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ABSTRACT

The algae in one soil sample from a rice-field in the
southern marshes of Iraq were studied in detail. 11 taxa
were found by direct microscopic inspection, with
Microcoleus chthonoplastes and Nostoc muscorum the
dominants. A total of 49 taxa were noted after various
enrichment culture techniques.

The influence of temperature, light, salinity, reducing
conditions, nitrogen sources and phosphorus (phosphate) were
tested on mixed populations. Blue-green algae dominated all
cultures incubated at temperatures between 25-45 OC, while
eukaryotic algae dominated cultures at lower temperatures
(10-20 oC)° Six taxa showed good growth in a medium enriched
with 0.5 M NaCl and three also grew at 1 M NaCl, though
growth was very slow. Most of heterocystous blue-green algae
were sensitive to reducing conditions (0.1 mM Nazs)° As a
consequence, in mixed populations there was an increase in
the relative abundance of non-heterocystous forms.

Fifteen strains were brought into clonal culture, nine
of them also being axenic: Anabaena cylindrica, three
Calothrix spp., Cylindrospermum muscicola, Gloeotrichia sp.,
Hapalosiphon welwitschii, Microcoleus chthonoplastes, Nostoc
muscorum., Detailed morphological and physiological studies
were made for 14 strains under different nitrogen and
phosphorus conditions.

All axenic cultures showed marked alkaline phosphatase
activity under phosphorus-deficient conditions. They were
capable of wutilizing a wide range of organic phosphorus
compounds as a sole source of phosphorus.

Axenic cultures of heterocystous strains were capable

of fixing nitrogen, judged by positive results obtained with
acetylene reduction assays. Nitrogen figation and heterocyst
differentiation of these strains was almost completely
suppressed when the strains were grown with hig?
concentrations g{ combined nitrogen (initial = 140 mg 1
NOB—N or 50 mg 1 NH ,-N) .
A discussion is included of how field research on these
algae might indicate ways of modifying cultivation practices
to increase the phosphorus and nitrogen status of the soil
and also how algal morphology might be used to help indicate
the nutrient status of the soil.
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CHAPTER 1. INTRODUCTION

1.1 General Introduction

In the southern part of Iragq large marshes fed by water
from the Tigris and Euphrates occur. The area of these
southern marshes is very extensive, though the exact size
given by various authors differs, presumably due to the
difficulty of defining a “marsh®. According to Buringh
(1960), more than 35000 km? is covered by water at the time
of peak flood. Thesiger (1964) describes the marshes as
occupying an area of more than 1500 km? . However, permanent
marshes cover only about 10000 km? (Buringh, 1960). Most of
the area 1is covered by Phragmites and Typha, but there is
rice cultivation of considerable economic importance. It is
uncléar just what percentage of the marshes which could be
used for rice cultivation is in fact cultivated, The
importance of the crop is however evident from the fact that
about 80% of Iraqi rice production comes from the south,
especially the marshes (Chakravarty, 1976).

It has long been recognized that algae can play an
important role in the maintenance of soil fertility in
rice-fields. This is especially true of blue-green algae,
since many of the widespread rice-field species are capable

of fixing atmospheric nitrogen (Singh, 1961; Roger &
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Kulasooriya, 1980). In view of known features of bhlue-green
algae, it would seem likely that they play an important role
in so0il fertility in these rice-fields of the southern
marshes. For instance the marshes have a calcareous and
alkaline so0il and water (Buringh, 1960; Guest, 1966), no
nitrogenous fertilizers are applied (Chakravarty, 1976), the
oxygen tension is low due to salinity, high temperature and
the presence of sulphide (Al-Kaisi, 1976) and the weather is
hot for most of the year (Section 3.2). However, apart from
two published reports based on short-term collections of
algal and/or soil samples (Al-Kaisi, 1976; Hamdi et al.,
1978), there are no floristic, ecological or physiological
studies of the algae in these rice- fields. 1In addition, in
spite of many studies eleswhere, it is still difficult to
comment on the importance of different environmental factors
and any selective effect these may have on the occurrence or
abundance of particular species in the field (Roger &
Kulasooriya, 1980). In contrast to the broad floristic
survey of Al-Kaisi (1976) the present study was planned to
be an intensive account of algae in a soil sample from one

small area in the rice-fields.



1.2 Algal communities in rice-fields

Rice~-fields constitute an artificial biotope of a
particular character, which can involve communities more
typical of water and ones more typical of soil. The
"life-cycle" of organisms in the water of rice~field 1is ,
however, of a short duration, extending over three to six
months, After harvest the majority of the aquatic
microorganisms either die or form dormant structures
(Venkataraman, 1972). According to Heckman (1979) in his
account of the rice-field ecology of northeast Thailand the
rice field environment, and particularly its shallow water
does not allow the development of pure planktonic
communities.

‘The algal flora of rice-fields has attracted the
attention of many workers in temperate and tropical regions
(Singh, 1961; Venkataraman, 1972; Roger and Kulasoorivya,
1980). In temperate regions, filamentous Chlorophyta are
generally dominant and constitute the “pioneer®™ algal
communities. They are developed throughout the vegetative
period of the rice plant; they are followed quantitatively
and seasonally by Xanthophyta and Cyanophyta (Tsangridis,
1982). For example, in the rice-field of south Yugoslavia
the development of algae is poor in April - May with few
representatives of dinofagellate and non-filamentous

Chlorophyta (Petrovska and Stojanov, 1972) later on,

17
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Bacillariophyta and Cyanophyta follow. The Cyanophyta are

more abundant with Anabaera cylindric and Stratonostoc

(Nostoc) linckia as dominants. A rich development of algae

is observed in June and July with Chlorophyta dominant.
Greek rice-fields showed a seascnal succession of
communities from April till Septemder; Spirogyra spp. and

Sphaeroplea annulia at the beginning followed by

Hydrodictyon reticulatum, Aulosira prolifica, Chara vulgaris

and finally Pithophora polymorpha (Anagnostidis t al.,

1981).

In the tropics , in contrast to the temperate region,
Cyanophyta dominate over other algae (Gupta, 1966; Pandey,
1965a, b; Sharma and Gaur, 1981). The “pioneer® microphyte
community consists of species of Anabaena and

Cylindrospermum, followed by Chara spp. (Gupta, 1966; Khan

and Mathur, 1976). In Australia the general succession of
algal communities from OCctober till March was found by
Happey-Wood (1982) to be first diatoms, then green algae and
finally blue-green algae. The most abundant forms were

Oedogonium spp. Blue-green algae were found to form only a

minor part of the rice-field algae, In deep water
rice-fields of Bangladesh Catling et al. (1981) found that
blue~green algae comprise 25% of all algal forms identified;

these were common up to October, green algae comprise 35% of
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the algal species and as with blue-green algae they decline

in October. Diatoms were well representated throughout the
flooding period but they become completely dominant and
comprised 68% when the receding flood water became turbid.
Species of Euglenophyta and Pyrrophyta were rare. In the
rice-fields of the southeast marshes of TIraqg, blue-green
algae dominated overwhelmingly the algal flora in July and

August and formed up to 86% of the taxa (Al-Kaisi, 1976).

1.21 Blue-green algal communities

Rice-fields provide an environment favourable for the
growth of blue-green algae with respect to their requirement
of light, water, high temperature, low oxygen tension and
nutrient availability (Singh, 1961; Venkataraman, 1972; Fogg
et al., 1973; Stewart, 1977; Roger and Kulasooriya, 1980).
In addition the photoautotrophic nutrition of blue-green
algae precludes their need for a large amount of organic
materials as 1is the case with heterotrophic bacteria
(Sankaram et al., 1966). This may, therefore, account for
the higher abundance of blue-green algae in the rice-field
than in other cultivated area (Watanabe and Yamamoto, 1971).

In the rice-fields blue-green algae grow as free-living

forms or in symbiotic association with the aquatic fern

Azolla (Stewart, 1982). Free-living blue green algae may
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grow in. the rice-field water, as planktones, epiphytic on
the rice-plants or other aquatic plants or on the soil
surface,

Among symbiotic associations the one between Anabaena
and the Azolla can serve as an important source of
biologically fixed nitrogen for the growth of the rice
plant (Stewart, 1980).

In wetland rice-fields planktonic and epiphytic
blue-green algae are of limited importance due to the short
duration of flood water (Venkataraman, 1972; Rulasooriya et
al., 1980). However, free-living blue-green algae are
common and often abundant in rice-field soil (Singh, 1961;
Roger and Rulasooriya, 1980); they are more abundant in
tropical and subtropical soils than in the temperate soils
(Watanabe and Yamamoto, 1971).

Different forms of blue-green algae have been recorded
from the soil of rice-fields at different localities,
However, the relative occurrence of each group varies
considerably according to the nature of the soil and flood
water, stage of growth of rice plant and other environmental
factors. In addition, the species recorded depends upon the
methodology used i. e. , direct observation or culturing of

a soil sample. For example, Gupta (1966) found that certain

blue-green algae (e.g. Gloeotrichia and Aphanothece) were
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observed only in situ and others (like Fischerella) grow

only in so0il cultures, In enrichment cultures of mud or
soil Pandey (1965a) and Tsangridis (1982) found that
non-heterocystous forms of blue-green algae were dominant,
while Tiwari (1972) found heterocystous forms were dominant.
In the rice~-field heterocystous forms are usually abundant
toward the end of the growth cycle of the rice plants when
light is greatly reduced due to the dense growth of rice
plants (Roger and Reynaud, 1976, 1977). However, the growth
of nitrogen - fixing forms has been reported in the
rice-field of Mali at the earliest - stage of rice plant
growth (Traore et al., 1978). Observations carried out in
Sri Lanka indicated that nitrogen - fixing forms were
present throughout the cultivated cycle, with Nostoc and

Anabaena appearing during the early stages and continuing

throughout the cycle, but Gloeotrichia and Rivularia

appeared during the later part (Thirukkanasan et al., 1977).

In the rice-fields of 1Italy where the dry season is
relatively short, nitrogen - fixing blue-green algae
comprise only about 30% of the algal flora (Materasi and
Baloni, 1965). 1In Senegal, on the other hand where the dry
season lasts about 8 months, spores of heterocystous
blue-green algae constitute more than 95% of the potential

flora at the end of the dry period and non-heterocystous
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flora at the end of the dry period and non-heterocystous
forms are present, primarily pbecause of their introduction
by irrigation water (Roger and Reynaud, 1976). Singh (1961)
observed that in soils of (Cttar Pradesh (India) a general
mixture of nitrogen-fixincg »Hlue green algae appears
initially, which is soon fcllowed by a hucge growth of

Aulosira fertilissima. As the soil dries out, species of

Cylindrospermum become dominant. Some blue-green algae are

found to be associated with saline soil (Shtina, 1972; Ali

and Sandhu, 1972; Al-RKaisi, 1976).

1.22 Factors affecting algal distribution in rice-fields
Algal communities in rice-fields appear to be highly
susceptible to changes in environmental factors and exihibit
rapid qualitative and quantitative variationé during the
cultivation cycle (Roger and Rulasoocriya, 1980). Major
factors affecting the growth and composition of algal

communities in the rice-fields are mentioned below.

(i) Temperature

Temperature is an important factor determining the
general distribution of certaia algae (Soeder and Stengel,
1974). In general, low temperature inhibits the growth of

blue-green algae and favours the growth of eukaryotic algae
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(Roger and Reynaud, 1.977), while high teamperature favours

the growth of the blue-green algae and inhibits the growth

of eukaryotic algae (ScroXkin, 19592) with the growth of most

eukaryotic forms in liguid mediuvm being inhibited in the 30

-

- 50 OC range (Miller ané Focg, 195

~

o In ¢the laboratory

[

o s

= metnod for obtaining cultures

9

this has become a conven
| of blue-green algae from alnost any environment (Allen and
Stanier, 1968). The high temperature zequifﬁent of the rice
plant, besides other factors ia the tropical and subtropical
areas favoured the growth of blue-~green algae (Watanabe and
Yamamoto, 1971; Fogg et al.., 1973; *"hitton and Sinclair,
1975; Stewart, 1977). As pentioned above in temperate
regions growth of algal groups other than the blue-green
algae is usually common (Section 1.2},

The optimum temperature for orowth of blue-green algae

is more or less similar to tha% of the rice plants.,

However, in uncultivated areas cor in the rice-fields after
harvesting soil temperatuze nay increase up to the
inhibitory level for the majority of the blue-green algal
species., The ability of certain blue-green algae to form
akinetes enables them ¢ tolerate such high temperature
(Chapman and Chapman, 1973)., In addition, several workers
have found that certain blue-green algae grow and survive at

elevated temperatures (Castenholiz, 1973).
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(ii)Light

Of the environmental factors which affect the growth
and composition of algal communities in the rice-fields, the
most important is the 1light (Ichimura, 1954; Roger and
Reynaud, 1979). The tolerance of algal groups to light is
different and may be roughly correlated with the taxonomic
group. Thus, many green algae are adapted to high light,
red algae to low light while diatoms seem less sensitive to
light conditions (Whitford, 1960). Blue-green algae are
generally sensitive to the high light conditions and may be
regarded as low light species (Brown and Richardson, 1968).
However, certain blue-green algae appear to be more

resistant to high 1light conditions. Thus Cylindrospermum

was found to develop a large biomass in a harvested
rice-field in Mali where high light (more than 10000 lux)

occured (Traore et al., 1978). Oscillatoria princeps was

also found to dominate in soil exposed to full sunlight
(Roger and Reynaud, 1978). Light deficiency, however, may
be a factor 1limiting algal growth in the rice-field. For
example, in Japan phytoplankton productivity increased in
the early summer but decreased in late July when the rice
canopy decreased the light quantity to below the

compensation point (Ichimura, 1954).
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(iii) Salinity

Salinity is an important agricultural problem
especially in the arid and semiarid regions. It results
from the accumulation of an excess of soluble salts on the
soil surface as a result of high evaporation and accompanied
by the reduction oFf ohysiologically available water
(Bernstein and Baywad, 1958). Soil algae, especially the
blue-green algae, are well adapted for existence in climatic
zones in which available water is the primary limiting
factor (Metting, 198Ll). However, there are several algal
groups which are less tolerant to the low water potential,
For example, diatoms and Xanthophyta are generally most
susceptible to severe or prolonged drought (Lund, 1962 ).
In contrast, several blue-green algae were found to grow in
conditions of extremely low water or high salt content
(Singh, 1950; Ali and Sandhu, 1972; Potts and Friedmann,
1981) . Several authors have found a definite r@quigﬁent by
some blue-green algae for salinity (Stacey et al., 1977;
Apte and Thomas, 1980; ®Nordim and Stein, 1980; Rao and
Talapasyi, 1982; Anantani and Vaidya, 1983)., In Iraq, the
characteristic feature of soil in the southern parts is high
salinity (Buringh, 196C), yet blue~green algae are more

abundant in the rice-fields than in any other cultivated

area (Hamdi et al., 1978).
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(iv) Reducing conditions

In the rice-fields, water-logged soil results in the
formation of deoxygenated conditions (low
oxidation-reduction potentials) (Fogg et al., 1973); low
redox levels have been found by many workers to have a
stimulatory effect on the growth of blue-green algae
(Stewart and Pearson, 1970; Singh, 1978), while it has an
inhibitory effect on the activity of eukaryotic algae
(Tchan, 1953). Sulphide is known to create reducing
conditions (Kashyap et al., 1983) and hydrogen sulphide has

peen detected in many ecosystems including rice-fields where

blue-green algae are dominant (Stewart and Pearson, 1970;

Al-Kaisi, 1976).

(v) Combined nitrogen

The selective action of nitrogenocus compounds on algal
communities has been documented in laborateory and field
experiments. Rinaudo (1974) found that nitrogenous
fertilizers had an inhibitory effect on nitrogen-fixing
blue-green algae. A survey of Australian rice-field soils
showed that although nitrogen-fixing blue-green algae were
isolated from almost all the soll samples, their presence
was not apparent (Bunt, 1961). This has been attributed

partially to the application of heavy dressings of ammonium
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sulphate (Venkataraman, 1972). Okuda and Yamaguchi (1952)
found that only green algae appeared dominant in soils
treated with ammonium sulphate and that the nitrogen-fixing
blue-green alga Anabaena sp. became abundant only in
unfertilized soil. In India, Subrahmanyan et al. (1965)
observed that after ammonium sulphate treatments Spirogyra
sp. and Euglena sp. were so abundant that rice farmers had
to intertill their crop to prevent the algae from smothering
the rice plants. In pot experiments, Yoshida et al., (1973)
showed that nitrogen fertilizer increased algal growth but
that generally there were more blue-green algae in pots

without nitrogen fertilizer.

