSO,,
0-00008 g CusO,.5H,0, 0:00002 g CoCl,.6H,0

and 0-003 g HBO,. After autoclaving the pH was
adjusted to pH 7:5 and the phosphate solution
was autoclaved separately.

Growth conditions

A, siamensis was cultivated in 500-ml sterilized
glass columns placed in a transparent plexiglass
circulating water bath. The water temperature was
maintained at 42°C. A constant photon flux of
175 pl: m™ 7 s at the surface of the growth
vessel was supplied laterally by a battery of cight
cool-white fluorescent lamps. Continuous aera-
tion was provided by bubbling filtered air contain-
ing 1'5% CO,. The pH was thus maintained w
7-:0-7-2, Unless otherwise stated, cultures were
sampled during the logarithmice growth phase for
use in the dilferent experiments.

Continuous culture experiments were carried
out as described previously (Boussiba & Rich-
mond, 1980). The cultures were maintained at 5
pg chl ml~!. Cells were harvested up to 20 gene-
rations (120h) and used for different experi-
ments,

Immobilization of cyanobacteria was carried
out by using the alginate entrapment method
(Kerby er al,, 1986) with a few maodifications.
Cyanobacterial celt suspensions at 10 gg mi™!
concentration of chlorophyll were mixed with
cqual volumes of 3% sodium alginate solution and
dropped in O:1 a CaCl, solution through a capil-
lary tube to form beads of 2-5 mm diameter. The
alginate-entrapped cyanobacteria were collected
after 2 hand kept at 4°C for 12 h, The beads were
loaded in packed-bed reactors. The flow rate of
the culture medium was 022 h ™1,

Growth determination

Growth was followed by means of chlorophyll
determination, starting from an initial inoculum
containing 1 g chl ml~'. Chlorophyll a was
determined colorimetrically in methanol extracts
(MacKinney, 1941). Protein was  determined
colorimetrically after digestion with (-5 N NaOH
by Lowry’s method (Lowry eral., 1951),

Mutagenesis

Mutagenesis with ethyl methanesullonate was car-
ricd out as reported by Spiller et al, (1986) with a
few modifications. Mutants resistant ta t-methio-
nine-nr-sulfoximine (MSX) were selected on agar
plates containing 500 am MSX. Ammonium-
excreting mutants were selected on solid media
containing the pH indicator phenol red. One of
the mutants, which induced the most marked

W
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colour change in the plates (from red to pink), was
uscd for further studies and designated as A.
siamensis SS1.

A filament of A. siumensis generally consists of
8-10 vegetative cells between two terminal heter-
ocysts. Before treating with the mutagen the fila-
ment length vaas reduced to 1-3 cells by providing
mild sonication for 3 s in a sonicator bath,

Ammonium uptake

Ammonium uptake was followed for 20 min start-
ing from an initial concentration of 100 um, as
described previously (Zimmerman & Boussiba,
1987).

Ammonium determination

Filtrates from cyanobacterial cuitures were col-
lected during growth at different time intervals to
cstimate the ammonium released  into  the
medium. - Ammonium  concentration  in  the
medium was measured by Solorzano's phenol-
hypochlorite method (Solorzano, 1969).

Enzyme assays

Nitrogenase activity was estimated in intact {ila-
ments by the acetylene reduction assay (ARA)
(Stewart eral., 1967). Samples of 4-6 ml of cyano-
bacterial culture were washed in fresh AS medium
and p’zed in a 25-ml Wheaton bottle sealed with
a flanged rubber septum. The Wheaton bottles
were placed on a rotary shaker (100 rpm) while
being illuminated with a quantum flux of 75 g2
m~* s~! during the assay. The filaments were
allowed to stand for 10 min before injection of
acetylene. Ethylene was analyzed with an HP
5890 gas chromatograph (California, USA) using
a stainless steel column packed with Porapack-N
(02 em id, 265 cm length). The nitrogenase
activity was expressed as gmol C,H, produced
(mgchl)~'h-!,

Nitrogenase activity in immobilized cyano-
bacteria  was  determined by incubating  the
alginate beads containing cyanobacteria (=5 g
chl mI=') in 130-ml V/heaton bottles and assayed
as deseribed above,

Glutamine synthetase (GS) was assayed in con-
centrated suspensions {1 mg protein ml~'), Cells
were permeabilized with 2% toluene for [ min
and kept in ice for 15 min before the activity
measurcments. Activity was measured as trans-
ferase (Sampio er al, 1979) and expressed in
aemol y-glutamyl hydroxamate formed (mg pro-
tein)~ ' min~",

Chemicals

1-methionine-pL-sulfoximine (MSX) wits
purchased from Sigma Chemical Co., (St Louis,
Missouri, USA ) and other chemicals were from E,
Merek AG, (Darmstadt, FRG). Sodium alginate
wis the product of Aldrich Chemical Co., USA.,

