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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.



136 S. BOUSSIBA

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
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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 