(vi) Phosphorus

Ruhl (1974) concluded that the phosphorus requirement
for optimal algal growth differs considerably among species
and no conclusion could be made about the relationships
between the phosphorus requi;ﬁent and taxonomic groups. It
is generally believed that algal growth is often limited by
phosphorus availablity (Ruhl, 1962). This 1is especially
true for nitrogen-fixing blue-green algae (Fogg et al.,
1973); presumably nitrogen £fixation prevents them from
becoming nitrogen deficient, thus allowing phosphorus

deficiency to develop further (Healey, 1982)., In
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rice-fields phosphorus supply has been found to enhance
algal growth and nitrogen fixation (De and Mandal, 1958;
Srinivasan, 1978). Thus Okuda and Yamaguchi (1952) found
that the growth of blue-green algae in submerged soil is
closely reiated to the available phosphorus, they also found
that algal growth was poor in soils containing 0 to 5
mg P kg“l soil, but wvigorous growth occurred above 6
mg P kg“l soil. However, many workers have found examples
where high phosphorus concentrations in laboratory cultures

have an inhibitory effect on the growth of blue-green algae

(Section 1.31)

(vii) Biotic factors

Biotic factors capable of limiting algal growth in the
rice-fields are pathogens, antagonisms, and grazers. of
these, only grazers have been well documented . The common
grazers of the algae in the rice-fields are invertepbrates.-
The development of such populations may prevent the
establishment of algal inocula (Watanabe et al., 1955) and
cause the disappearence of algal blooms within one or two
weeks (Venkataraman, 1961). Evidence of preferential
grazing among algae has been presented. Thus Watanabe et
al, (1955) showed that unicellular green algae are

excellent food for daphnids, while filamentous
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nitrogen-fixing blue-green algae also served as a nutrient
source, although less effectively. Certain bacteria, fungi
and viruses have been shown to be pathcgenic to blue-green
algae. However their role in rice-field has not yet been
reported (Roger and Reynaud, 1979). Of the other limiting
biotic factors antagonisms and competition have been cited

(Venkataraman, 1961 & 1975).

1.3 Influence of phosphorus on algae
1.31 Phosphorus nutrition of algae

Phosphorus 1is fundamental to life, being a structural
and functional component of all living organisms (Ehrlich,
1981y, including algae (Myers, 1951; Retchum, 1954;
Provasoli, 1958). Its availability has been implicated as a
factor 1limiting the growth of algal species (Kuhl, 1962).
Compounds containing phosphorus play an important role in
many aspects of metabolism,. In photosynthetic organisms
this element receives additional attention because
phosphorylated compounds participate in photosynthesis

(0O“Relley, 1973).

As mentioned before (Section 1.2Z) the phosphorus
requirements for optimal algal growth differ considerably
among species, Thus, Rodhe (1948) distinguished three main

groups of freshwater algae according ¢to their ability to
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tolerate phosphate within the ranges below, around and above
20 pg 171 p, Many worker have found optimal growth at low
phosphorus levels. Batterton and van Baalen (1968) found.
that the 1limiting growth of blue-green algae is bhelow 3.7
pilei 1_1 P . Allen (1963) grew a marine Calothrix in a range
of phosphorus concentrations and observed appreciable growth
with 0.03 mg 1-% P and the yield increased with increasiné
phosporus concentration up to 10 mg 1" p, but 31 mg 17 had
an inhibitory effect . Kantz and Bold (1969) found that
several strains of Nostoc and Anabaena could not grow in
Bold s Basal medium because of its high phosphate
concentration and Fogg (1969) commented that even Jlow

concentrations of inorganic phosphate in artificial media

were inhibitory to Gloeotrichia.

A widespread feature of the phosphorus metabolism in
algae, including blue-green algae, is their capacity to make
the best use of available phosphorus by uptake and
accumulation in excess of immediate need (Kuhl, 1962;
Stewart et al., 1978). The utilization of stored phosphorus
may enable algae to continue growth in the abscence of
detectable phosphorus in the culture medium (Mackereth,
1953; Al-Kholy, 1956; Rhee, 1973; Healey, 1973). Generally
no clear relationship was found between the growth rate of

blue-green algae or eukaryotic algae and the external
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phosphorus concentration, but a linear or hyperbolic
rerlationship was found between the growth rate and the

internal phosphorus concentration of Anabaena variabilis

(Healey and Hendzel, 1975) and Oscillatoria agardhii

(Ahlgren, 1978).

Many workers found that the yeild of several blue-green
algae increased as the external phosphorus concentration
increased (Allen, 1963; Sinclair and ®Whitton, 1977384 Lam,
1973; Livingstone et al., 1983). Although only
orthophosphate can be absorbed directly by algal cells
(Fogg, 1973; Healey, 1982), it is now clear that many other
forms of phosphorus may sergve as a phosphorus sources
(Section 1.32).

Several blue-green algae have been reported to release
into the external medium large amounts of phosphorus in
organic forms which can be utilized by the organisms
themselves or other organisms (Kuenzler, 1970; Lean, 1973;
Lean.and Nalewajko, 1976). However, Grillow and Gibson

(1979) found that Synechococcus sp. released little or no

phosphorus into the medium with or without excess phosphorus
in solution. In agreement with the later findings others
have found evidence for only limited release of recently
taken up phosphorus by both prokaryotic and eukaryotic

microbes (Harold and Spitz, 1975; Robertson and Button,
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1979).

The process of phosphorus uptake requires energy (Fogg,
1973; Bealey, 1982). This energy can be supplied by‘
photosynthesis and respiration or combination of both
processess., If photosynthesis alone is involved, then light
quantity plays an important role ., However, at high
concentrations of phosphorus passive uptake may become
dominant (Simonis et al., 1974) and Whitton (1967) found
that some Nostoc colonies could accumulate phosphorus from

the environment by non-active means,

1.32 Phosphorus nutrition sources

Phosphorus may be present in a variety of forms in
natural waters and soils (Fogg, 1973; Cosgrove, 1967;
Golachowsk, 1979). It is almost invariably found in the
fully oxidized state but <this may be in organic and
inorganic combinations (Fogg, 1973). In freshwater, sea
water and several soils, organic phosphorus is generally
present in concentrations several times higher than those of
inorganic forms (Hutchinson, 1957; Armstrong, 1965;
Cosgrove, 1967). Organic phosphorus is represented by a
large group of compounds including phosphoprotein,
phospholipid, phosphoglicosides and nucleic acids (Cosgrove,

1967; Cheshire and Anderson, 1975; Langowska, 1982). These



33

compounds may result from the secretions and excretions of
living bacteria, plants, animals or from the decomposition
of dead organisms (Johannes, 1964, 1965; Cosgrove, 1976;
Langowska, 1982). Residuals of synthetic organic phosphorus
compounds may also participate in the phosphorus budget of
certain ecosystems.

Although only the orthophosphate ion can be absorbed
directly by algal cells, phosphate from other forms may be
used after hydrolysis by enzymes produced by the alga itself
(Section 1.33). As a result of such enzymic activity most
algae can utilize a wide range of phosphorus compounds.
Thus, Fitzgerald (1970) has shown that a variety of
relatively insoluble forms of phosphorus, including animal
teeth can serve as a phosphorus sources for algal growth and
Bose et al. (1971) found that many species of the
blue-green algae are able to solubilize bound phosphate from
tricalcium phosphate compounds. It has been demonstrated
that several green and blue-green algae as well as various
microorganisms are able to hydrolyse and assimilate several
forms of condensed phosphate (Davis and Wilcomb, 1967; 1968;
Clesceri and Lee, 1965; Rivkin and Swift, 1980). Stewart
and Alexander (1971) found that a wvariety of detergents
could act as a phosphorus source for the bloom-forming

blue-green alga Anabaena flos-aquae. Doonan and Jensen
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(1979) found thath Plectonema boryanum could hydrolyse 15
organic phosphorus compounds at different rates, but could
not hydrolyse some other forms (DNA, bis-nitrophenyl
phosphate, cyclic UMP) . Recently Livingstone et al. (1983)

found that the blue-green alga Calothrix parietina D550 grew

on various organic phosphorus compounds as a sole phosphorus

source.,

1.33 Physiological and morphological wvariations associated
with phosphorus deficiency

Various physiological and morphological changes have
been observed 1in phosphorus deficient cultures of algae.
The most notable is the great variation in the internal
phosphorus concentration of the algae under phosphorus
sufficient and deficient conditions which can exceed ten
fold (Healey, 1982). According to Al-Kholy (1956), for
example, the minimum internal phosphorus concentration for

-7
Chlorella pyrenoidosa was 10 ug P per cell and the maximum

-6
was 1.5 % lo‘pg P per cell. In Plectonema boryanum the

minimum and maximum values were 4 and 52 ug P mg dry weight,
respectively (Jensen and Sicko-Coad, 1976). In Calothrix
parietina D550 the minimum phosphorus level was found by
Livingstone et al. (1983) to be 2.7 jng P mg-1 dry weight,

—

Several other investigators have found that the minimum
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internal phosphorus concentrations of blue-green algae are
similar to those of eukaryotic algae but lower than those of
heterotrophic bacteria (Fuhs et al., 1972; Chen, 1974;
Healey; 1975). In addition to the decrease in the internal
phosphorus content of the algae, algal dry weight,
chlorophyll a and protein content were found to decrease
under phosphorus deficient conditions (Healey, 1978).

The effect of phosphorus deficiency on physiological
rates has been studied by several workers, who have found
that the rates of growth, photosynthesis, respiration and
nitrogen fixation fell with phosphorus deficiency (Stewart
et al., 1970; Stewartland Alexander, 1971; Senft, 1978).
Under conditionSof phosphorus deficiency cell-surface
phosphatase activity in many organisms increases greatly
(Section 1.4)

In addition to the variation in the composition and
metabolism of algae under phosphorus deficiency mentioned
above, several morphological changes have been observed in
many blue-green algae under phosphorus deficient conditions.

These include formation by Plectonema boryanum of very 1long

and very short vegetative cells (Jensen and Sicko, 1974),
increase in hair length and frequency and sheath thickness
in several Rivulariaceae (Sinclair and #Whitton, 1977a;

Livingstone and Whitton, 1983, Livingstone et al., 1983),
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increase in cyanophycin granules (Sinclair and Whitton,
1977a; Sutherland et al., 1979; Stevens and Paone, 1981).
Akinete formation and frequency were found to be increased

under phosphorus deficiency in many species of blue-green

algae. For example, in Anabaena cylindrica and Gloeotrichia

ghosei (Wolk, 1965; Sinclair and Whitton, 1977a),

Aphanizomenon flos—-aquae (Gentile and Maloney, 1969 ),

Cvlindrospermum licheniforme (Fisher and Wolk, 1976),

Nodularia spumigena (Pandey and Talpasayi, 1980)and Anabaena

torulosa (Fernandes and Thomas, 1982). In contrast to
akinete formation, heterocyst frequency is found to be
reduced by phosphorus deficiency in some but not all of the
blue-green algae (Ogawa and Carr, 1969; Healey, 1973; Healey
and Hendzel, 1975; Guert van Kessel et al., 1977).
1.4 Phosphatase activity in the blue-green algae
”Phosphatases are a large and complex group of enzymes
functioning over a wide range of substrates and hydrogen ion
concentrations. They catalyse the hydrolysis of both esters
and anhydrides of phosphoric acid (Schmidt and Laskowiski,
1961; Feder, 1973). Phosphatases have also been known to
act as transferases by catalysing the transfer of phosphate
groups from one substrate to another (Stadtman, 1961). They

are divided into acid phosphatases and alkaline phosphatases
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according to their pH optima. They have been found to occur
in all taxonomic groups (Schmidt and Laskowiski, 1961;
Feder, 1973) however, because of the growth of the
blue-green algae in neutral to alkaline condit’ions alkaline
phosphatase is predominant.

Phosphatase activity is usually associated with
phosphorus limitation (Fogg, 1973; Healey, 1982).
Fitzgerald and Nelson (1966) reported that when several
algae groWwn in a medium containing high phosphorus
(7.2 mg 171 PO,-P) alkaline phosphatase activity was very
low . However, when grown in a medium with only
0.4 mg 171 PO,-p the activity was increased up to 25 times.

Similar observation have been made for Anabaena flos-aquae

(Bone, 1971a), Anabaena variabilis (Healey, 1973), Anacystis

nidulans (Ihlenfeld and Gibson, 1975)and Calothrix parietina

D550 (Livingstone et al., 1983). These observations
indicated that the enzymes of the organisms studied are
inducible, Constitutive enzymes have also been reported in
several other organisms (Keunzler, 1965; Healey and Hendzel,
1975; Doonan and Jensen, 1980). In the field phosphatase
activity has been found to be associated with a very low or
undetectable orthophosphate and/or high organic phosphorus

concentration (Perry, 1972; Khoja et al., 1984).



Alkaline phosphatase from different sources shares
several common features. The pH optima, for example, of the
enzyme of most organisms studied falls within the range of 8
to 11 (Torriani, 1960; Kuenzler and Perras, 1965;: Heath and
Cooke, 1975; Rivkin and Swift, 1980). It was also found
that the enzyme from a variety of sources has the ability to
hydrolyse a large number of phoshate bonds (Selitrennikoff
and Sonneborn, 1977; Livingstone et al., 1983) however, the
relative rates of hydrolysis of the various compounds were
different (Aaronson and Patni, 1976; Thlenfelds and Gibson,
1975; Doonan and Jensen, 1980; Fernandez et al., 1981).
Healey (1982) mentioned that some organic phosphorus
compounds are not or only slightly hydrolysed by microbial
phosphatases. Lean (1973)found that colloidal phosphorus
produced by the phosphorus metabolism of microflora in lakes
is hydrolysed at a very slow rate.

The ionic requirements of phosphatase activity are
quite variable for microorganisms as a whole but probably
much more uniform when only blue-green algae are considered.
Thus, Patni and Aaronson (1974) found that addition of K+,
Mg++, Ca++ or Mn++ had no significant effect on the acid

phosphatase activity of the chrysophyte Ochromonas danica,

while Healey (1973) and Healey and Hendzel (1975) reported

that for maximum activity of the alkaline phosphatase of

38
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‘Anabaena variabilis and Pseudanabaena catenula calcium
should he added externally,

Doonan and Jensen (1979) studied the effect of
different concentrations of several ions on the alkaline

phosphatase activity of Plectonema boryanum and found that

there was an increase in the activity with increasing
calcium concentration from 0.02 to 20 mM., Of the other ions
studied MJJ-was found to have different effects on alkaline
phosphatase of certain organisms. This cation, for example,
has a low stimulatory effect on the cell-bound and cell-free
enzyme oﬁ P. boryanum (Doonan and Jensen, 1979). Healey
(1973) found that magnesium could not substitute for calcium

for maximum activity of the alkaline phosphatase of Anabaena

variabilis,

Several organisms have been found to release alkaline
phosphatase into the growth medium. For example,

Escherichia coli, Torriani (1960) found only 10-15% of the

total enzyme activity in the growth medium while Glew and
Heath ( 1971) found that most of the alkaline phosphatase of

Micrococcus sodonensis 1is secreted into the growth medium.

In the blue-green algae studied small amounts of the enzyme
were found in the growth medium of A. variabilis by Healey
(1973) and Kuenzler and Perras (1965) observed a very small

amount of the enzyme in the growth medium of Oscillatoria
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Oscillatoria woronichinii. Among 18 strains of blue-green -

algae tested by Doonan and Jensen (1980) Plectonema boryanum

(UTEX 581l) , Nostoc commune (UTEX 584)and Gloeocapsa sp.

(OTEX, 1938) did not release any quantity of the enzyme.

1.5 Nitrogen fixation in the rice-fields

A number of microorganisms have been identified as
agents responsible for nitrogen fixation in rice-fields -
(Balandreau et al., 1975). The major groups appear to be
heterotrophic bacteria (Watanabe et al., 1978; Barraquio et
al., 1982), free-living or in symbiotic association with the
aquatic fern Azolla, blue-green algae (Watanabe, 1959;
Moore, 1969; Peters, 1978; Stewart, 1982) and photosynthetic
bacteria (Kobayashi and Hague, 1971; Habte and Alexander,
1980).