RESULTS AN DISCUSSION

Under our standard conditions, A. siamensis
exhibited a high growth rate (doubling time 5:6 1),
higher than other rice-field nitrogen-fixing cyano-
bacterial strains reported in the literature. ‘The
nitrogenase activity was also high (350 nmol (mg
protein)~" min~'). This strain has been reported
to release amine acids to the environment
(Antmrikanonda, 1984). However, it did not
excrete ammonium during active growth. On the
other hand, if the GS inhibitor, L-methionine
sulfoximine (MSX) was added to the cell suspen-
sions, ammonium was released into the medium in
significant quantities (data not shown). MSX con-
centrations above 100 g inhibited the growth of
A. siamensis signilicantly and 500 gnm MSX was
completely lethal in liquid as well as solid media
(Fig. 1). Among the MSX-resistant  strains
selected, only a few were able to change the color
of phenol red, orange to pink, in pH indicator
plates. Another class of mutants grew well in the
presence of 500 gm MSX, apparently because of
an MSX-resistant GS, but they did not induce
color change in pH indicator plates. A third class
of MSX-resistant mutants were those which
survived at 500 zm MSX in a solid medium, but
notin a liquid medium. A fourth group comprised
the MSX-resistant mutants which tolerated high
concentrations  (1000-1500  gm). Among the
mutants belonging to the first group, a particular
strain (des‘gnated SS1), which promoted a very
marked change in the color of phenol red, was
sclected for a detailed study.

A. siamensis SSI grew as the parent strain
under all growth conditions tested (Table 1). In
batch cultures the nitrogenase activity was high
during the zarly log phase, with a maximum vatue
{(30% higher than the parent strain) after 12 h of
inoculation, decreasing thereafter. The ammo-
nium release followed a similar trend, being a
maximum at 12 h and slowing down during the
late log to be almost negligible at the stationary
phase (Fig. 2). This behaviour can be expliined,
sinee when growth progressed the availability of
light was progressively limited due to the high

\
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Fig. 1. Influence of MSX on the growth of Anabaena
siamensis in tiquid (A) (0—0, control; @—e, 100 um
MSX; 0—0, 250 v MSX, and m—n, 500 v MSX) and
solid (B) media.

levels of pigmentation, and nitrogen fixation was
therefore lowered. In reflection of this, the rate of
ammonium release was reduced significantly, In
addition, part of the released ammonium was
nrobibly taken up by the ccells since SS1 showed
the same ammonium uptake rate in the presence
(306 nmol {ug protein)™! min~') and absence
(30-1 nmol (g protein)™' min~') of MSX, at rate
analogous to thar of the parent in the absence of
MSX (32:6 nmol {gg protein)™' min~"), In order
to improve ammonium release by SS1 the culture
was diluted to 5 g chlorophyll ml=! and main-
tained in continuous culture. High ammonium
excretion was observed for a prolonged period
with a high nitrogenase activity. Inimobilization of
cells in alginate beads increased nitrogen fixation
by 50% over that of the parent and increased the
rate of ammonium excretion by 33% over the cell-
free system. However, under the immobilized
system ammonium release occurred only up to
20 I after loading in packed-bed reactors, when
the initial celt concentration was of 5 ug chloro-
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Fig. 2. Growth, nitrogenase activity and rate of ammonium

excretion in batch cultures of A, siamensis mutant strain SS1.

Table 1. Ammonium release, growth rates and GS and nitrogenase activities for the parent strain of A. siamensis and the

mutant 851, under different growth conditions

Physiological Buch cultre Continuous culnre Immobilized cells
pardmeter
Paren¢ RRY) Parem ARY) Parent 581
pelh ) 0-123 0123 0123 0123 0123 0123
Nitrogenase activity 210 355 245 353 20-5 41-3
(gemod C,H (mg chl)™ ' h™Y)
GS activity 30 30 14 31 1-2
{(grmol y-glu. (mg protein ' min~')
Rate of NH; excretion 00 87 00 87 00 11-6

(smol (mgchl)='h=")

“Measured after 12 hof inoculation,
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phyll ml='. The growth on alginate beads was
similar to that in batch cultures and the time
course of ammonium excretion under immobi-
lized conditions being also analogous. However,
under all the conditions assayed, glutamine
synthetasc activity of the sti.in SS1 was less than
50% of that of the parent (Table 1). In order to
check whether the MSX resistance and the
reduced GS were due to a failure in transport of
MSX into the mutants cells, GS activiv was
assayed at 500 gy MSX in the assay mixure. In
the presence of MSX the parent's GS activity was
completely inhibited whereas that of ~ SSI
remained unaffected. Based on the above results,
it is concluded that maintaining SS1 at a low cell
density under continuous cultivation is a suitable
condition for sustained exeretion of ammonium
by the cells.

Ammonium-excreting  mutants  of cyano-
bacteria are useful for many purposes. Mutants of
<. variabilis have been used to study the mech-
anisms of ammonium uptake and assimilation and
to understand the regulation of enzynes involved
in amino-acid biosynthesis and nitrate assimila-
tion (Spiller ef al., 1986). The mutant SA1 of A.
variabilis has been proved to be an elfective
nitrogen-fertilizer source to contribute to the
growth of rice plants (Lattore er al., 1986). The
fast growth ratc of SS1 represents an advantage for
the production of inoculum far algalization on a
short-time basis. Field studics of SS1 in rice ficlds,
in comparison with the parent strain, will provide
information on the usefuliess of SS1 in increasing
the growth and grain yield of rice.
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I. TFirld Txporimenks
A. Soil-based ponds
A serins of cxpnrimqnts wera conductod on twenty seven
2.5 m? soil-based concrete ronds for biomass production of nitrogen
fixinm Llun-grnen algan (BGA) din relaition to rice production from
January, 1987 to April, 1991. Lipa clay loam or Mazhas clay
Z_with original chemical properties as follows: O.llﬁ total
nitrogen, 2,1 available phosphorus (Bray P2), and 7.0 pﬂ!? was
maintained at 50¢m depth and flooded with 10-15 ecm depth of tap
water from soil surfacc.
For about four ycars prior to these experiments, i.e., before
January, 1987, these ponds were intsed for wvarious algalization and
inoculation studies of BGA,
1, Open pond experiments (No rice plunts) Januury, 1987-March, 1988
A 1) month study was conducted to determine the potentials

of the ponds to produce BGA biomass by just modifying som:

agronomic practices for rice production. In this case we applied

a weekly fertilization of phosphorus ~quivalent to 1 kg P.ha-l

(Solophos, 183% P} per pond withont any inoculation of DGA,

Among the cightren ponds studied, only 173 ponds

produced apprrciazble alpgal harvest, i.e., algal growth that fully

covered the surface arra of the pond,
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Among the bloom-forming BGA noted were the mucilaginous,

colonial typesﬁ Glocotrichia natans and Nostoc carneum whosae

yield ranged from 17.4 to Gh.6 g, dry wt., m=2.wk~l. A non-
colony forming, planktonic species of Anabaenopsis formed also
a bloom that yielded a biomass from 0.4 g to 15.8 g, dw.m=2, wk™-

There were 43 harvesls that yieldead appreéiable algal biomass,
from 18 ponds due Lo colony—fofming;UGA y wile the rest

were cradited to. the plauktonic Anabaenopois,

There wes a total algal biomass of 985.5 g, dw.m=2 throughout the
study and Bh% was rdue to thg colony-forming BGA. A total of 9,855 kg,
dry wt. was harvested. AssuMing a conservative average of 2.6% N for the
algae, we obtained a total yield of 256 kg N.ha™! out of an input of 56 kg
P.na"1,

Among the six abiotic fioodwater analyses studied, as: orthophosphates,
ammonium~nitrogen, conductivity, dissolved oxygen, pH gnd temperature, only
conductivity reading was found to be significantly related to algal biomass.
Algal harvest were accompanied by a previous conductivity readings o€ koo~
600 umhos.cm™2 at 25°C at 8:C0 A.M. and 700 umhos.cm™ at 11:00 A M. Poor
or no algal yield was noted in ponds with conductivity values below 400 umho
at 8:00 A.M. Likewise, algal yield was accompanied by pH values of 7:0=7.5
and water temperatures of 28-3500.

The limiting effect of rainfall on algal growth was alleviated with
the use of fish nets (9 mm~ mesh size) at the soil surface to support
and kogp the algue afloat despite the battering and fragmenting effects
of heavy rainfall,

Protective sheds over each pond were put up elther of the monitor or
hemisphnricgl typr coverad with heravy duty clear plastics that likewise

pravented the physicel destructive effect of rainfall on the colonial,

g\
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massive BGA. The coandition under the sheds promoted the growth of the

planktonic Anabaenopsis, from May 26 to November 12, 1987. This' occurred

despite the lower light intensity in these conditions as compared to the

open ponds. Hence, thereafter, a large hemispliorical shed was constructed

over the 18 ponds. But it was not ~ffective in producing -BGA with the

plastic cover probably due tn some structural defnrcts.
2. Open pond experiments with rice plants

&, October, 1987 = January, 1988
A completely randomized experimental design was set up on 9 ponds
planted with rice variety, IR-64, to test the effect of three levels
of phosphorus fertilization with 3 replicates [_i.é., 0, 60, and
90 kg. P.ha‘1_7 cn algal and grain yield despite the abgsence of
algal inoculation. No chemical nitrogen fertilizer was applied,
Algal biomass was positively correlated to phosphorus treatment
but there was no significant difference among treatments. Of the
plent perameters, only the number of filled grain showed significant
positive relationship teo algal biomass and phosphorus contents.
b, March-July, 1990
A completely randomized cxperimental design was set up on 18

ponds to determine the effects of chemical fertilization of nitrogen
and phosphorus in ponds withont and with rice plants (TR-70) and on

nIrgal and prain yierld. WNo alpgal inoculatdion was done.

Indigenous nitrogen-fixing blue-green algae ° observed in
the production ponds in their decreasing order of abundance and

occurrence were: Gloeotrichia natans, Aphanothece pallida,Noétoc

carneum and Nostoc commune.