Heterotrophic bacteria are generally confined to
habitats rich in organic carbon and low combined nitrogen
(Spernt, 1979) and their nitrogen-fixing efficiency is low
in terms of nitrogen fixed per unit of carbon consumed
(Stewart, 1977) . On the other hand, most of the
photosynthetic bacteria when grown on nitrogen gas as a sole
nitrogen source generally 1live strictly anaerobically

(Sprent, 1979). Anaerobic conditions in the rice-fields are

restricted to the subsurface 1layer of soil in flooded
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. rice-fields. However, because of the activity of soil fauna

and excretion of oxygen by rice plant roots strictly
anaerobic conditions are not likely to be widespread in the
rice-fields during the cultivation cycle (Kikuchi et al.,
1977). On. the other hand, because of the similar growth
requirements of rice plants and blue-green algae, the latter
grow abundantly in the rice-fields. Several workers have
attributed the maintenance of the soil fertility in
rice-fields to which chemical fetilizers are not added to

the nitrogen fixation activity of the blue-green algae

(Singh, 1961; Venkataraman, 1972; Roger and Kulasooriya,

1980) .

1.51 Nitrogen fixation by blue-green algae

‘Nitrogen fixation (nitrogenase activity) 1is widely
distributed among blue-green algae, including
representatives of each of the major groups (Stewart,
1973a,b; Both, 1982). Aerobic nitrogen fixation among the
unicellular forms is rare (Stewart, 1982). There are very
few reports in which aerobic nitrogen fixation by
unicellular forms has been confirmed (Wyatt and Silvey,
1969; Rippka‘_g al., 1971; Singh, 1973). However, about 50%

of the forms tested showed nitrogenase activity under

microaerobic or anaerobic conditions (Rippka and Waterbury,



01977; Rippka and Stanier, 1978). Among the
non-heterocystous filamentous forms, pure cultures of

Plectonema boryanum, Phormidium foveolarum,Oscillatoria sp.,

Lyngbya Sp. were found to reduce acetylene under
microaerobic and/or anaerobic conditions (Stewart and Lex,
1970; Kenyon et al., 1972; Weisshaar and Boger, 1983).
However, a relatively long (72-120 h) incubation period is
required for the development of active nitrogenase activity
under these conditions( Stewart and Lex, 1970, Kenyon et
al., 1972), There are also few reports of aerobic

nitrogenase activity in some members of the

non-heterocystous filamentous forms including natural

populations of Trichodesmium erythraeum and pure cultures of

t al., 1961; Bunt et

Microcoleus chthonoplastes (Dugdale

al., 1970, Carpenter and Price, 1976; Pearson et al., 1981).

Ecologically the most important group of the blue-green
algae are the filamentous heterocystous forms which
invariably fix nitrogen under aerobic and anaerobic
conditions (Stewart, 1977).

In natural ecosystems nitrogen-fixing blue-green algae
are subjected to a variety of environmental factors which

affect and/or control their nitrogenase activity. Among

these factors are:

42



(i) Temperature Nitrogen fixation by blue-green algae
has been observed near freezing point (Fogg and Stewart,
1968; Horne, 1972; Davey, 1982) and in hot springs (Stewart,
1970; Wickstrom, 1980). The highest temperature at which
nitrogenase activity was detected is about 60 T (Stewart,
1974) . However, the range and the optimum temperature for
nitrogenase activity varied considerably between the
species. for example, Whitton et al., (1979b) found that the
max imum temperature at which there 1is a detectable
nitrogenase activity for two Nostoc species from Aldabra
Atoll in the 1Indian Ocean was 46 ‘%, while the maximum
teméerature at which there is a detectable activity for N,

o

commune from a temperate region (England) was 38 C.

Simlarly Wickstrom (1980) found that Calothrix coriacea

(growing at 30 ‘b) and C. thermalis (growing at 40 %D in a
thermogradient stream had maximum nitrogenase activities at
30 and 40 C, respectivily. Stewart et al. (1977) found in
comparative studies of nitrogen fixation by soil algae from
temperate, subtemperate and tropical regions, that the

temperate soil algae (dominated by Nostoc and

(o]
Cylindrospermum) reduce acetylene at 0 € and have high

activity at 40 (bo However, the optimum temperature was
o o [ .
15-25 C. In contrast, tropical soil algae (dominated by

o ..
Scytonema) showed little activity at 5 C and the activity

43
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7]
increased with increases in temperature to 40 C. On the
other hand, subtemperate soil algae (dominated by Stigonema

panniformis) had an optimum temperature at 30 C. The

greatest responses to temperature increase were found from 0
0 o o

to 10 C, 15 to 20 C and 20 to 25 C for temperate,

subtemperate and tropical soil algae, respectivily. These

results led the authors to state that in general there is a

direct correlation between the temperature responses of the

algae and the temperature of the habitat from which they

were collected;

(ii) Light

Nitrogen fixation by the blue-green algae investigated
is 1light stimulated (Bothe, 1982). The rate of nitrogen
fixation showed much the same relationship as photosynthesis
to 1light conditions (Fogg, 1974). Most of the data related
to the effect of light on nitrogen fixation are for aquatic
habitats and the results show that there is a dependance on
light for nitrogen fixation and that a high photon flux
density may be inhibitory (Fogg, 1974; Peterson et al.,
‘1977)0 Stewart (1974) summarize the information for the
effect of 1light on terrestrial blue-green algae and states
that there is a rapid decrease in acetylene reduction at

depths below 1.0 cm and that the light at the soil surface
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may be excessive. Reynaud and Roger (1979) suggest that in
general blue-green algal nitrogen fixation is inhibited at
high photon flux densities. Jones (1977) found that both
unialgal cultures and mats of Nostoc sp. in subtropical
grassland showed linear relationships between photon flux
density and acetylene-reducing activity up to 323 lux, but
no significant increase in the activity for photon flux
densities above that. He also found a slight decrease in
the activity at high photon flux densities and a sharp
reduction in the activity after 3 hours incubation in the
dark. Wickstrom (1980) found a 1linear response in the
acetylene-reducing acivity of a thermal Calothrix sp. up to
about 2000 umol pphoton m~2s™!., Coxson and Kershaw (1983)
found that the saturation level for nitrogenase activity of

Nostoc muscorum was about 900 pmol photon m 2s7L, The

bsaturation level of nitrogenase activity of free-living
blue-green algae seems to be higher than that of symbiotic
forms which range between 75-150 umol photon m 25" (Cox and
Fay, 1969). Dark treatments caused different effects on the
nitrogenase activity of the blue-green algae. For example,

Wiebe et al. (1975) and Khoja et al. (1984) found that

dark nitrogenase activity of Calothrix crustacea and a

marine Rivularia population was only 2-5% of the 1light

activity. Potts and Whitton (1977) on the other hand, found



only about 50% reduction in the nitrogenase activity of
lagoon intertidal population of blue-green algae on Aldabra
Atoll after 100 minutes dark incubation. Nitrogenase

activity of the Gloeocapsa (Gloeothece) sp. 1430/3 was found

by Gallon et al. (1973) to be 40% of the activity in the
light after 4 hours incubation in the dark. The same alga
showed an immediate increase in the activity after dark
incubation for 2-5 hours followed by a gradual decrease to a
negligable activity after 12 hours incubation in the dark
(Mullineanx et al., 1981). In this respect Gloeocapsa
differs from other heterocystous blue-green algae tested by
Fay (1976) and Bottomley and Stewart (1977), which showed
exponential decline after transfer to darkness and almost
complete 1loss of activity after 4 hours incubation in the
dark. Blue-green algae in symbiotic associations have been
found to be able to use green, red and blue light with the

highest nitrogenase activity under green 1light (Holst and

Yopp, 1979).

(iii) Salinity

Nitrogenase activities of several blue green algae
showed differances 1in response to salt treatment. For
example, Stacey et al. (1977) and Gotto et al. (1979)

reported active nitrogen fixation by Anabaena sp. under
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marine conditions. Jones and Stewart (1969) found that

nitrogen fixation by Calothrix scopularum was maximum at 5%

NaCl (0.09 M) and was reduced to about half at 45% NacCl
(0.8 M). Antarikanonda (1982) found that the Anabaena sp.
(TAl) isolated from rice-field of Thailand is more sensitive

than Anabaena cylindrica to salt treatment for both growth

and nitrogenase activity, Tel-Or (1980) found that

nitrogenase activity of Nostoc muscorum is more sensitive to

salinity treatment than that of Calothrix scopulorum. This

was attributed to the natural habitat of the two species
being freshwater and marine, respectively. Several workers
have found that growth and/or other metabolic activities of
blue-green algae are more resistant to salt treatment than
their nitrogenase activity (El-Nawawy et al. , 1968; Tel-Or,
1980) . These findings are in agreement with the statment
made by Whitton and Sinclair in 1975 that "nitrogen fixation
as a process is more sensitive to variations and extremes of

environmetal conditions than photosynthesis or overall

growth".

(iv) Combined nitrogen
The effect of combined nitrogen on nitrogenase activity
and biosynthesis has been examined in many nitrogen-fixing

organisms, It is often found that the addition of combined
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nitrogen suppress nitrogenase biosynthesis rather than the
activity of the existing enzyme (Stewart et al., 1968;
Brill, 1975; Rippka and Stanier, 1978). Thus several
workers have found that there 1is no immediate effect of
combined nitrogen on nitrogenase activity (Ohmori and

Hattori, 1972; Stewart et al., 1975; Murry et al., 1983).

It was found that the noticeable inhibitory effect is due to
the interruption of reductants and/or ATP supply (Ohmori and
Hattori, 1974, 1978; Upchurch and Mortenson, 1980; Murry et
al., 1983). However, on long-term treatment the inhibitory
effect 1is the result of inhibition of heterocyst
differentiation and dilution of the enzyme due to growth
(Stewart et al., 1975; Ramos and Guerrero, 1983). The model
of effect of combined nitrogen on nitrogen fixation of the
blue-green algae appears to differ according to the organism
tested and source of combined nitrogen used (Bothe, 1982).

For instance, addition of ammonia to Anabaena cylindrica

abolished its nitrogenase activity within 48 h, where as
this effect was only gradual when the organism was grown
with nitrate as nitrogen source (Stewart et al., 1975; Bothe

and Eisbrenner, 1977). 1In contrast to Anabaena cylindrica

Bottomley et al. (1979) found that addition of 10 mM KNO,

or NH4NO3 to Anabaena sp. (CA) completely repressd

nitrogenase activity while the same concentration of NH4C1
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reduced the activity by about 70%. Chen (1983) found that.

the nitrogenase activity of three Anabaena strains isolated
from rice-fields in Taiwan showed different responses to the
addition of combined nitrogen. For example, addition of 1
mM nitrite or ammonia completely repressed the activity of
the two strains while the third one maintained activity at
25% of the control.

In heterocystous blue-~-green algae detectable
nitrogenase activity 1is wusually concomitant with the
appearance of fully differentiated heterocysts (Bradely and
Carr, 1976). Combined nitrogen inhibits heterocyst
differentiation in many strains. There are also differences
between the strains in their response to the effect of
combined nitrogen on heterocyst differentiation. Ogawa and
Carr (1969) noticed that Anabaena variabilis still has few

heterocysts at 28 mg 1=1 NO3—N while the same concentration

of NH,-N stopped heterocyst formation completely. Thomas

4
and David (1971) found that heterocyst formation was totally

inhibited when nitrate was supplied in batch culture, but
not in continuous culture at high dilution rate. In
contrast to other heterocystous blue-green algae, heterocyst
differentiation 1in Anabaena sp. (CA) is much more strongly
inhibited by nitrate than by ammonia (Bottomley et al.,

1979). Singh and Viswanathan (1972)found that 0.5 mM of



~either NaNO NH,Cl or urea completely repressed heterocyst
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formation by Camptylonema lahorense while 20 mM KNO3 is

required to achieve the same effect; the experiment was
carried out on solid medium.

‘In the case of tapered heterocystous blue-green algae,
several workers have reported not only the repression of
nitrogenase activity and heterocyst differentiation in the
presence of combined nitrogen but also loss of typical
trichome polarity (Fay et al., 1968; Kirkby, 1975; Wyatt et
al., 1973) ., However, combined nitrogen can suppress
heterocfst formation but leave polarity in several tapered
blue-green algae (Sinclair and Whitton, 1977a; Rai et al.,
1978)

Organic nitrogen is also likely to exert an iﬁhibitory
effect on nitrogenase activity provided that it 1is first
reduced to ammonia (Stewart, 1973a). Thus, in Plectonema
boryanum glutamine and arginine were found to repress the an
anaerobic induction of nitrogenase, but aspartate,
asparagine and 1lysine were ineffective (Nagatani and

Haselkom, 1978).

(v) Phosphorus

Nitrogenase activities of natural populations of

blue-green algae were found to vary markedly and rapidly,

0



depending on the levels of phosphorus which were available
for their metabolism (Stewart et al., 1970). Stewart (1964)

found that addition of about 9 mg 171

PO,-P to natural sea
water increased nitrogen fixation of a natural population of

blue-green algae (Calothrix scopulorum and Nostoc

entophytum) by 17% and 12%, respectively. The response in

nitrogen fixation activity of phosphorus starved blue-green
algae to the addition of inorganic phosphorus or phosphorus

containing detergent was found to be very rapid and at very

1

low concentrations (5 ug 17" p) (Stewart and Alexander,

1971). The same authors found that the saturation level of
phosphorus for nitrogenase activity was found to be very low

1 P). Bone (1971b) found that there 1is only

(<50 ug 1~
little effect on the nitrogenase activity of Anabaena

flos-agquae when the phosphate concentration was increased

from 0. 022 to 0. 066 mM.

1.6 Aims

The literature indicated that blue-green algae are
widespread and abundant in the rice-fields of Iraqg (Section
1.2). All of the studies carried out so far are, however,
floristic accounts. In spite of many studies on blue-green
algae in rice-fields elsewhere, it 1is still difficult to

comment on the importance of different environmental factors
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on the occurrence or abundance of particular species.

The present study was planned initially to survey
nitrogen fixation both in the field and laboratory.
Unfortunately, because of the war between Iraq and Iran
during the last three vyears, it was changed to become
entirely laboratory based. The aim was to establishe some
key features of the biology of the various blue-green algal
species present in the soil from one small area. It was
hoped that such study might suggest factors likely to be
particularly important in nature, In particular it was

hoped to establish the importance of different nitrogen and

phosphorus sources.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Soil
2.11 Collection

A sample of soil was collected by Dr B. A. Whitton on
21 September 1979 by pooling materials from microhabitats
ranging from wet to dry within an area of 2 mza Soil was

included to a depth of 3 mm.

2.12 Analysis

The sample was dried for 48 hours at 105 °c, lightly
ground and put through an 80 mesh (Zlolpm) sieve; the
material passing through the mesh was used for analysis.
Part was muffled at 550 °C to give the ash weight
(neglecting loss of CO2 from carbonate). Part was digested
with atomic absorption spectroscopy grade HNO3 and boiled
for 30 min; 5 mg of the soil sample was also added to 50 ml
of either deionized distilled water or AD-N medium and after
12 hours of continuous shaking at 32 OCV filtrates (passed
through GF/C glass fibre filter) were collected. Metal
analysis of acid digest and filtrates was carried out on a

Perkin-Elmer model 403 atomic absorption spectrophotometer

(Holmes and Whitton, 1981).
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Chloride and sulphate, in the filtrates only, were

determined as follows:

(i) Chloride.

Use of silver nitrate-potassium chromate titration
method (American Public Health Association, 1981) checked by
a chloride specific ion electrode (Orion, combination
chloride electrode model 961700) as described by the

manufacturer.

(ii) Sulphate. Use of a gravimetric pbarium sulphate method
on the dried residue (American Public Health Association,
1981).

Total phosphorus was determined after digestion with a
persulphate-sulphuric acid digestion (Eisenreich t al.,

1975) .

Total nitrogen was determined according to the method
of Smart et al. (1983) using a nitrate electrode (Orion

nitrate specific ion electrode model 93-07).