The highest biomass obtained was about 120 g, dry wt,.m—2 per
week in May, 1990 in open ponds but no appreciable biomass was

obtained in ponds with rice. Of the 4 agro-meteorological parameters

Jo
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examined (sunshine duration, radiation intensity, total rainfall
and air tempernture) algal hbiomnss was positively correlated to
solar radiation znd sunshine duration. On the other hand, algal
biomass wasiﬁVGrselyr01ated to dissolved oxygen, amnmonium-
nitrogen and'orthophosphatns of the floodwater but signiéicnntly
positively corr~latrd to conductivity, pl and water temperature.

No significant .effect on treatments were noted on rice yield.

January 25-April 11, 1991

The experimental set up in b (March-July, 1990) waa repeated
to determine the interrclationship between the planktonic algae
and the colony forming algae in six different treatments with three
replicates using IR=-72 rice variety as needed. The cffect of the
season cah also be implied in this study if we compare these
regults with that of b.

Four species of NBGA constituted the floating mass of BGA in
unpiﬁnted flooded ponds and without chemical nitrogen and
phosphprus fertilizers, The dominant and frequently occurring

species in decreasing order were: Gloeotrichia natans, Aphanothece

pallidn, Nostoc cornrum nand Nostoc commune. Algal biomass ranged

from 1.0 to 2,589.6h g, frash wt.m~2 per week., The highest
biomnss was equivﬁ]nnt to 26 g, dry wt., m"2 per wenk. No
appreciable nlgnl biomass was noted in planted ponds.

In the open ponds, the BGA showed positive correlation to
the amount of ummoniqm—nitrogen and orthophosphates in the
floodwater but showved an inverse relationshiip to the anmount of
rainfall, DBiomass increased with time reaching ils maxima.

near the end of the experiment.
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On the other hand, the planktonic algae in open ponds had bimodal
peak, i.e.,, near the beginning ~nwil near the end of experiment. The
dominant algae in the former were diatoms while at the latter period
tney were blue-green algae but different from the colony~forming types.
This bimodal peak of alzal density was also noted in rice paddies and
the dominant nlgae in the beginning of the crop cycle in decreasine
order were: diatoms, green algae ond euglenoids. At the end of the
crop cvele the dominant plankters were the diatoms and tLhe blue-grernn
algae. The usual planktonic 2lgae in drcreasing order of abundanee

wafn: Oscillatoria, Merismopedia, Lyngbya and Anabaena, Thrse genera

weye quite different from the bloom=forming colonial species.

There wus no significant differernce in rice yield in the different

treatments.,

Raceway Pond - Philippines
A 3m2 racewayy pond was constructed that cost us rhh,957.65 or
$1,665.10 to grow "clean" unialgal cultures.,

Initial growth studies on Glocotrichia natans during the dry

scason when the sunshine duration and radiation intensity were at
optimum values whowed a doubling time of 0.0058 h™l, This value
is 1/30 of that obtainnd for the same species under Isracli condition
(Palacpac, et. al., 10c0),

Algal growth was limited during the dry season and once the weot
sragon comm-~nced thr biomass further declined due to the chironomid

larvae thﬁt frd on the colonia) mass of algae,
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Laboratory and Fleld Experiments - Israel condition

Glocotrichia natians, a nitrogen fixing cyanobacterium common

in rice fields in the Philinpines, was used for studies to establish

key features of its physiology and potential production in outdoor
cultures., Under optimal growth conditiops (38°C, PH 8.0, no carbon
cnrichment) the specific pgrowth rate of the rice-Cinld isolate wus

0.076 h™l, The pll of the medium (between 6.5 and 9.0) did not influence
the growth rate, but it did affect phycobiliprotein content, as
reflected by a change in colour. At pll 7.0 the culture was green-
brown, wvith phycobiliprotoins constituting up %o 10% of the total
protein, while ot pH ©.0 the culture was brownish-black and the

pigment content was a5 hish as 28ﬁ of the totnl proltein. TIn outdoor
cultures the specific pgrowth rate was relantnd dirnctly to cell density
in the range of 0.7-1.5 g dry weight 171l ot a rate of stirring of

30 rpm, and inversely related Lo c¢nl1 density at balf this rate.

At a stirring of 30 rpm, daily production of outdoor cultures

harvested to mainlain eell densities of 0.7, 1.15 and 1.5 g 173
were 14,7, 17.1 .nd 18,1 ¢ m~?2 d~l, respectively., This rate of
production was maintained for more than 45 days. Phycobiliprotein
content in the culture kept gt a density of 1.5 ¢ 1~1 rcuched 1“%

of the totul biomass.

Laboratory experiments
K. October, 1987-December, 1938
In vitro studies on the following nitrogen-fixing blue-

—— i e

green algae: Anabaena laxa, JHupulosiphon welwitschii,

Tolypothrix tenuvis and Noshtoa commune indicated their ability
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to grow in pll ranging from 6 to 10 but with optima at basic pH
of 7-9., Thesa zlpae could 1s0 grow up Lo 15 c.l—l NaCl added to
the basal inorganic madivm (BG-11 minus nj krogen).

Gloootrichia nztans favored growth in air (9-10 hr doubling time),

Tt could also grow in 15 NaCl added to the basal inorganic medium but
very slowly (96 h doubling time). Nitrogenase activity was alrecady
depressed at 0.5% NaCl concentration. The optimum temperratures for

its growth ranged from 35-hh°C wvhile 9.0 was the optimum pil,.

1989-1990

Gloeotrichia natans was successfully cultured in the turbidostats

(purchaded from Israel) at ambient temperature of 29°C and an illumination
of 3000 lux, Likewise, it grew wrll in 25 1 demijohn in the basal

Qnd
inorganic mrdium but continvously acratedﬂwith illuminance of 2,000 lux.

Its doubling time rangnd from 24.3 to 79 h. debending upon the

cultural conditions,

Tabla 1 summ-1izes the doubling time of the various HGA studied.
2130

Anabaena azollne 'obtain~d from Israel did nokt show good growth under

Philippine conditions.
Carotene contents of some Lloating mass of algae were determined

and their importance in decreasing Owder is as follows: Trentepohlia,

Rhizoclonium, Cladophora, Spirogyra, Chara; Lyngbya, Gloeotrichia

natans, Nostoc commune, Nostoc carneum and Aphanothecce pallida.
Hlence, this indicates that the greon algae have hipgher carotenoid

composition thgn the blue-green algae.
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Table 1. Doubling time of some blue-gresn algae in different culture
vessels bubbled with air at. 259C in the laboratory.

BGA DOUBLING TIME (h)
Turbidostat Erlenmeyer flask (500 ml) Demi john
{500 m1)
Anabaena laxa hi,2b 19.09 21.26 " 45,89
Gloeotrichia natans 2h,32 63.58 31.26 78.75 32.75
Hapalosiphon
welwitschii 31.50 h3.91 18,51 43,31

Anabrena nzollae
7120 26.65 58.80 62.60

Tolypothrix. tenuis ' 67.54
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EFFECTS OF PHOSPHORUS ON ALGAE AND RICE GROWTH
by
M.R. MARTINEZ, J.F. SARMIENTO, and S. BOUSSIBA

‘A completely randomized experimental field design was
set up on nine plots planted with rice variety, IR-64; to
teat the effect of ;hroo levels of phosphorus fertilization
( superphosphate, 18% P) with 3 replicates, i.0.4 0, 60, and
920 kg° P'ha-l. on algal and grain yield. No algal inoculation
was done nor nitrogen fertilizer was applied.

Algal growth/bloom was Positively correlated to Phosphorus
treatment but not significantly different emong treatments,
Of the plant Parameters, only the number of filled grain showed
significant positive reloationship to algal gfcwth and phosphorus

treatments.

'Technical Paper no, 2, -
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. *Institute  of Biological"Sciences, CA3, UP Los' Banos,
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ABSTRACT

Ten vears of research on nitrogeu-fixing blue-dreen aldae

s

(BwA, in-Philippine ?add§ fields have laid down 'the.nfﬁundatipn.

‘for P:u mass production in small-scale for farmers..

Fuuus, were on 2 uspecises observed 1n grpat sbundance and
of  widespread Wupruxrpr e . which were uineqtgl chi g nﬁtg[ and'

. Moutoc QLA
Blum&=“ Prodquctivity  and  anoculstion | Ltechnology | are

breséntéd.

1 Puaper presented at the Research’ Seminar and  Warkshop  on
"Hass  Iultures of Mictoalgad” held on Hovember 183-23, 71931 &t
”le‘nrn Univervsity, Hakorn Pathom 7300, Thailand, T
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. INTRODUCTION,

tIt has.long bePn rpcognlan that u“F natural fé;fiiitﬁfioff

ifloudpd rice soils is due Lb +hv nltrogpn fl\lng bluP grPHn

glgge‘(Buﬂ) (De, 1939; Hatanabe, Pt al., 1973 M&rtlnpu; et al.

"
.

.1981) *"Théif.:nbundanﬁp 1n the troplcs,' i ,paddf

_:.,_. " 4‘. . .

ﬁfleld,;. is well establl shid (pngpr and Kilasooriva, 1980},

ThF- .
-Phlllpplnps is o exrcptlnn to thlu fact
Considerable Progress hﬂvw bPPn Jmade " in developing

”ayﬁfoprigﬁe biotéohnalogy ’or making u’P. bfj thq§e..indige¢bﬁsT
BQA. THo;Pvér, desp:fp ‘the: gccumul&ted 'd&f&'rsﬁppdrtihé the~
. benPf1c1a1 effec . of dlgalizgtiohAfto incre - §1¢¢'1:yie1d':
A.ﬁ(Mqrtlne: and Palacpﬂc, l9qﬁ;~P&n%q t1hn and uoﬁ"alp. "IQTGf,H
:therP *hias bPPn'no coneerted Pffﬁrt to brlng the tPchnoloﬂj anJ-

y

'gynﬁarrr o thp'v1'1aﬁp ,1ev:1'. for commprﬁlal &Pp‘;P&tIOHU.Q

'Thlgv .eport a+19mptr +n asgeés[the quermPnt"~ &nd potPn+1a1°
“ufox mahlng thlq blrtpchnolog,‘_Pconomlrallj v1able

 EECOEDS OF BGA ABUNDANCE.