2.13 Floristic records
The algal flora of the soil sample was determined by
direct inspection, incubation of a soil sample wetted with

distilled water and after soil culturing (Section 4.2).
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Direct inspection was carried out by rewetting about 1g of

soil sample with distilled water in a petri dish and

o

incubating the sample at room temperature (c. 20 C) for at

least 30 min, Slides were then prepared and examined
carefully. Petri dish with wet soil was then incubated in a

c; 30-40 pmol photon n %s! for 2 weeks

growth room at 32
(soil rewetted when necessary). Algal taxa developed in the
wet soil sample were identified every week as described
above. For a mixed community, algal populations in culture
flasks were homogenized lightly before aliquots were removed
for microscopy. In all cases several slides were prepared
using a drop from culture medium to prevent any osmotic
effect. Slides were then examined carefully using a 1light
microscope (Nikon fluophot Microphot V seies, Nippon Kogak
K.K. Tokyo, Japan) equipped with Nikon M-35D 92850 camera
for photograhy. The conventions used here are the same as
those used by Potts and Whitton (1980); a justification for
using width categories for. certain genera rather than
binomials is given by Whitton et al. (197%9a). Binomials
were allocated after consultation of taxonomic literature.
Thses included floras of Geitler (1932), Frémy (1933), and
Desikachary (1959). In some cases, however, generic names

followed RippZka et al. (1979). Detailed descriptions of

the main organisms isolated into clonal and/or axenic
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cultures are given in Section 4.3.

2.2 Culture techniques
2.21 Cleaning of glassware

These were usually soaked in hot tap water and
detergent for at least 30 min, Subsequently they were
rinsed thoroughly with hot tap water and then soaked for a
minimum of 30 min in 10% Analar HCl solution prior to being

rinsed at least ten times in glass distilled water and dried

at 105 °c.

Pipettes and Pipettman tips used for preparation of
media (Section 2.4), subculturing of algae (Section 2.64)
and phosphatase assays (Section 2.81), were washed with 10%
BRCl. 10% Analar HZSO4 solution was used originally but
because of lack of algal growth in some experiments and a
clear deterioration of the silicon bungs used to close
culture flasks, it was replaced by 10% HCl.

The glassware used for analysis of phosphate was never
washed with detergent; it was rinsed three times with tap
water after each run, then soaked in 10% Analar sto4
solution for a minimum of 30 min before being rinsed ten
times in distilled water followed by three times in

o)

deionized distilled water and then dried at 105 C.
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2.22 Cleaning of silicon bungs

These were cleaned occasionally by soaking them in a 2%
solution of phosphate-free detergent (Decon 90, Decon
Laboratories Ltd, England) for at least 2 hours, then rinsed

five times in distilled water and dried at room temperature.

2.23 Culture vessels

All experiments were carried out in 100 ml Erlenmeyer
flasks plugged with high grade non-absorbant cotton bungs or
silicon bungs (Type S28, manufactured by Sanko Plastic Ltd,
Osaka Japan). All flasks were of Pyrex glass and acid
washed (Section 2.21). FPor solid media pre-sterilized
plastic petri dishes (manufactured by MNorthern Media

Supplies, Hall, England or Sterilin Led, Teddington,

Middlesex, England).

2.3 Chemicals and Gases

(i) Chemicals

All chemicals used in the preparation of media were

Analar grade, except for those listed in Table 2.1,

(ii) Gases
In the experiments of Section 7.3 , oxygen-free

nitrogen and carbon dioxide were used. Acetylene and pure



Table 2.1 Specification and suppliers of the chemicals

other than Analar grade used in the study.

chemicals
HBEPES
nutrient agar
agar

tryptone
yeast extract
peptone
Casamino acid

inositol hexaphosphate
sodium salt

B-glycerophosphate
sodium salt

glucose-l-phosphate
dipotassium salt

DNA, sodium salt
from Herring sperm
Type VII

phosphatidycholine
(Lecithin) from egg

Na, A, P Oq(Pyrophosphate)

27272

N?}E}oq (Metaphosphate)

Na5P 0,0 (Polyphosphate)

3
p-nitrohenyl phosphate

bi%nitrophenyl phosphate

Na,Si0, 5420
2773

specification

Sigma grade

technical grade
Sigma grade
general purpose
reagent

Sigma grade

Sigma grade

general purpose
reagent

practical grade
practical grade
practical grade
Sigma grade
Sigma grade

technical grade

supplier
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Sigma Chemical Co.

Oxoid, U.K.
Difco, U.S.A
Oxoid, U.R.
Oxoid, U.K.
Difco, U.S.A.
Difco, U.S.A.

Sigma Chemical

BOH

Sigma Chenmical

Sigma Chemical

BDH

Sigma Chemical
Sigma Chemical
Sigma Chemical
Sigma Chemical
Sigma Chemical

BDH

Co.

Co.

Co.

Co.

Co.

Co.

Co.
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ethylene standards were used in the experiments of section
2.82 . All but the pure ethylene standards were supplied by
British Oxygen Company Ltd. 7he pure ethylene standards
were obtained from BDE Laboratory Gas Service (Poole,

Dorset, England).

2.4 Media
2.41 Mineral liquid media
According to soil chemical composition (Table 3.1). the

closest medium to the chemical composition was found to be a
modified version of Allen and Arnon (1955) called °“AD" by
Sinclair and @Whitkton (1977a). AD medium was used for
initial experiments on soil culturing and isolation and
purification of strains. It was further modified by
reduction of the phosphorus concentration to 2.5 mg lalP,

when it was found that number of taxa of mixed populations
were higher at this concentration in comparison with the
normal concentration (44.5 mg lalp) (Al-Mousawi and
Whitton, 1983). At this phosphorus concentration the medium
was buffered with 5 mM HEPES. It was noticed that normal

iron concentration in AD medium (4 g lmlFe) caused

precipitation after autoclaving; it was therefore reduced to

1 mg 1L,
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For consistency, however, the iron concentration was
kept at the normal level (4 mo lal) for the experiments of
Chapter 5, The potassium concentration was reduced to
25 mg 17!, AD medium was the basal medium used for almost
all of the experiments. It is free from combined nitrogen
(Tables 2.2, 2.3), In some experiments, however, it was
enriched with combined nitrogen either as NQBOr NHA(Section
2.45), PFor simplicity AD medium free from combined nitrogen
is referred to here as AD-N and AD medium enriched with
combined nitrogen as AD+N, Chu 10D mediuvm a modified
version of Gerloff et al., (1950) , as described by Sinclair
and Whitton (1977a) and its nitrogen-free version were also
used for initial soil culturing as well as isolaton and
purification. Growth in all cases was rather poor and

neither version was used in subsequent experiments. ACM

medium was used for culturing of Anacystis nidulans D33

(Section 6.4); it was derived from medium “C° of Kratz and
Myers (1955) as described by Shehata and Whitton (1981) with

the exception of including 2n ia the microelement stock

solution.

The composition of AD, ACM and Chu 10D, together with
the original media upon which they were based are shown in
Tables 2.2 and 2,3, Iin many experiments, however, the

concentrations of components were varied; details are given




‘Table 2.2 Composition of media (mg 17! of salts)

KN03
Ca(NCB)Z'.4H 0
KzHP04 2
KHzPO4
MgSO¢.7810
Na, 5103 .58,0
NaCl

NaHCO3

Na,CO3

CaCly. 26,0
Fec;3.6qlo

Na EDTA.ZH;O
Na_; C6 H5OQ ° 28’;10
C6H504Fe.5ﬂ20
Citric Aciad
Fq4504y .6&;0
MnC12.4ﬂ&0
MnSO4.4ﬂzO
NaMoO4 .4[‘!20
MoOg3
2nSOy . 7H,0
CuS0y . 5Hy 0
coCl. 68,0
CO(NOJ)Q_.GHZO
C0504.7ﬂzo
3330[‘.

NH;,VO 32

NaJ_WOl; .ZHLO
NiSO#.?HlO

AD

250.00

200.00

230.00

66.20
19.40
25.40

Crp (SO4)3K3S04.26;0 =

Ti0(C,04 . YH, O
pH after
autoclaving

7.3-7.5

Allen and
Arnon
(1955)

348.37

246 .48

233.76

73.50

0.15
0.22
0.07¢

0.049

2.86
0.02
0.018
0.045
0.19

?

Chu 10D

7.5-7.8

Gerloff
et al.
(1950)

8.0-2.5

ACM

500.00

10.00

250.00

23.00

19.86
1.21
0.5

7.3-7.5
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Rratz and
Myers
(1955)

1000.00
25.00
1000.00

250.00
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1

Table 2.3 Composition of media (mg 1™~ of elements)

Element AD Allen and Chu 10D Gerloff ACHM Rratz and

Arnon (1955) et al.(1950) Myers+
(1955)

N - - 6.83 6.79 69.27 140.02 -

P 44 .46 61.95 1.78 1.78 1.78 177.83

S 26.10 32.41 3.26 3.25 32.55 33.31

Na 92.05 92.00 6.63 14.10 9.17 -

K 112.23 156.40 2.24 4,49 195.58 835.63

Ca 18.05 20.20 9.78 6.97 5.41 -

Mg 19.72 24.30 2.47 2.47 24.65 24.65

Fe 4,00 4.00 0.50 0.50 0.88 -

EDTA 19.80 ? 2.49 - 0.50 -

o3} 179.10 177.26 - - 24.18 -

Si - - 1.44 3.31 - -

Mo 0.02 0.10 0.0028 - 0.011 0.012

Zn 0.01 0.05 0.013 - 0.05 0.05

Cu 0.005 0.02 0,005 - 0.02 0.02

Co 0.002 0.01 0.002 - 0.01 0.008

Mn 0.12 0,50 0.012 - 0.50 0.50

B 0.12 0.50 0.125 - 0.50 0.50

v - 0.01 - - - -

W - 0.01 - - - -

Ni 0.002 0.01 - - - -

Cr - 0.02 - - - -
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with indivdual experiments.

Media were made up freshly as required, from stock
solutions prepared in double distilled deionized water.
Stocks were stored at 4 °C in the dark. The microelements
were also added as a single solution. Glass éistilled water
was used for all media.

For subculturing, aliquots of 25 ml (Chapter 6,7) or
50 ml (Chapter 5) of the medium were wused in 100 ml in
Erlenmeyer flasks. The pH of the media was adjusted to 7.6
using 0.2 M NaOH before autoclaving and it was measured
after autoclaving using an ELL model 7050 direct reading pH
meter fitted with a combination electrode (Electronic

Instruments Ltd, Chertsey, Surrey, England),

2.42 Solid media

Solid media were ©prepared by mixing mineral liquid
media with 1% agar(Allenp 1968)0 The agar was added to the
mineral medium before autoclaving., After autoclaving and
cooling to about 40-45 OCp media were poured into 9 mm
pre~sterilized petri dishes in a laminar flow cabinet.
After solidification they were kept in a refrigerator (4 °C)
in an inverse position. Solid media were used mainly for
isolation and purification (Section 2.62) and routine test

of bacterial or fungal contamination (Section 2.63).
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2.43 Buffers

Some experiments (earlier parts of Chapter 5) were
performed in unbuffered media relying on the buffering
capacity of phosphorus (PO,~P) in the pedium. It was found
that the buffering capacity of AD medium was insufficient
when the medium was supplemented with a high level of
nitrogen sources (Sections 4.b 5.6), Furthermore,
reduction of the phosphorus concentration of the medium to
2.5 mg lmlp reduced its buffering capacity and made it
desirable to have an additional buffer for adequate ph
control. Smith and Foy (1974) chose REPES as a buffer for
freshwater algal media because of its favourable pRa of 7.55
and the negligible metal binding capacity reported by Good
et al. (1966). Three HEPES conentrations (2.5, 5.0, 10 mM)

were tested for their buffering capacity as well as their

effect on the growth (expressed as chl g) of Cylindrospermum

muscicola D579 grown in AD medium over a period of 30 days.
All concentrations restricted the pH variations within 0.1
and 0.22 units, However, growth was slightly lower at the
highest concentration, In addition the experiment was
carried out in AD medium with a wvery high phosphorus
concentration (44.5 mg lmlP) to compare its buffering
capacity. In subsequent experiments the phosphorus

concentration was reduced to 2.5 or 1 mg l”lP; and 2.5
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mM HEPES may have confered inadequate buffering to the
medium therefore 5 mM FEPES was chosen., HEPES was added
before autoclaving and the p# was adjusted %o 7.6 using 0.2

M NaOH.

The pH optima of cellular and Cfiltrate alkaline

phosphatase of Iraqi strains and Anabaena cylindrica D2

(Section 6.5) were determined using a wide range of buffers
(Table 2.4). Buffers were prepared as described by Dawson

and Elliot (1959).

2.44 Chelating agent

Experiments were carried out in media with a pH 7.6 or
greater (Table 2.2). OUnder these conditions iron would be
expected to precipitate as a phosphate salt if no che;ating
agent was used. Iron was therefore added to the media as
Fe.EDTA. The molar ratio of EDTAsFe is 0.94:1. EDTA was
first used for algae by Waris (1953) and is now recommended

for algal growth by many authors (Stein, 1973; Fogg, 1975).

2.45 Addition of other selected chemicals
Most of the experimental work 1is coacerned with the

effect of nitrogen and phosphorus sources (Table 2.5).

Details are given below.



Table 2.4 B

activity of Iraqi isolate

(Section 6.5)

pH

10
10
11
11
12
12
13

and Anabaena

cylindrica D2

3,3 dimethylglutaric acid - NaO#

HEPES(N—Z-hydroxyethylpiperazinc'N-Z—ethane

sulfonic acid)

glycine-NaOH

tris (hydroxymethyl) methylamine (2-amino-2-
(hydroxymethyl) propane-l, 3 diol(tris)=BCl

HEPES-NaOH

porax (sodium tetraborate) -fC1

glycine-NaO#

tris-faCl

borax-HACl

glycine-NaOH
porax~-NaOH
glycine-NaOH
borax-NaOH
glycine-NaOf
KCl- NaOH

RC1l-NaOH
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uffers used in the study of the effect of pH on alkaline phosphatase

Molarity (M)

0.05

0.01

0.05

0.05
0.01
0.05
0.05
0.05
0.05
0.05
0.05
0.05
Q°05
0.05

0.1

0.1
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Nitrogen, phosphorus and sulphide sources whose influence were tested

together with the complementary salt added to bring the required

changes

Chemical tested salt in AD

medium
NO3 "N -
NﬂénN -
P04-P KZHPO4°3HL0
L] 4]

salt used as

a source

NaNO;

NHACl
p=glycerophosphate
DRA

inositol hexophaosthcie
glucose-1-phosphate
phosphatidylcholine
Naeﬁ2P207

Na3?30q

N§5?30|c

NQQSQHJQ

complenantary salt
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(3) Nitrogen
(i) Ammonium-nitrogen

This was added as ammonium chloride solution. As a
precauvtion against loss of ammonia during autcclaving; a
stock solution of NHQCI was sterilized by filtration,
Difficulties were found in buffering media with ammonia in
long-term experiments (Sections 4.4 , 5.6); as a result
nitrate was used as a nitrogen source, However, in
short-term experiments (Section 7.2) the changes in pR
values was found to be within 0.2 units, For experiments

using NHQ=N0 the +N medium contained 50 mg lmlNo

(ii) Nitrate-nitrogen

Sodium nitrate was used in preference to potassium
nitrate because of the high concentration of potassium
(112.2 mg lwl) in the original AD medium, The maximum level
of nitrogen in the medium was designed to exceed the
theoretical algal requiements. It was assumed that the dry
weight of the algal was not likely to exceed 2 mg lml and
that 7% of the dry weight was nitrogen (Fay, 1969);

1

therefore the alga would contain a maximum ocf 140 mg 1 "N,

For experiments using N03=N0 the +¥ medium contained 140

mg lﬂlNo
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(B) Phosphorus

Dipotassium hydrogen phosphate is the phosphorus source
in the original medium (Table 2.1). This was omitted when
organic and anhydrous phosphorus were used (Section 6.4).
Specification and suppliers of all the phosphorus sources

were given in Table 2.1, All were sterilized by filtration

(Section 2.46),

(C) Reducing chemicals

Sulphide, sulphite and thiosulphate were added as

sodium salt which had been sterilized by filtration.

2.46 Sterilization

(i) Autoclaving

Liquid and solid media were sterilized by autoclaving
at 121 ¢ (10.35 kN mcz) for 15 min, Ia the case of 1liquid
.media containing a high concentration of phosphorus or iron,
these were autoclaved sepqrately and added to each vessel

after the medium had cooled and re-equiliprated with the

atmosphere to avoid precipitation during auvtoclaving.