Studleu <a. bluP-ngPn algap 1n thp Phlllpplnes havp recorded;

a"'wpnlth "Qf .speciés in +hﬁ ' country 1 (Mar+1ne:, ©1981)

Heterocystoms species qrronn+ for 34@ of.%he total 381 species

LT

“f6lloved by fnabasna  (16),. Calothrax T(15), Serborera
Cylindrosveranm (3)

listed.. Of these, Nestoc ‘has the most number of species (20),




Unicellular  and non-heteiocystons  filamentous - forms,’ ‘such: as!

Avhauothece pallida, Gloeocspss sp. and  Ozcillatoris  limoefics

'Evidence of nitrogen "fixation were also observed for sone

N

(merijepo and Martines, 1986)

In;'fangev of babitéts,'gbout 13%_§f :thé ltotﬁleffeshW&tef.
species Qefe rPﬁorde in rice paadlwuﬁ lThiQ latter .e;x. ‘th'
seems to favor the occasionzl bloom of the cdldniai,'mucilaglnou"

species of R34, such as'G}nentriﬁhia»nntanﬁ, fehanothece ;;11:3@,

Hﬁﬂiﬁﬁ Qﬁfnﬁum, H uln;kf , and H+'Qommnﬁq,‘ A -bloom in  this
case, is defined as an cocourrence nf flcatlng Ma5ss of ﬁlEtP that,
. ) N \ . .
: .. .. . P . ._n R
cover gt lesst 50% or more of at lesst 2.5 m—e surche area’ of a

.

vaddy fizld,

Q”AHTITATIVE ESTIMATIONS OF. BG4

Methodology
} .

‘Direct and indirect  measurements were done in estimating

‘EGA.HbiOM1G&. Aumong  the - direct MEtths‘ used were 1) bicmass

detérminatidns, '2), eell  enumeration, and Q)'plating technique,

Biousss dége*mLJoflr g 5 data in uriits of weight per unit
volume or ares with the use of a balauce. This is one of " the

eaniest direct ' way of obtaining - biomass except' ,that

:

determination of species composition  has to  be dor me eparatPI;

Sampling techniqur has Lo be doae  carefully to glvp 5 good

.

rvan'Pnuatlon of +the waneven cpaiial distrihutimn of the algae,

G\
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3
Lell enumeration invo]vesAthe direct oﬁsérvation of  the
Calgae under the micros cope  and qngmeration is doﬁe wiﬁh any .
calibrated slidef like +the fﬂ ﬁ oneter (Mirtlnez, et al

1975). The- method yields both 'qualitabive and .quantitative

results, The  results omn  be expressed in terms  of  bionass
by determining  the mesn volume of  each. “count_funiu The

method, however, is usually wmore avpropriate for unicellular,

planktonic sgecies than Lhe micilaginous, ecolonial types.

Plating technigus provides alse qu11111+1Vﬁ and aguantitativ
data, It oan also convert dabs  into biomass. The accuracy
pf  the results depends 2an the media used and  in the dilution

techrniaue,

me ol the indirech  weasurenents  is  acetylene reduction

assay (ARS) technlque.

L RAE A pEAZN &

cetylene reduction sassay  is a good wethod for analy 21ng

the  nitrogen fixing activity of thé'BGA hut. it is expensive and

its accuracy iz difficult to ascertuain in ltu

Biomass | megsurements indicate that +he BFA can deve}op
large biomass up to a frew tong ber hectare (Tablp l) The shallow
wetland » ricefields yield the bighest B3a  biowass (Boger and
Reynaud,‘19?9) - Aamond Lhe oultiv;ted #ojisﬂ Amnng thP C oMo

. . . o
wrid- abundant cdlony;forming.BGA species in decreasing: $rdpr WETE:
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Glosalrichis patans, Hostar aqmmqng,-&gh;nqpheqe Egljjdg! Nastoc
Sarnen, an.r.l Ansbngoopsis ‘Sp

Chemicai compositicn of two of these'spécies; H.ggmmunﬁﬂ apd
3. ngﬁgng_(Tﬁble 2Y, shows that théy- have sufficient autritiona
value eiﬁher as M fertilizer source or pfofein source for - food
These algaé could contribute.between 0.4 ﬁb'Ba-kg N ha=l (Rdéer
and {ulgs&oriya, 1930}, The protein  content of the 4edibie

(M. communeg) csn be  ss mich an  48%

Dats  on  emaseraticon of plankionic nitrogen blne--

green  aldas  are scanty,. Teble 3 rresents the counts of
Hostochorsis  lobatus  Lalen from two riesfields with different

On- the aversge there was about 330 units . ml-L,

vere noted to he abundant in the urper layver of

wost’ Fhilireine soils., . They were alse noted Lo be more abundant

in paddy fields of lower - elevations (lowlands) than .in upper

elevations (uplands) (Pable 4} (Boger, et =l., 19236hL}

Meuburemenﬁs of acetylens reduction activity show.-higher_

values  from field-cultured BGA than laboratory eultured samples

(Table &3,
INOCULAYION TECHMOLOGY

i RANMBULIL)IGAEY SOBTCR,

Biowmans production of B34 can be done 'in wetland ricefields

using an inoculum rate of 10-20

rhosphorus at the rate of 30 to

kg dw.hh“l,with supplementation of

80 kg P ha=-1 | crop~i, The. amount



of"inbculum ar ies w1+h soil type and the 5eason,e.g;,using nore
1n00u1um in roor N "011 and in thp wet neanon.

Algalizaﬁion experiments‘in thé dry and wel seasons using
BGA inoculatibn rates of iO and 20 kg, dw.ha-1l . showed - grain
vield thut are  comparable to one arolhﬂr, although “higher graln
yield.‘ﬁas dhtained when BuA was suppl@mented with chemicsl "N
fertiliner (Hartinez und Queriiero, 19488g)

Inoculnbion of nen-iod igenong EGA, Gloestrie ida . nabaos,
either surface-zpelied or ine corporabed,  ag fresh  or  dried
maberial did not dominate  the algal  fleors  in a s0il with
indigunogs A, Indigenous  R3A, ﬂﬂﬁigg COIGATL e ard H.

80-90 kg . dw. ha~l  in 50-80

*h

caxnenm  attairved 'm1x1mum bicuass o
days  (Martines and guerijero, Iq£3ﬂ). Addlt1nn Nf urea (30 kg
H.ha‘l) suﬁpre el thw +otal alaal biomass t 1ts effect fwas
only temporary (up to 7 days of fertilization]

Surface applied fresth BGA gave a higher grain N contant .
over fhe dried BSA whether surfaoe-applied or incorporated.
Plants fertilived with ures &t-SO kg, H.ha-l together witﬁ RGA
'jnoculation . shoved comnparable grain vield to plarts fer£ilizea
with 60 kg ures-N, ha-1-

Inocilalion was ohserved  to be ineffective in acidic
7 I

soil (pH &5.7) with poor  available phosphorus (5.8 vpm, Ol5en

'method) {Eeddy, et al., 1938).



nes,

As Biofertilizer and hi OIses o

When the BGA is used bobh as &

'

H-biofertilizer and ag
are 'applied.

ti

bionass; the above rates are alse recoumended and

once during land prﬂu1r1fxnn, IPerdblj to be incorporated 1n+

s0il, o iz
5 Before maximum 1111rr1nb “ahoygt 40 dﬁvﬂ aft
transplant i ' e o
7 r A N S B . )
16 (DAT), the iloatlng algal bionags are h rvested
| . . X5 arveste n
4 weeder that sses i ' | i
_ TR HHAL PBSSES in betweep rows of rice tlllﬁr 1 th
(2 n . ~li-‘3

anE. o) o
Cage, obher wesds sre also heing hn'rwr st
. TEacs 20

A m_gruj_ﬁ; SN,
. It +hﬁ BhA Will be nged ainly ge bibmass SoUrce c¢ithei
"ar ik el v e <, 3 : | - ) o o
1@: fUUu value op ite other commereigl rroducts, then thig
r ‘ - ‘ X L1 118
oulq be done gy Talloved fieldsy (floodpd 'vhil } : 5
without pice plant), | o e
Sails e -
) - 0ils with total Ha-Tixing Bga fameration of 5, g x 194 ¢
L1 . i o
[»-'upper horizon .y N&llj do not nPPd to Le inteulated with BP‘I
nl this case, thie nfuqll“ rPrommPndpd Tertilis Zation is dgl' ;n
i . Zatic g ¥ tae
'::jl,at;un ‘uf I kg P ha~ 1 . Wk‘;. _Th% -eomMercial"sourﬁP of
Ehosphorys e Supcrphosphate (13% py, Ising  thig n'ff.i-; J
BQA Yigld cap reach A makimg valy D
, Ao “vValue of 4 toys ary matter in ag

d:Y; (Martineg, Uﬂnubl ;

STGPI\.';E END TEJIZ.USP'.) RT

The aig
= A can eg5ilw e
: 8511y be storeq by simple air-drvine in
. y . &

non unid place, of in o freeg,
. =% LG er.



qrneqtrjnbig pakang,  after shorade 'fop 24 h ' showed
fuvorable recovery. both ig.terms of growth and 'its nitrogen-
Pixing ability. Ovén-dried sauples (30-709C) - shoved  hidher
biomass recovery vield than air-dried lots‘.(Mnrtingz; et, ol

1933). Earlier, dried BGA have been demonstrated to be viable

~

-even afté£ £wb.3ears of 5tdragé in.sand (Vénk&ﬁaramém,' 1961
or in porous .volcanic gravel (Wabaﬁébe,.IQSB)

In the dried form, the DGA can easily be transported in,
bulk for inowulation in the fisld

Another éﬁsy wethod of traznsporting BGA ishby‘storing SROTED
or.'akinetes.instead of the ‘colénial mass of filaments, Spores
have other &dvantageé of being more resistant tm'adverse éogditi0ns
snd having the ability %6 produce &:greﬁter bulk wf; biomass when
ﬂermin&ﬁed: Spornlation in'ﬁjoeot:iébia hﬁﬁgﬂg'qu_npted /in low
shosphorus  media (less than 012 g P/1). On the ‘other hand;
'Suppleméntation ot 3% giucose or lfructbse in'inofgapic‘mgﬂfg
prumobed spore Tormation in'ﬂggzgg'qémmune  (QuiMadd; 'et;'.al.;

1988)
COMCLUSIONS.