(ii) Filtration

All the organic additives were sterilized by passing

the solution through a pre-sterilized 0.2 pm Nuclepore
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membrane filter under aseptic conditions, The filter was
ficted in a Swinnex f£illter holder, which was wrapped in
aluminium foil and autoclaved as in (i). The filter
sterilized sample was collected in a sterile empty flask.
After sterilization the sample was added aseptically to the

medium,

2.5 Environmental conditions
2.51 Incubation chambers

Most of the experiments in Chapterls were carried out
on a temperature gracdient apparatus (Fig., 2.1); it is
similar to that described by Van Baalen and Edwards (1973).
Some experiments, however, were carried out in an
illuminated incubator (Gallenkamp 1H-270, England). Flasks
were shaken by hand ¢twice a day, but otherwise incubated
standing., Most cultures used for isolation and purification
(Section 2.62) as well as maintenance of stock cultures were
grown in thermostatically controlled growth rooms. Some
experiments were carried out here too.

Inoculum pre-incubation and all experiments of Chapters
6 and 7 were carried out in thermostatically controlled
tanks of distilled water. A shaking mechanism moved the

flasks through a horizontal distance of 30 mm approximately

65 times a minute.
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2,52 Light and temperature

(i) Light

In the temperature gradient, illuminated incubator and
growth rooms continuous illmination was supplied from above
by a bank of white flourescent tubes. In the shaking tanks
of distilled water illumination was also continuous and
supplied from beneath by a series of warm white flourescent
tubéso

For experiments on the effect of light quantity and
guality on mixed populations (Section 5.3) and on

nitrogenase activity of Calothrix sp. and Nostoc muscorum

(Section 7.2) aluminium foil, neutral density filters (No209
and 211) and green filter (Nol24) were used.Filters were
manufactured by Lee Filters Ltd, Andover, U.K.). For
dark/light experiment (Section 5.3) flasks were first
wrapped with black polythene sheets and then covered over
with aluminium foil during the dark period. The level of
radiation at the surface of the vessel was found to vary
spatially in all growth chambers (Table 2.6). To avoid
these variations flasks were moved once or &twice a day
around the growth chamber.

Light measurement was made using a Macam

Quantum/Radiometer/Photometer Model Q101 (Macam Photometric



Table 2.6 Light conditions in various growth chambers

growth
chamber

growth room

shaking tanks
(1) all tubes on
(ii) 1/2 tubes on

type of
fluorescent
tubes

white

warm white
warm white

Temperature gradient

(1) all tubes on
{ii) 1/2 tubes on

illuminated
incubator

white
white

white

position of
fluorescent
tubes

above

below
below

above
above

above

photon
flux density_

amol photon m 25-1

40-60

120-300
30-120

150=-300
80-120

40-60

gL
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Ltd, Livingston, Scotland)
(ii) Temperature

Experiments on the effect of temperature on mixed
populations were carried out in a temperature gradient over
a range of temperatures between 20-=50 °c + 1. For 5 and IJ%

experiments an illuminated incubator was used. In all
experiments using the temperature gradient, 35 °c + 1 was
used.

For the experiments of Section 7.2 a shaking tank was
used. The temperature range used was between 10-40 °c. 1ce
was used to reduce the temperature gradually from 40 to
10 OC. For 50 °C a water bath (Griffin student water bath,
Gallenkamp & Co. Ltd, U.K.) was used and flasks were shaken
more or less continuously by hand.

Thermostatically controlled growth rooms were available
at temperatures 15, 25 and 32 OCO Stock cultures were kept
at 25 ., 1Isolation and purification and some experiments

o

were carried out at 32 C., Unless otherwise indicated the

standard growth conditions for the experiments of Chapter 5

were 35 9c + 1 and a photon flux density (PAR)

90-120 pmol photon n"%2s"L, For the experiments of Chapters

6 and 7 the standard growth conditions were 32 °c and

90-120 hmol photon m 2s™! and continuous shaking.



75

2.53 Gaseous atmosphere
In the experiments on nitrecgenase activity of

Microcoleus chthonoplastes (Sectior 7.3), 100 ml Erlenmeyer

flasks with side arms, for the introduction of the required
gas, were used. The gas inlet was close to the flask base
to ensure distribution of the injected gas throughout the
medium., Before connection ¢o the gas supplier wvia a
manifold of teflon tubing and needle (0.63 mm diameter) the
flask and sidearm openings were fitted with gas tight
suba-seal stoppers (W.Freeman & Co. Barnsley, U.K.). Media
were deaerated for 15 min by bubbling with nitrogen gas
(oxygen-free) . In some experiments carbon dioxide

(oxygen-free) was injected to give a concentration of about

1% v/v,

2.6 Algal cultures

2,61 Origin

Apart from the three control organism, all strains used
for experimental work were isolated from the soil sample
collected from rice-field in the southern marshes of Iraqg

Section 2.1. Details of the strains used in the study are

given in Table 2.7.
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Table 2.7 Algal cultures and their origin

Algae Durham Origin whether
culture No. axenic clonal

Iraqgi isolates
heterocystous forms

Anabaena cylindrica 582 Iragi rice field + +
Anabaena oscillarioides 693 2 +
Calothrix sp. 580 °e + +
Calothrix sp. 583 ° + %
Calothrix sp. 585 °e + +
Cylindrospermum muscicola 579 °e + +
Cylindrospermum muscicola¥® 678 ce +
Hapalosiphon welwitschii 581 °® + +
Gloeotrichia sp. 636 “* + +
Nodularia harveyana 635 i >
Nostoc muscorum 584 “e + +
Nostoc linckia 586 ° +

non-heterocystous forms

Lyngbya aestuarii 638 °e +
Lyngbya > 1 & 2 um 639 °” +
Microcoleus chthonoplastes 634 e + +
control strains

Anabaena cylindrica 2 Cambridge 1403/28L + +
Ancystis nidulans 33 °e 1405/1 + +
Calothrix parietina 550 sand sike England + +

(Holmes and Whitton

1981)

% gspore forming strains
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2.62 Isolation and purification

The air-dried soil sample was added to liquid medium.
AD medium Tables 2.2 and 2.3 and a wide range of its
modifications were wused initially. Healthy growth of the
majority of blue~green algae occurred only in AD medium and
its low phosphorus (0.45 mg lmlp) version, Cultures
were incubated in a temperature gradient Fig., 2.1 over a
wide range of temperatures and photon flux densities. Soil
culturing resulted in the growth of a mixture of algae.
Cultures 1in which heterocystous blue-green algae dominated
were selected for further subculturing into liquid media or
onto solid media, Repeated subculturing resulted in
unialgal cultures,

Clonal and bacteria=free cultures of
hormognia-producing strains were obtained according to the
method described by Boyer and Skerman (1968) with some
modifications as follows, Small pieces of a young
vigorously growing culture were placed onto the middle of

agar plates of AD or AD low phosphorus (0.45 mg lalP)

(o]

media. Plates were then incubated in a growth room at 32 C

and photon flux density of 30=40‘pm01 photon mnzscl° After
2-5 days there was usually a zone of hormogonia around the
inoculum, some sufficiently well separated for individuals

to be picked off. Clean hormogonia were located using a

stereoscopic binocular microscope and a single hormogonium,
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together with a block of the surrounding agar, was
transferred onto a fresh agar plate. After successive
transfers on agar plates, a hormogonium was transferred into
fresh liquid medium. Flasks were incubated at 32 °c. After
2-3 weeks algal growth was seen in some of the flasks. The
cultures were then tested for bacterial and fungal
contamination (Section 2.63).

For strains which do not form hormogonia, clonal and
bacteria free cultures were established according to the
following procedure, which is a combination of the methods
of Brown and Bischoff (1962) and Wiedeman et al. (1964).
Algal material from young cultures was transferred into
fresh 1liquid medium in a sterile sonicator tube. The
culture was sonicated in a Soniprep 150 for 5-10 seconds.
It was then centrifuged at about 500xg for 2 min. The
supernatant was discarded and pellet resuspended 1in fresh
sterile medium. This sonication/centrifugation process was
repeated three times., The sonification process fulfilled
two purposes; firstly bacterial cells adhering to the
surface of algal cells were likely to be dislodged and
secondly algal filaments were broken into short segments
which facilitated <¢heir spreading on the agar plates
(Patterson, 1983). Continuous discarding of centrifuged

supernatant increased the overall algae to bacteria ratio,
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since the smaller bacterial cells sediment more slowly than
the algal segments under the influence of gravity. After
the final sonication algal material was sprayed onto sterile
agar plates using a sterile air current. Plates were then
incubated for a short period of 2-3 days in a 32 %¢ growth
room. Following incubation the plates were examined under a
stereoscopic binocular microscope contained in a laminar
flow cabinet. Clean algal filaments were removed from the
agar surface using a very fine sterile needle and inoculated
onto fresh agar plates. After successive transfers onto
agar plates, a filament was transferred into fresh liquid
medium. Flasks were then incubated in a 32 °C growth room.
When algal growth became obvious cultures were tested for

any bacterial and/or fungal contamination (Section 2.63)

2.63 Test for purity

The strains isclated were examined after the initial
purification and periodically before each subculturing and
before use as experimental inocula. Three different tests
were carried out after the initial purification and at least

two were used routinely. The tests were as follows.

(i) Algal mateial was examined under the microscope using

both normally transmitted light and phase contrast
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microscopy: if no contaminants could be seen the second test
followed.
(ii) Small pieces of algal material with few drops of growth
medium were sprayed on the surface of agar plates of the
. following bacterial and fungal test media as described by
Hoshaw and Rosowski (1973).
peptone~glucose
malt extract
yeast extract
nutrient broth
SST
Usual agal medium +0.1% casamino acid

Plates were incubated in the dark at 32 °C for 3 weeks,
if no growth of either bacteria or fungi was seen the third

test followed.

(iii) Usual liquid growth medium enriched with either 0.05%
sucrose or 0.1% casamino acid . was inoculated with algal
material and flasks were incubated in the dark and in the
light in the 32 ¢ growth room. If the appearence of the
cultures did not change the cultures were re-examined under
the microscope as described in (i).

Sometimes algal cultures un&er' the microscope showed

particles which exhibited brownian movement similar to that




81

of non-motile bacteria, in this case cultures were
autoclaved and re-examined under the microscope.
If the presence of contaminants could not be shown it

was concluded that an algal strain was axenic.
2.64 Maintenance and subculturing

(i) Maintenance

Stock cultures for use as an inoculum were maintained
in 50 ml 1liquid medium contained in 100 ml straight neck
conical flasks closed with silicon bungs (Type C 20,
manufactured by Sanko Plastic Ltd , Osaka, Japan); cultures
were incubated on glass shelves in a thermostatically

O

controlled growth room at 25 "C and with a photon flux

density 20-30 pmol photon mazsnlo Transfers to fresh medium
were made every 3-4 months., Cultures were also preserved

cryogenically in liquid nitrogen soon after their isolation

into a clonal or axenic state.

(ii) Subculturing

Subculturing was carried out with standard aseptic
techniques, using a horizontal laminar flow cabinet
(Microflow Pathfinder, conforming to B.S. 5295 Class 1).

This takes in air through a filter which removes the large
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particles and then passes the air through a highly efficient
particulate air filter and out horizontally across the work
surface in a laminar flow pattern. Before subculturing the
cabinet was sprayed with absolute alcohol and the fan
switched on and left for about 5 minutes. The cabinet was
checked every 6 months, to see if the filters 1in the
inoculating cabinet were functioning properly, by placing
bacterial test plates in different locations in the cabinet
and incubating them in the dark at 32 °c.

The subculturing of algae for isolation and
purification (Section 2.62) and routine subculturing of
stock cultures, was perfomed by transferring algal material
with a sterile wire loop. For experimental work a Gilson
Adjustable Volume Pipettman with sterile plastic tips was
used. Before each subculturing algal material was tested
for any contamination by both microscopic inspection and by

subculturing onto a range of bacterial and fungal test media

(Section 2.63).

2.65 Preparation of alga for assay
2.651 Inoculum

Inoculum materials were always taken from logarithmic
growth phase cultures which were acclimated to the growth

conditions by subculturing 2-3 times into a fresh medium
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under aseptic conditions (Section 2.64). After 5-7 days
from the second subculture the contents of many flasks were
pooled and lightly homogenized aseptically by sequential
syringing with a sterile disposable plastic syringe (B-D
plastipak, Becton, Dickinson and Co. Ltd, Ireland) fitted
with a sterile disposable hypodermic needle 0.63 mm or 1.10
mm in diameter (Sabre Gilette Surgical Ltd, U.K.). Algal
homogenate was mixed continuously using a magnetic stirrer.
A known vo) ume of the homogenate was then inoculated into
fresh medium using a Gilson Adjustable Volume Pipettman and
sterile plastic tips. Uniform inocula for experimental
work, for each alga, were maintained using chl a as a
biomass criterion. Chlorophyll a measurements were made
just prior to inoculation in order to allow calculation of
the inoculum volume. The inoculum volume was always 2% of

the total experimental volume.

2.67 Estimation of growth

The following standard procedure was used in harvesting
algal cultures for chl a and dry weight determinations.
Algal material was removed from the flask by a wire leop og
glass rod fitted with a rubber tube and homogenized lightly
using a syringe and needle (Section 2.651), it was then

transferred to a measuring cylinder, and the volume made up
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to the original volume using distilled water and/or fresh
medium minus phosphorus (Section 2.81). A known volume was

then used for chl a and dry weight determinations,

2.671 Chlorophyll a

The chl a content of algal material was determined
according to the following procedure based on the
recommendations of Marker et al. (1980). A known volume of
algal homogenate (Section 2.67) was harvested either by
vacuum filtration through Whatman GF/C glass fibre filter or
by centrifugation (3000xg for 10 min). The pigment was then
extracted with 90% methanol for 10 min at 70<%° The
extraction method was sometimes repeated two or three times
to ensure complete extraction of the pigment. The extract
was then filtered through GF/C filters and the wvolume made
up in a volumetric flask using 90% methanol., Absorbance of
the extract was then measured at 665 nm and 750 nm; against
a solvent blank in both cases, using a Shimadzu (model
UV-150-02) double beam spectrophotometer. A known volume of
0.1 M HCl1 was then added to the extract to give a final
concentration of 163M ACl., After 60 min, absorbance at

665 nm and 750 nm was measured, and the chl a content

calculated according to the following formula.
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R v
}lg Chl‘:}_ (Ab“ Aa)x ““““““ X K X wcmem=
- 1 L
where Ab = absorbance of extract at 665 nm before
acidification minus absorbance at 750 am
A, = absorbance of extract at 665 nm after
acidification minus absorbance at 750 nm
R ~ maximum acid ratio ( Ab/ A)
a
K = 1000 x the reiciprocal of the specific
absorption coefficient (SAC) of
chl a at 665 nm in 90% me thanol
v = volume of solvent used to extract
the sample in ml
I = path length of the cuvette in cm
marker et al. (1980) recommended a specific absorption
coefficient of chl a in 90% methanol of 77, and a maximum
acid ratio of 1.59 for 90% methanol in 10 M Aci, therefore,
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Hg chl a = 34.94 (Ab-Aa) xV/L

The extraction and measurements were carried out in the dark
as much as possible to prevent photodecompostion of the

pigments.

2.672 Dry weight

An aliquot of algal homogenate (Section 2.67) was spun
at 3000xg for 10 min , and Qashed three times with distilled
water before being transferred into pre-dried, acid washed
(Section 2.21) snap-top glass vials; these had been weighed
previously. The vials and algal material were then dried at
105 °C for 48 hours. On removal from the oven they were
placed immediately into a &esiccator'to prevent absorption
of water. The vials were then re=wéiqhe& in order to

determine algal dry weight,

2.673 Equations

The growth rates of isolated strains and Calothrix
parietina D550, as a control , were determined in batch
culture under the standards growth conditions (Section
2.671). Chlorophyll a was used as a measure of growth.
Growth rates were expressed in terms of the relative growth

constant, ﬁ, in logmday units (Fogg, 1975) as follows.
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time in days after inoculation

fi

where t

vield after t days

=
]

amount of algal material in the culture at

=
]

the beginning

~
The mean doubling time, G, can be derived froam K:

2.7 Chemical analytical pxocedureé
2.71 Atomic absdrPtion spectrophotometer

The analysis of metals in soil digests (Section 2.12),
AD medium, filtrates of AD + 5 mg soil and filtrates of
distilled water 45 mg soil were carried out on a
Perkin-Elmer model 403 atomic absorption specirophotometer,

using matrix matched standards.
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2.72 Phosphorus
(A) In growth medium

Analysis of phosphorus in growth medium was carried out
after separation of algal material by £filtration (GF/C
filters). Two forms of filtrable phosphorus were measured:
"filtrable reactive phosphorus® (FRP) and “filtrable total
phosphorus” (FTP) (=organic + orthophosphate) (Mackereth et
al., 1978) ., Both involve the reaction of
phosphorus (phosphate)} with molybdate in an acid solution.
The organic forms were broken down with the addition of
sulphuric acid and potassium persulphate before autoclaving
(Eisenreich et al. 1975)., A single reagent solution was
used for both determinations; it is a modification of the
reagents of the method of Eisenreich ¢ al., (1975)

(Livingstong, pers. comm.) The reagents used were:

1. Acid - antimony-molybdate reagent

0.57 g of potassium antimonyl tartrate was dissolved in 500
ml of distilled water and 45 ml of concentrated sulphuric
acid (5.G. 1.84) was added with continuous mixing and
cooling. 8.52 g of sodium molybdate was dissolved in 400 ml
of distilled water. The two solutions were then mixed and
volume made up to 1000 ml in volimetric flask. After

cooling to room temperature, the reagent was transferred
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°c.

into a dark glass bottle and kept in a refrigerator at 4
2. Sulphuric acid (approx. 1.0 N) .