Tae padddy field aoeosysten proﬁides a favorable
environment for the groﬁth ouf nitroéeﬂ«fixing blue-greeﬁ_ qlgae
Amoné these ‘algqe 'that weré Qbserved to  be of 4widéspread
6cdurrénce.ﬁnd i Aveat atmedsnees were Gloeobpictiin pabops  and

. Nastoo comming.
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Among- the = edaphic factors so0il o and fay&ilablef
phosghorus are the two most'important,limifing factors ,éffectlng
BGA biomase

Bulk proeduction was suec stully demonstraterd in ;oil
based ponds and when dually cultivated-withArice

The . 1nnru1a ion techoc IHQJ dﬁuploppﬂ is st* to follow snd

does not inveolve expensive infrastructure for its vreduction.
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Table 1. Blomass of field-cultured nitrogen-fixing blue-green

aldae,

Condition Dominant B3A

Fot experiment Gloeobhcichina
nzbang

Hagtos
[} LR\l

Mast.onr ocmppitie

Dry weight- Days
(Fg . hal)

‘Reference
of enlbtivation

On wolst soell M. gommupe

Fallowed fields Avhsnotherne

pallida

G. natans

20
5

317

37

70 Martinesz &
Queri jero,
19885

50-80 Martinez &
. dueri jero,

19854

&30 Wertines &
Auerijero,
65 1986

- Martines,
19883

7 Encic, .
unpubl,

70 Martines,
unpubl,

80 Mazriines,
unpubl,

'7 Yrneio,

uapubl,

Encis,

“unpubl.

~3



continued,

Table 1

Condition Dominant B3A

Dry weight Days Refereuce
(Fg . ha-1) of cultivation

H.. communeé

Rire Paddy

Free-floating A, pallidg

G. patars

G. pataus

M. coumine

Epiphytic
on rice.

11

38

110~-32

177

200

2-114

10-1,300

7

’.-J

a0

90

80

few days

90

90

Encio,
unpubl,

Kulaseoriya,

et al '

1931

Eneion,
unpuhbl,

Martines,
et nl.,,.

1881

Hatanabe,
et, wl.,
1877

Martinez,
unpuhbl,

Sa1to &,
Watanabe,
1978

Boger,
et al,,
1983864,

" Roger,

etal,,

1931

‘ulasooriysa,
‘vt al.,

- 1931



Table 2 Chewical composition of some field-cultured  nitrogen-
‘ Tixing blue-green algse.! '

Chemical composition Glosaobrichis Hostoc
- natsdas COIIINT E
o

Wiy d'(l)

C 8.3 30 - 43

i-z 1.8-2.5 3.8-8.02

P Q.22 0.36-0,42
Dry matter (5. fw) 2,10 : 3.0 -7.0

After: Marbines and Querijervo, 19G8a, k "and
Hartines aod Aquing, 1983,



Table 3.

14

Czll density of Nostochovsis lobatus and its. percentage
compasition of the total phytoplankters in paddy fields
with basic and scidic soils,

sic Cheidie soil?
83 DATE 70 DAT

units  ml.

% of total

_ 300 144

rhyboglanlhiters 40 18

thigs elay leam, pH 6.9, Dry season, 1991

2. . . - -
‘Luisiana s0il), ¢H 5.0, Dr

3 ¥ season; 1991
(after: Martinen, uppubl.)

DAT = Dayes afta:r bLransvlanting
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Table 4. Colony forming wnits (CFU) of nitrmg&n—fixing'bluefgreen»
‘algae from top so0il in Jifferent  elevations.: of viee
paddies around the Philippines,

CIl cnme (x 10%)

Max - Min Ave,
Lowlands (n=14)1 9.6 0.07 1.6
Uplands (u=12)< il1.7 .03 . 3.21
Luisiznz soil,pd
5.7;availnble P
5.8 ppm., 3 O 1f

After: Boger, et al., 1988 .a
-
z . : . .
Data from Ifusae, Mountain Provinee, Dry séagon, 1983
(After: FBogsr, eh al., 1988h)

3
After: Reddy, et ul., 1938



Table § Acetylene reduction gctivity of it vivg and in vitro
enltures of blue-greenn algae. 1

Species Microwsle Colly h~l | g=1 gy

in vwivel i vitved'

Gloectrichis .
shans 8R 5
{(no akinetes)

logloc cowwog 9

o

L T . . K
aba ia dry gesven 1967 {(after: Martines, unpuhl.)

~1

a TR S . -~
“AMter: Querijers and Martines, 1935,