28 ml of concentrated sulphuric acid (S.G. 1.84) was added
to 800 ml of distilled water with continuous shaking and
cooling., After cooling the volume was made up to 1000 ml

with distilled water.

3. Potassium persulphate
Analoid compressed  tablets (Ridsdale and Co. Lt4g,
Middlesborough, England) containing 0.7 g of potassium

persulphate were used.

4. Phosphorus standard solution

4.39 g of potassium dihydrogen phosphate R,HPO, was
dissolved in 500 ml of distilled water and the volume made
up to 1000 ml in a volumetric flask. This solution

lp

contained 1000 mg 1~
5. Mixed reagent
0.62 g of ascorbic acid was disscolved in 100 ml of

reagent(l). This reagent does not keep and should be

freshly prepared.
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The measurements for FRP and TFP were as follows.
(i) Filtrable reactive phosphate 1 ml of 1 N HZSO4 soiution
was added to an aliquot of sample diluted to 25 ml with
distilled water (or to 25 ml of diluted sample) in a 125 ml
conical flask and mixed thoroughly. Mixed reagent (5 ml)
was then added to the sample and mixed thouroughly. After
at least 10 min of colour development absorbance was taken
at 880 nm on a Sﬂmadzu (model UV-150-02) double beam
spectrophotometer using 4 or 10 cm glass cells. Distilled
water was used as a reference, In the case of coloured
samples, a blank was included which consisted of sample to
which mixed reagent minus ascorbic acid and antimonyl
potassium tartrate was added (American Public Health
Association, 1981). The detection limits achieved by this

1 1

method were 1 nug 1~ (10 cm cell) and 5 pug 1™~ (4 cm cell)

(ii) Total filtrable phosphorus

This was determined as follows, To an aligout of sample
diluted to 100 ml with distilled water (or 100 ml of diluted
sample) in a 250 ml conical flask, 5 ml1 of 1 N H2804 was

added and mixed thoroughly, this was followed by addition of
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one potassium persulphate tablet. The f£flasks were closed
with aluminium foil and autoclaved for 30 min at 121 °C and
10.35 k8 m~2. After cooling the samples to room
temperature, 5 ml of mixed reagent was added and they were
mixed thoroughly. Absorbance was read after 10 min as in
the case of FRP .

Phosphorus was determined from a calibration curve,
which was made once for each mixed reagent preparation., The
mixed reagent was found to be stable for 3 weeks. The
effectivness of the digestion mixture and the autoclaving
time were checked using wide range of organic and anhydrous
phosphorus compounds (Table 2.8) and by comparing the
calibration curves for or thophosphate ’ inositol
hexaphosphate (phytic acid) and P=glycerophosphate (Fig.
2,2)

The method was Ffurther checked against the method of
Murphy and Riley (1962) as outlined in Standard Methods
(American Public Health Association, 1981). A summary of

the comparison is shown in Table 2.9.

(B) Total phosphorus analysis in algae
Total phosporus of algal material was determined
according ¢o Batterton and Van Baalen (1968) with scme

modifications as follows., 10 ml distilled water was added to
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Table 2.8 Effect of digestion mixture of the method of Eisenceich
et al. (1975) and autoclaving time on total phosphorus

recovery from organic and anhydrous phosphorus compounds

(1 mg 171 p stock solutions were used, n=4)

phosphorus compounds p-found (g 1—1) srecovery
X + SD
‘P—glycerophosphate 1.01 0.008 1019
DNA 0,95 0.01 959
inositol hexaphosphate 1.08 0.01% 1089
lecithin 0.87 0.02 874
glucose -1 -phosphate 1.04 0.005 1040
pyrophosphate 0,923 0.17 233
me taphosphate 0.89 0.06 893
polyphosphate 1.03 0.13 1039




Table 2.9:
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Comparison of two methods used in phosphorus analysis

in growth medium [modified method of Eisenreich
et al.(1975) and method of Murphy and Riley (1962)
as outlined in American Public Health Association

(1981} )

Modified Eisenreich et al.
(1975) method

]

Stability

creeping in absorbance present;
recording absorbance after a
definite time (10 min) gives
similar values always

Accuracy

A: Soluble reactive_?hosphorus
Chu 10-D:54.64 ng 1 P for

53.4 ug 17+ P (actual conc.)

B~glycerophosphate _
solution: 0.93 ng 1

11 P in
50.0 pg 1

P

B: Total phosphorus

Chu 10-D 55.19 ug 1,° P for
53.4 png 1

B-glycerophosphate §?lution
49.32 ng 1 for
50.00 pg 1~

Detection limit
4.0 cm cell: 5.0 pg 1_
10.0 cm cell: 1.0 ug 1

1
1

Time and labour

Less than half the time
and glassware are
required for multiple
samples.

Chemicals and error

Less chemicals needed and
less chances of
contamination (e.g. no need
for neutralization of
treated samples).

Murphy and Riley (1962) method
(American Public Health Association
1981)

no creeping after 30 min, and
absorbance fairly stable up to
24 hours.

Chu 10-D 55.51 pg 1°1 P for
53.40 ug 1" - P

ﬁ—glycerg@hosphate solutiog

1.9 ng 1 P in 50.00 ng 1 P

1 P for

Chu 10-p:59.23 ug 5
53.4 ug 1
JB-glycerophosphate §?lution
51.54 ng l_l for

50.00 ng 1

4.0 cm cell: 5.0 pg 1

10.0 cm cell: 1.0 ug 17+

more than double the time and
glassware are required for
neutralization, dilution etc.

more chemicals needed and high chances
of contamination during neutralization

dilution etc.
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Fig. 2.2 Effect of digestion mixture of the method
of Eisenreich et al., (1975) and autoclaving

time (Section 2.72) on total phosphogrus recovery

from three phosphorus sources.
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algal material subsequent to dry weight determination
(Section 2.672), this was followed by <the addition of
potassium persulphate tablet (0.7 g). Vials were then
covered with aluminium foil and autoclaved for 30 min af
121 °c and 10.35 kN muze After cooling to room temperature
the volume was made up to 25 ml with distilled water and
phosphorus analysis was carried out as described for FRP and
TFP . A blank of distilled water was always included.

The method of Batterton and Van Baalen, outlined above,
was compared with five different methods to ensure complete
recovery of the phosphorus of algal material and to check
for any interference; the methods tested are 1listed Dbelow,

1. Sulphuric acid-persulphate digestion method

As described by Livingstone et al. (1983)

2. The method of Harwood et al. (1969) modified by the
addition of two amounts of 30% HZOEsolmtion (phosphate-free,
BDH Laboratory reagent), the two amounts are (A) 0.25 ml and

(B) 1.0 ml.

3. As in 2 plus addition of one potassium persulphate

tablet (0.7 g).

4. Sulpuric acid-perchloric acid digestion methcd
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The method was carried out as follows. To dry algal
samples in glass snap-cap wvials 0.5 ml of concentrated
sulphuric acid was added. The vials were heated on a hot
plate gently at 100 °c until the colour of the sample was
changed to dark-brown. When cool 1 ml of a mixture of
concentrated sulphuric acid and perchloric acid (70%) was
added slowly with swirling, the wvials were heated again
until the colour changed to colourless or pale yellow then
allowed to cool. After thét volume was made up to 25 ml
with distilled water and phosphorus analysis was carrried

out as described above.
5. Persulphate-distilled water digestion method

This was run in two ways:
A, To dry algal sample, 10 ml distilled water was added

followed by one persulphate tablet and the mixture was

autoclaved for 30 min at 121 °C and 10.35 kN m 2 (Batterton

and Van Baalen, 1968).

B. As 1in A but the content was boiled for 60 min on a hot

o

plate at 100 C.

The results of the comparison of these metheds are shown in

Tables 6.4 and 6.5. Phosphorus analysis was always carried
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out in H2504 washed glassware (Section 2.21),

2.8 Biological analytical procedures
2.81 Phosphatase activity

Alkaline phosphatase activity for algal homogenate
(total), algal material (cellular) and in the growth medium
(filtrable) was monitored by the colorimetric technigque
described in Sigma Technical Bulletin number 104 (1974) with

the following modifications.

1. Tris~-HC1l buffer 0.1 M, pH 8.5 at 32 Oc was used instead
o
of glycine-NaOH 0.1 M pH 10.3 at 20 C with 0.1 mM MgClz and

choloroform as preservative.

2. The substrate (p-nitrophenyl phosphate) was prepared in
the same buffer containing CaCl2 to give a £inal
concentration of 2 mM Ca, in a final volume of 2 ml of
reaction mixture, except for pH optima where the substrate

was dissolved in distilled water.

(i) Total
This was assayed as follows: 0.5 ml of aigal homogenate
(Section 2.67) was transferred into universal bottles (¢ 25

ml) follwed by the addition of 1.0 ml buffer, the mixture




was then allowed to equilibrate thermally to 32 °c for 10
min. The reaction was started by adding 0.5 ml of the
substrate solution to give a final concentratin of 2.69 mM
and terminated by adding 9.0 ml of 0.05 M NaOH. The entire
content was then mixed thouroughly and filtered using GF/C
filters. The absorbance of the filtrate was then read
immediately, or after being kept in an ice bath (Healy,
1973), at 410 nm using 1 cm glass cellsema Shimadzu (model
Uv-150-02) double beam spectrophotometer, The amount of
p-nitrophenol liberated was then determined using a
calibration curve. The specific activity was expressed as

=1

“lp=1, Appropriate dilutions were made

pAmol p-nitrophenol ml
of sample tested so that the spectrophotometric absogbance
values fell within the range 0.1 - 0.7 wherever possible. A
blank was always run for each set of assays using 0.5 ml of
distilled water or buffer. All assays were always carried
out under the same experimental conditions and in acid

washed glassware (Section 2.21).

(ii) Cellular

Unless otherwise indicated, the following standard
aSsay conditions were used. Algal material was collected on
pre-washed GF/C filters and washed three times with distilled

water (5 ml each). The filter and the algal material was

29
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transferred into OUniversal bottles and 1.5 ml buffer was

added. The subsequent steps were as for total.

(iii) Filtrable
This was referred to as the enzyme activity in the
filtrate of algal homogenate. It was assayed as described

in (i) using 0.5 ml of the filtrate.

(iv) Test for other phosphatases

This was made qualitatively by testing the ability of
the strains to grow on different phosphorus substrates as a
sole phosphorus source (Section 6.3) with the exception
bis-nitrophenyl substrate for which a colorimetric assay was

used.

2.82 Nitrogenase activity

Nitrogenase activity was assayed using the acetylene
reduction technique discussed by Hardy et al. (1973). The
algae were maintained in a nitrogen-free mdium in Erlenmyer
flasks., The flasks were plugged with cotton bungs and
contained 25 ml of the growth medium. The total volume of
the flasks was 128 ml + 1. All experiments were incubated

under the standard growth conditions using shaking tanks

(Section 2.52). The assay starts when cotton bungs were
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replaced by gas-tight suba-seal bungs (W. Freeman and Co.,
Barnsley, U.R.) and 15 ml of acetylene (BOC product) was
injected into each flask. After injecting the acetylene,
the pressure inside the flasks was brought to the prevailing
atmospheric pressure by venting through the suba-seal bungs.
Flasks were then incubated under the same experimental
conditions as was used to culture the algae (Section 2.52),
except photon flux density which was maintained at 110
+# 10 pmol photon m %7l

Four replicate flasks were used in all assays. An
incubation period of 60-120 min was used, after which the
gas phase in each flask was sampled using 5 ml draw
pre~evacuated tubes (Vacutainer) (Ezee ~-draw, Rocket, London,
U.K.), connected to the flask via a multiple sample
Vacutainer needle (Becton and Dickinson Ltd , U.K.)

A gas sample (1 ml) from the pre-evacuated tupe
(Vacutainer) was then withdrawn using 1 m}l diposable syringe
(B~-D Plastipak, Becton-Dickinson and Co. Led , Ireland)
fitted with 0.5 mm diameter sterile hypodermic needle
(Sabre, Gillete Surgical, U.K.) and injected into a Varian
Aerograph 1460 series (2700 Mitchel Drive, Walnut Creek,
California, U.S.A.) gas chromatograph equipped with a
hydrogen flame ionization detector. The column (3.0 mm x

2.0 m stainless steel) was packed with “Porapak® R (Waters
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Associates Inc, U.S.A.). The operating conditions were as
follows: detector temperature, 150 OC; column temperature,

1

©°c; hydrogen flow rate, 3C mi minml;airp 300 ml min —;

100
nitrogen, as a carrier gas, 45 ml minQI° Ethylene peaks
were identified on recorder traces by the retention time and
quantified with standard curves. The chromatograph was
caliprated using dilutions, in air, of high purity ethylene
standards (BDH Poole, Dorset, England) on each day of use.
The following controls were employed at the beginning

of the assay, but only the first one was used routinely.

(i) Distilled water, to give an estimate of ethylene present
as a contaminant in the acetylene as well as a test for
possible leakage of hydrocarbons from the suba-seal bungs

(Postgate, 1972).

(ii) Autoclaved algal culture to see if it differs from(i).

(iii) Algal cultures incubated in the dark; a large
differerence between light and dark rates of reduction
was found. This could be taken as evidence that the
activity was of algal origin and that contamination of

cultures during the experiment was unlikely.
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The results of the acetylene reduction assays were

expressed as nmol Czﬂé‘pgmlchl a min"t,
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CHAPTER 3. STUDY AREA AND SOIL SAMPLE
3.1 Introduction

The present study was based on one soil sample collected
from a rice-field in the southern marshes of Iraqg (Sectionv
2.11). These marshes lie in the delta of the Tigris and
Euphrates (Fig. 3.1). The sample site (Fig. 3.2) lies near
site D (Um al Schwaich) used in a study (Maulood et al., 1981)
of the algal ecology of the permanent marshes. The sample was
taken from the side of a field about 200 m from the main
navigation channel (Fig. 3.3).

Inside the marshes, rice is grown on land which is under
water during the peak of <the £flood from the Tigris and
Euphrates, but which requires earth dams to maintain the water
level during summer (Fig. 3.4). The sample was taken from the
edge of a rice-field with obvious cracks in the soil surface
(Fig. 3.5). There was an almost continuvous algal cover over
the surface of the soil, but no evidence of dried algal
fragments on the rice plants themselves (Fig. 3.6).
Unfortunately, the author could not visit the areé during the
present study, but the site has been visited twice in the
recent years (Maulood et al., 1979 & 1981). There were no
obvious changes in the site during these two wisits,

The literature on the study area is sparse, reflecting

the relative inaccessibilty of the region. Apart from the two
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Fig. 3.3 Main navigation channel at the site studied

‘(Um al Schwaich)

Fig. 3.4 General view of rice-field in the southern
‘marshes showing the earth dam built to maintain

water level in the field during summer
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Fig. 3.5 Edge of rice-field from which soil sample

collected

Pig. 3.6 Algal crust on the soil surface in the

rice=Ffield
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papers listed above, a paper describing some o0f the work
reported in this thesis has been published (Al-Mousawi and
Whitton, 1983). This describes the influence of environmental
factors on algae from the soil sample. Almost all tﬁe data

given there is reported also in the thesis,

3.2 Environmental background

The literature reviewed in Section 1.1, makes it clear
that the study area (rice-field) is part of the southern
marshes and that the environmental factors influencing the
marshes as a whole are important in the rice-£ield.

Rice-fields are covered by water during ghe peak of the
flood (MarchmMay); standing waé@r typically remains until late
August or September. There are very few reports about the
physico-chemical properties of the water in the marshes (Panko
et al., 1979; Maulood et al., 1979; 1981l; Al-Saadi et al.,
1981). Most of these reports were based on one visit and
measurement of the parameters in situ. The approximate annual
range of temperature is between 15=33 @Cp salinity ranged from
0.18 to 1.33%, , the water is highly calcareocus and probably
typically mesotrophic. The soil gradually dgies out when the

water recedes and reaches minimum levels in October. The soil

in the rice-fields consists of very fine loamy sand, silt and
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clay deposited by the rivers, These soils are extremely
calcareous and have moderate to high salinity (Buringh, 1960).
After the harvest of rice plants, the land is sometimes
ploughed (Buringh, 1960). The same land may also be planted
with other crops during the winter such as wheat, barely and
oats (Al-Kaisi, 1976).

The characteristic feature of the climate in the region
is a long dry summer, with an air temperature often exceeding
40 ©C Quring July and August and probably much higher on the
soil surface during September. There are some slight frosts in
the winter (General Establishment for Studies and Design,
1979). The annual rainfall of only 200-300 mm is restricted to
auntumn, winter and early spring. The maxipum relative humidity
in the range of 46-48% in summer and 70-80% in winter.
Evaporation is very high from £free water surfaces and
irrigated land, often exceeding 16 times the rainfall (General
Establishment for Studies and Design, 1979). There are no
recorded data on the photon flux density in the area. However,
the prevailing clear, cloudless sky and long periods of
sunshine during most of the spring, summer and early autumn
suggest a very high photon flux density in the rice fields
during most of the growth period, especially in opern places

where algae form a thin cover on the soil surface (Fig. 3.6).




However, algae grown in between the rice plants may be
subjected to low photon flux deasity.
Inside the rice-fields, growths of other plants such as .

Marsilea were only moderate, presumably due ¢to previous

weeding.

3.3 Soil sample

The sample was taken when the soil in most places had
started to dry out and standing water inside the rice-field
was restricted to a few scattered pools (Fig. 3.5).

The sample was air-dried, ground lightly and kept in a
polythene bag at room temperature. Most of the experiments in
Chapter 5 were carried out during the first year, though no
critical experiments were made to see if there were any

changes in live algal flora during the study.

3.31 Chemical composition

The chemical composition of the acid digest of the soil

sample (Section 2.11) is shown in Table 3.1. The soil is

highly calcareous with a calcium content of 172300 pug g“l ash

weight. The proportion of other metals differs slightly from
that of the sediments from the floor of the main channel in
the marsh reported by Maul@od et al. (198l). The main
difference is the high sodium content in the rice-field (1720

1

versus 966 pg g - in ash material).



Table 3.1
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Chemical composition of acid digest of soil
sample (dried at 1C5 ©C; ashed at 550 °C; n=4)

- —— ) I A G0 €T LS D — D D D AT D D € D D D D D D e o D T A S O e 3 D e D D ) O ED e D - e - 0

element

- = D Cxp D A3 D D D D D s Y D 0 e D A ) D K ST D ES A BD e £ ) S0 ST a0 0 £ a5 5 A e D e e A e e -

Na

Mg
Ca
Al
Mn
Fe
Co
Ni
Zn
cd

Pb

8575

676.18

1470

6370

26750

146800

11100

730

16200

42.5

120

315

1.5

24

699.4

12.17

394

629

2320

3060

1340

75

1840

8.6

801

251

Jg gal ash weight
X + SD
9432.5 769.34
764.08 13.75
1720 438
7460 574
31350 2069
172300 1990
13000 1410
852 86
19000 1880
49,2 10.4
138 8.6
365 290
1.7 0.5
27 9.9

- —— e e D e A D D D D D AT ey e O S A D 0 e £ O D ) a5 D £ £ D RS e AR D Ao ) A0S D e AD €D A aD D ) O - D D . - —



115

The metal composition of an agqueocus extract of soil
(Section 2.11) 1is shown in Table 3.2, Calcium shows the
-4 -1
highest content (2.8 mg 1) followed by potassium (1.4 mg 1l);

sodium and magnesium contents are similar and relativily low,

3.32 Influence of inoculation of soil on composition of the
growth medium

Table 3.3 shows the elemental content of AD-N medium and
AD-N+5 mg (5mg added to 50ml of the medium) soil (Section
2.12). Inoculation of the soil did not greatly change the
composition of the medium. The concentration of most elements
was not changed appreciably, except for iron which decreased
by about 70% after inoculation. Phosphorus content decreased
slightly. This might be due to adsorption by soil particles

and removal by filtration,
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Table 3.2 Chemical composition of aquecus extract of soil (5 mg
soil) added to 50ml deionized distilled water, shaken
continuously for 12 h at 32 °C and filtered through
GF/C filter; n=2)

e e o IS S 5w D D D O - D A 5 6 D D € D D €D D D D D £ £ e D ) €0 £ O €D D G0 D D T e =D KD ) O ED WD AD =D a3 D e . -

element mg 1-1
Na 0.46
4 1.40
Mg 0.46
Ca 2.80
Al 0.02
Mn 0.028
Fe 0.048
Co 0.008
Zn 0.038
cd 0.0004
Mo <0.1
Cu 0.01%

B <1.0

e D D e D A £ D D RS £ S A D D KD D R A D A AT e A £ £ £ a0 (D £ € MO £ 670 £33 £ At a as 653 £ A0 A0 £ a0 A3 €D A0 D wn 60 D m. €5 - - - o
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Table 3.3 Chemical composition of AD-N medium and AD-N<+ 5mg soil
(soil added to 50 ml medium, shaked continuously for
12 h at 32 ©C and filtered through GF/C filter; n=2)

- s - D O D D D D D aD w— ED e  Cn  ED E A - D D A €D e £ 6 €D €D a0 O A D D ED ED D D - S e wD A T €0 D D D 0 S e A - D -

- o ——— - — D - D aD - T D D D D e S s R - D A D D) S o wD AT 0 D €5 £ 67 e D s £ a2 A0 A M D D D - D D

4

Cl

Na

Ca
Mg
Fe
Mn
Mo
Zn

Co

Ccd

Cu

(FRP)

(TFP)

45
47.16
29.68

190
99,8

118
16,5
18.32

4.2
0.25
<0.1
0.025
0.0%
<1.0
0.002

0,017

40.59

43.37

31.88

196.21

97.3

122

22.81

17.87

2,93

0021

<0.1

0.075

0,017

<1.0

0.003

0.02
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CHAPTER 4. ALGAL FLORA OF TBE RICE-FPIELD SOIL

4.1 Introduction

Little 1is known about the algal flora of the
rice-fields in the southernmarshes of Iragq (Section 3.1).
Moreover, the available reports were floristic and based on
short-term visits and collection of algal samples. However,
reports indicated widespread and abundance of algae in the
area. A study was therefore planned to investigate in detail
the algal flora of ¢the soil sample collected from the
rice-field (Section 3.3). The study included inspection of
the soil sample directly and after two weeks incubation of
wet sample at 32 ©C and 30-40 mmol photon m~2s=l, The flora
was also recorded after various laboratory culture
enrichments under different environmental conditions. A list
of algal species seen by different technigques is given in
Section 4.2, detailed description of strainsisolated in

Section 4.3,

4.2 List of species
Relatively few algae were seen by direct inspection of
the rewetted sample shortly after collection and after about

one year (Table 4.1); Microcoleus chthonoplastes and Nostoc

muscorum were dominants. Almost the same taxa were seen when
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Table 4.1 Algal species identified by direct inspection
of soil sample (1 g of soil sample moistened
with distilled water and kept at room temperature

for at least 30 mins)

-t D - D D D D S0 - D D D D D D D D ) D D D 3 0 D ) D S D €D D a3 €D e e G O D WS - o e —

taxa lst inspection 2nd inspection
Anabaena catenula + -
Aphanothece stagnina - +
Chroococcus > 4 ¢ 8 um + -
Lyngbya aestuarii + +
Microchaete > 4 < 8 um + +
Microcoleus chthonoplastes + +
Nostoc muscorum Ag. + +
Plectonema < 2 um + +
Plectonema > 2 ¢ 4 pm - -
Schizothrix < 2 pm + -

e D - D D D D D B D D €D D D D D e S0 D D € D D D D O ED D D T O A aD CD D €5 60 a0 T €D €3 €0 3 w5 €0 AD 6D £ O WD =D TR em 4D 4D W3 = .= .0 . -
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a wet soil sample was incubated for two weeks at 32 °C and
30-40 pmol photon m~2g-1 (Table 4.2). Laboratory cultures,
however, led to a much greater list of species (Table 4.3).
Almost every factor has a selective effect on the growth of
various taxa (Table 4.4). Of the 49 <taxa found, 35 were
Cyanophyta , 12 Chlorophyta, one Euglenophyta and one
Xanthophyta (Table 4.5); 18 of the Cyanophyta were -
heterocystous. Empty diatom frustules were seen in the soil

sample, but no live cells. The relative abundances are shown

in Table 4.3.

4.3 Descripﬁion of the strains isolated

A standard method was followed in summarising data for
each isolate. The method resembled that of Potts (1977).
Observations were made initially on the strains in the mixed
population under different environmental conditions. For
consistancy and standardization (Whitton, 1969) observation
was repeated for strains brought into c¢lonal and colonal
axenic cultures. The standard conditions were: the growth
medium was the modified version of that of Allen and Arnon

(1955) (Section 2.41), photon flux density (except for light

experiments) was 90-120 umol photon 2571 for mixed

populations and 40-60 umol photon n2s"l  for strains

isolated. The temperature was 35 °C + 1 for mixed

populations (except for the experiments on temperature
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Table 4.2 Algal species identified in wet soil sample after two
o =2 -1
two weeks incubation at 32 C and 30-40 umol photon m s

(rewetted when necessary)

a2 et 00 SO a0 D e D AD D D e 0 D D D . D w0 TR D D AD ED £ 60 C5 0 S A D D wD D D D D €D e O D D 0 M D ) 4D @D mD - D e £ D - ) wD D m— w0 - e -

taxa st week 2nd week
Aphanothece stagnina + +
Lyngbya aestuarii + +
Microchaete > 4 « 8 pm - +
Microcoleus chthonoplastes + +
Nostoc muscorum Aﬂ‘ - +
Nostoc linckia + +
Plectonema > 2 & 4 pm + +
Schizothrix < 2 pm + +

Scytonema crispum - +

S A A D - D e D D D D D e D D D D D D A e D e 0 D D D D A D D ) e D D D D D A D D C0 D e D D D D D S D O D D D A €D e e D a e - =
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Table 4.3 List of algae identified from soil sample after various laboratory

culture enrichments {(abundance

subjective estimates (1, rare;

abudant; 5, very abundant)

is scored on a scale of 1-5 based on

2, occasional; 3,

frequent; 4,

relative notes on whether
Cyanophyta abundance distribution clonal axenic
Anabeana catenula 1
A. cylindrica 4 Section 4.3 . + +
A. oscillarioides 5 ? ° + |
Aphanocapsa > 2 g 4 pm 1
Aphanothece stagnina (Spreng) A. Br. 5
Calothrix fusca (Kiitz.) Bornet et Flah. 3 Section 4.3
Calothrix parietina (Nig.) Thuret 2 e "
Calothrix sp. > 2 € 4 pm 2 “ 9 + +
Calothrix sp. > 4 & 8 pm 1 ® e + +
Calothrix sp. 3 e Q + +
Chroococcus > 4 < 8 pm 2
Cylindrospermum muscicola (Rutz.) 5 Table 4.4 + +
Section 4.3
Gloeothece > 2 g 4APm 1
Gloeotrichia sp. (Ag.) 3 Secton 4.3 + +
Section 4.3
flapalosiphon welwitschii 3 Section 4.3 + +
Lyngbya aestuarii (Mert.) Liebm 4 e @ 3




Table 4.3 continue

Lyngbya < 1 pm
Lyngbya > 1 < 2 pm
Lyngbya > 2 ¢ 4 pm

Lyngbya > 4 < 8 um
Microchaete > 4 ¢ 8‘pm

Microcoleus chthonoplastes Thuret

Nodularia harveyana (Thw.) Thuret

Nostoc linckia (Roth) Born et Thuret

N. muscorum

N. paludosum (KRitz)

Oscillatoria redekei van Goor

Oscillatoria > 1 ¢ 2 pm

Oscillatoria > 2 ¢ 4 pm
Phormidium > 2 < 4 Pm
Plectonema > 1 g 2 pm

Schizothrix > 1 ¢ 2 pm
Schizothrix > 2 g 4lpm

Scytonema crispum (Ag.) Born.

Tolypothrix distorta Kutz.

Euglenophyta

Euglena sp.

Section

Table

Section
Table

Section
Table

Section
(7]

4.3
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Table 4.3 continue

Xanthophyta

Tribonema minus (Wille) Hazen

Chlorophyta

Chlamydomonas sp.

Chlorella vulgaris Beijerinck

Chlorococcum humicola (Nag.) Raben.

Draparnaldia sp.

Gonium sociale (Duj.) Warming

Hormidium flaccidum A. Br. (6 jm)

Pandorina morum (MUll.) Bory

Scenedesmus abundance (Kirch.) Chodat

Scenedesmus arcuatus Lemm,

Stichococcus pacillaris Nag

Stigeoclonium nanum

Ulothrix sp.

Table 4.4

Table 4.4

12

4



Taple 4.4 Selective effects of environmental factors on thé dominant taxa of

soil sample

- o T ————— D —— — - — ) —— - — s S iy T M - —— A —— — ) A — A - —— — p— —— — - — —— g - amn -

temperature

photon flux density

salinity

sulphide

nitrogen

phosphorus

high

Yow

high

high

low

Ch lorococcum

Cylindrospermum

Lyngbya

Scenedesmus

Nodularia

Microcoleus

Lyngbya >152/ym

Nostoc

Cylindrospermum

Tr ibonema

Nostoc

Nostoc

Nostoc

A. oscillariodes

Nostoc linckia

L. aestuarii

Hapalosiphon

Anabaena

1A



Table 4.5 Summary of number of live taxa in various algal groups identified

in the soil sample after various laboratory culture enrichments

e - - D D D R O D £ D D D D D D aD D £ D KD D AT D D D D D D D D C0 M D D S €D D A D D D D R D D D D D A C e D D D D D AT D D D - D D D a3 CD ) O0 D D D -

phylum total number % of total
of taxa number
Cyanophyta 35 71.5 %
Fuglenophyta 1 2%
Xanthophyta 1 2%
Chlorophyta 12 24.5
total ao 1008

otl
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effect) and 32 °C for the strains isolated, macro and
microscopic observations were made after 1-2 weeks usually
or continuously for 28 or 30 days in case of growth rate
experiments and selective enrichment experiments,
respectively. The basic format of the standard method is-
outlined below,

1. Growth form, in mixed population and after being obtained
in clonal or clonal axenic cultures both in liquid and on
solid media, colour of the plant mass.

2. Morphology. This includes: range of cell width and length
(without its boundary layer), shape, range of width and
length of the specialized cells (akinetes, heterocysts, end
cells) and their position to the other cells; arrangment of
trichomes, shape, width of filaments, shape, width of
sheath, colour, if lamellate.

3. Observation on its distribution under different
environmental conditions and morphological changes found in
each case if occurred.

4, Literature 1is mentioned when it was of particular

relevance,

A. Heterocystous forms

Anabaena sppe.

Three Anabaena spp. were identified in the soil sample
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(Table 4.3).

(i) Anabaena catenula

This species was dominant in the field but not in the
laboratory cultures. BHowever, an organism with similar.
trichome width ( > 4 ¢ g/um) was found in many cultures was
probably the same, but akinetes were never seen. therefore
no detailed description was made for this species.

(ii) Anabaena cylindrica D582

1. This alga formed a thin mat on the surface of the liquid
medium and thin scum on the base of the culture flask in the
mixed population. In clonal culture the same stvucture was
seen, however, when brought into clonal axenic culture the
alga forms ball-like structures (Fig. 4.1). On solid medium
it forms a mat-like growth with a fembriaﬁe margin. The
colour of the plant mass is green.

2. Vegetative cells are quadrate to cylindrical, 3-4 am
wide, 3-6 pm long; heterocysts intercalary, cylindrical,
barrel.or oval, 3-5 pm wide, 5-7 pm long, akinetes on both
side of the heterocysts adjust to the heterocysts, single or
in chain cylindrical (mostly) or barrel in shape, 4~81pm
wide, 7=20‘pm long, green at the beginning becoming
yellowish brown in o0ld cultures; it lost the ability to form
akinetes after purification; trichomes are straight or
flexuous in mixed populations, irregularly contorted in

clonal axenic culture; sheath very thin and colourless.




Fig. 4.1 Growth forms and morphology of
Anabaena cylindrica D582

1. Growth forms (a) on solid medium
(b) in liguid medium

2. Morphology (i) in mixed populations
(ii) in clonal axenic culture

(A heterocyst, VC vegetative cell,
A akinete)
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3. It is one of the dominant algae in =N medium in most of
the laboratory cultures particularly at 20-25 ©C. It showed
high sensitivity to both salinity and reducing conditions.,

4. Similar observations were mentioned for strain Cambridge
1403/2a by Kantz and Bold (1969) and Stulp and Stam (1982)

under laboratory conditions.

(iii)Anabaena oscillarioides D693

This species was found toward the end of the present
study in -N medium enriched with 1 M NaCl. Therefore no
detailed description was made, AVeqetative cells quadrate
(mostly) , spherical or cylindrical, 2.5-4 pm wide, 2.5-5 um
long; heterocysts intercalary, spherical, barrel, oval or
cylidrical, 4-5 pm wide, 4=7‘pm long; akinetes cylindrical,
barrel, oval or spherical, 5=6)mm wide, 5=12)mm long, on
both sides of the heterocyst single or in chains, epispore
smooth, vyellowish-brown to orange; end cell usually conical
but sometimes rounded; trichomes straight or spirally

coilled; sheath thin and colourless,

Calothrix spp.

Five Calothrix spp. were identified in the soil sample
after various enrichments (Table 4.3). C. fusca and C.
Barietina both formed hairs in enrichment cultures., Three

spp. were obtained in clonal axenic cultures.
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(i) Calothrix sp. D580

1. In mixed populations this alga formed small stellate
structures of 5-7 filaments with heterocysts at the centre.
After purification many trichomes cluster in thesev
structures on the base of the culture flask (mainly) or on -
the surface of liquid medium (Fig., 4.2). On solid media it
formed a mat with fimbriate margin. The colour of the plant
mass was gréen to greenish.

2. Basal cells quadrate to cylindrical 3-10 um wide, 3-5 um
long in mixed populations, 3=S)um wide, 3-17 pm 1long in
clonal axenic culture; heterocyst basal, single or in chains
of 2-4, basal heterocysts spherical, oval or oblong, 4-5 um
wide, 5-12 pm long, sub-basal heterocysts quadrate or
cylindrical, 4-5 pm wide, 5-10 um long, trichomes in mixed
populations short, slightly bent or strongly curved at the
base grdually tapered from the base to the apex; after
purification 1long cylinrical trichomes formed which were
slightly bulbous at the base; sheath thin and colourless
close to the trichomes.

3. This alga only occasionally found in -N medium with
realtive abundance of 2 (Table 4.3). It had the lowest
growth rates and nitrogenase activity among the strains
islolated (Tables 6.2, 7.1). Attempts to induce hair
formation in this alga using low phosphorus (0.45

mg 1”1P04- P), green light, red light, dark/light cycle and



Fig. 4.2 Growth forms and morphology of
Calothrix sp. D580

1. Growth forms (a) on solid medium
(b) in liguid medium

2. Morphology (i) filament
(ii) cluster sturcture

(B heterocyst, VC vegetative cell)
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combined nitrogen were unsuccessful,

Calothrix sp. D583

1. No observation was made for this dlga in the mixed
population because of its rare abundance (Table 4.3). In
clonal axenic culture it formed cluster-like colonies in
ligquid medium and stellate colonies on solid medium (Fig.
4.3). The colour of the plant mass is brown to
yellowish-brown.

2. Basal cells guadrate to cylindrical, 3=6 um wide, 4-7 pm
long, heterocysts basal or intercalary; basal heterocysts
spherical, oval or oblong, single or in chains of 2-3,
5-~6 pm wide, 6-15 pm long; intercalary heterocysts quadrate
or cylindrical, 2.,5-5 pm wide, 5-10 pm long; trichomes
straight or slightly curved, slightly swallen at the base
and gradualjly tapered toward the tips, The released
hormogonia usually remained attached to the parent filaments
at the heterocysts to form a structure similar to false
branches, sometimes two of these structures formed. These
two cases were formed in slightly old culture (15-20 days)

giving an impression of a Tolypothrix-like or Scytonema-like

organism, sheath thin, firm and colorless. Attemps to induce
hair formation under the same conditions mentiened for

strain D580 were unsuccessful also,



Fig. 4.3 Growth forms and morphology of
Calothrix sp. D583

1. Growth forms (a) on solid medium
(b) in ligquid medium

2. Morphology (i) filament
(ii) filament showing

false branching

(8 heterocyst, VC vegetative cell)
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(iii) Calothrix sp. D585

1. In mixed populations this species formed small stellate
clusters with heterocysts at the base, the same structures
formed in liquid medium after purification in the early
stage of the growth, however, continuous release of :
hormogonia resulted in the formation of a mat-like structure
on the surface of liquid medium and thin scum on the base of
the culture flask with little suspended growth (Figo' 4.4),
On solid medium mat-like growth occurred with fimbriate
margin, The colour of the plant mass is brown to
yellowish-brown,

2. Basal cells mostly quadrate or slightly cylindrical,
§=6'pm wide, 5=7°Slpm long; heterocysts spherical or oval,
siﬁgle or 2=3V' 5-7 pm wide, 5-8 pm  long; sub-basal and
intercalary -heterocysts are quadrate to cylidrical, 5-10 pri
wide, 5-12 jum long; trichomes straight or slightly bent more
or less wuniform in width; sheath thick and colourless not
lamellate extended beyond the trichomes; £ilaments 8-10 um
wide, false branches were very rare,

3. This species was found in o©01ld cultures of mixed
populations with a relative abundace of 3 under most of the
environmental conditions tested except salinity and reducing

conditions.



Fig. 4.4 Growth forms and morphology of
Calothrix sp. D585

1. Growth forms (a) on solid medium
(b) in liquid medium

2. Morphology (i) young filaments
(ii) mature filament

(B heterocyst, VC vegetative cell)
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Cylindrospermum muscicola D579, D678

Two strains of C. muscicola were obtained in clonal
{strain D678) and clonal axenic culture (strain D579). The
two strains are similar o each other except that strain
D579 had lost its ability to form akinetes after
purification. The two strains therefore are described
together., However, akinete description belongs to strain
D678 only,
1. Both strains form soft gelatinous mat-like thalli on the
surface of liquid medium and a thin scum on the base of the
culture flask with little suspended growth in mixed
population and in clonal and clonal axenic culture, however
culture of strain D678 was very unhealthy and the mat
stucture 1is easly lost upon shaking. On solid medium
mat-like sturucture formed for both strains with fimbriate
margin (Fig. 4.5). The colour of the plant mass is bright
blue-green, green or greenish, however, upon aging strain
D678 may become brown due to extensive formation of
akinetes.
2. Vegetative cells cylindrical ¢to isodimetric in shape,
2-4 pm wide, 2-7 jm long; heterocysts terminal at one or
both ends of the filaments, oval or mostly oblong, 2-4 um
wide, 6-8 jam long; akinete oval or cylindrical in shape,
5-12 pum wide, 10-20 pm long, mostly at one end of the
filaments very rarely at both ends, yellowish-brown becoming

brown on aging, epispore smooth; trichomes uniformly broad,
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mostly straight or slightly curved, constricted at the
cross-wall, sheath delicate and imperceptile.
3. Cylidrospermum strains dominated both =N and +N medium

ané
under high ﬁemperature/phosphorus engichrents (Table 4.4).

They showed high sensitivity for both salinity and reducing
conditions. Under later enrichment and at the Ilow
concentrations trichomes lacking heterocysts are formed. At
high temperatures (40-45 ©C) some morphological changés took
place including formation of very long bone-like thin cells,
1.5~3 pm wide, 7—10‘pm long, as well as very short cells
1=2‘pm wide, 1=3)um long. After loss of akinete formation
attempts to induce akinete formation in strain D579 under
the same environmental conditions mentioned for Calothrix
spp. togther with the addition of different amount of
filtrate from akinete-forming strain {D678) were

unsuccessful.

Gloeotrichia sp. D636

1. In mixed populations this alga forms small stellate
colonies of 5-8 filaments on the base of the culture f£flask
in liquid medium, In clonal axenic culture similar
structures formed at the early stage of growth on the
surface of Lliguid medium, however, continuous release of
hormogonia led to the formation of a thin mat on the surface

of 1liquid medium as well as base of the culture flask with



Fig. 4.5 Growth forms and morphology of
Cylindrospermum muscicola D579, D678

1. Growth forms (a)
(b)
(c)

2. Morphology (i)

(ii)

on solid medium
in liguid medium D579
in liquid medium D678

filament with double
heterocysts D579
filament with akinete
D678

(B heterocyst, VC vegetative cell,

A akinete)
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little suspended growth., On solid medium the released
hormogonia form minute stellate colonies arcund the inoculum
(Fig. 4.6). The colour of the plant mass 1is brown to
yellow=brown.

2. Basal cells mostly cylindrical or guadrate, 6-8 pm wide,
6-15 pm long; heterocysts basal, single or 2-5 some
trichomes have intgrcalary heterocysts, basal heterocysts,
spherical, subspherical or oval rarely oblong, 5-7.5 pm
wide, 5-8 pm long; sub=-pasal heterocysts and intercalary
heterocysts are quadrate to cylindrical, 10-15 pm wide,
10-17.5 pm long; akinete single or in chains of 2-3
separated by discs, akinetes are mostly iong, cylindrical
with rounded ends 10=14‘pm wide, 20a38°5‘pm long, epispore
smooth and brown in colour; trichomes straight or curved
shortly after strafght base, attached centrally at the base;
filaments up to 25 um wide at the base; sheath thin hyaline
close to the trichome in the early stage of growth becoming
thick vyellowish-brown in old filaments with funnel shape
diversed at the base and the apex of the filaments,
filaments ending with long narrow hairs, no false branching
was seen in this alga.

3. This alga differs from Calothrix spp. by the formation of
akinetes and hairs, both were found to be suppressed at high
phosphorus concentrations (Section 4.5). It seems possible

that this alga might be included with Calothrix spp. in the



Flg° 4.6 Growth forms and morphology of
Gloeotrlchla sp. D636

1. Growth forms (a) on solid medium
(b) in liquid medium

2. Morphology (i) single filament
with hair (ha.)
(ii) mature filaments
with akinete

(B heterocyst, VC vegetative cell
A akinete, Sp separating sheath)
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earlier parts of the present study (Sections 5.2, 5.4). It
was first recognized under phosphorus enrichments
experiments (Section 5.9) as it showed its typical
morphology under low phosphorus concentrations (0.5 and
2.5 mg 171 p). It also showed high abundance in old
cultures of the green light experiment (Section 5.32).

4. Chang (1979) mentioned that the typical globular colonies

of Gloeotrichia echinulata dJdisappeared under laboratory

conditions with resulting of formation of two types of

colonies, membrane and cluster-like colonies,

Hapalosiphon welwitschii D581

1. In liguid medium this alga formed cottony tufts floating
in the medium or attached to the base of the culture flasks
both in mixed populations and in clonal axenic culture (Fig.
4.7). On solid medium the alga form a mat with more or less
smooth margins. The colour of the plant mass 1is bright
blue-green in mixed populations and green or greenish in
pure culture,

2. Vegetative cells: main filaments, subspherical, quadrate
or cylidrical, 5-8 pm wide, 5-10 pm long; lateral branch,
basal cells quadrate to cylindrical 3-4 pm wide, 4-20 A
long; heterocysts in main branch oval, barrel or
cylindrical, 5-8 Jpm wide, 5=28.5 pm long; trichomes

uniseriate closely entargled bearing true branches which



Fig. 4.7 Growth forms and morphology of
Hapalosiphos welwitechii DS81

1. Growth forms (a) on solld medium
(b) in licuid m=dium

2. Morphology (young thallus)

(8 heterccyst, VC vegetative cell,
MF main filament, Lb lateral branch)
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have intercalary heterocysts cylindrical in shape, 2-4 um
wide, 3-15 pm long, branches sometimes re-branches, the
lateral branches have same diameter as main filaments at
the base, but gradually attenuated toward the apex; sheath
thin colourless, yellowish to orange in o0ld cultures.

3. This organism was found in most of the laboratory
cultures, but was sensitive to both salinity and reducing

conditions.

Nodularia harveyana D635

1. The alga form thin gelatinous mats on the surface of
liquid medium, as well as a belt around the wall of culture
flask at the liquid-air interface. Cultures of this alga are
very unhealthy and the mat-like growth could be ver easily
lost (Fig. 4.8). On solid medium it forms a mat with a rough
to fimbriate margin. The colour of the plant mass is green
to dull green.

2. Vegetative cells short, depressed, discoid, 5-7 pm wide,
2-4 ym  long; heterocysts intercalry compressed, oval,
barrel, spherical or sub-spherical in shape, 5-8 um wide,
2—6‘Pm long; akinetes single or 1in series, globular,
sub-spherical or spherical in shape, 7—]0/pm wide, 6-9 um

long, starts mid-way between two heterocysts and matures
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Fig. 4.8 Growth forms and morphology of
Nodularia harveyana D635

1. Growth forms (a) on so0lid medium
(b) in liquid medium

2. Morphology (i) mature filament
with akinetes

(ii) young £ilaments
showing heavy

bacterial growth

(8 heterccyst, VC vegatative cell,
A akinete)







from the centre toward the heteroccysts; epispore smooth,
colourless or yellowish; trichomes uniform in width mostly
straight, slightly bent, rarely spirally coiled, very easly
broken into small fragments at the heterocysts; sheath firm,
non-lamellated, colourless or yellowish.

3. This alga did not show growth under any of the culture
conditions except salinity enrichments (Section 5-4),
dominat all cultures at 0.5 M RaCl,

4, Recently WNordin and Stein (1980) made a taxonomic
revision of a large number of Nodularia spp. using field
material, herbarium specimens and laboratory cultures, They
concluded that only two species of Nodularia exist, these

are: Nodularia harveyana with vegetative cells 3.5-7.5 pm

wide and Nodularia spumigena with vegetative cells 7.5-16 pm

wide,

Nostoc spp.

Three Nostoc species were identified in the soil sample
(Tabl 4.3). Two of them were brought into colonal (D586) and

clonal axenic culture (D584).,

Nostoc linckia D586
1. The alga grow as small globular colonies on the base of
the culture £lask in mixed populations, these structures

became less apparent in the clonal culture and a

154
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membrane-like structure formed with colonies scattered as
nodules within the membrane. On solid medium the released
hormogonia form minute colonies around the inoculum (Fig.
4,9). The colour of the plant mass is green, greenish or
dull green.

2, Vegetative cells spherical, oval, barrel, quadrate or
cylindrical, 2,S=4‘pm wide, 2°5=6'pm long; heterocysts
terminal and intercalary, terminal heterocysts spherical,
sub-spherical or oval, 3-5 um wide, 3-7 um long, intercalary
heterocysts are spherical or barrel shaped 3-5 pm wide,
3-7 pm long; akinetes spherical (mostly) barrel shaped
occasionally, rarely cylindrical, 5-6 um wide, 6-7 um long;
epispore smooth and colourless; trichomes twisted and densly
entangled; sheath firm and colourless.

3. This alga is one of the dominant species in -N medium in
most of the laboratory cultures it showed high tolerance to
the reducing conditions (Section 5.5), salinity (Section
5.4) and to the high temperature treatments (Section 5.2).
4., Kantz and Bold (1969) described a strain of this species
under laboratory conditions on solid media as having a dull
to shiny sturcture with a rough or broken margin. The
vegetative cells, 3-4 pm wide, 3-5 pm long. They also
mentioned that the plant mass in nature is initialy in the
form of spherical colonies becoming irregularly expanded and

gelatinous on aging.,
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Fig. 4.9 Growth forms and morphology of
Nostoc linckia D586

1. Growth forms (a) on solid medium
(b) in liquid medium

2. Morphology mature filament
with akinetes

(8 heterocyst, VC vegetative cell,
A akinete)
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Nostoc muscorum D584

1. In mixed populations, filaments entangled and formed
small spherical colonies scattered on the base of the
culture flask. Filaments may also form a mat on the surface
of the liquid medium. After purification it Fforms a thick
gelatinous mat on the surface of the liquid medium and is
suspended in the medium. On solid medium it forms a mat
slightly raized at the center with fimbriate margin. The
colour of the plant mass is browm ¢o brownish in liquid
medium and dark brown on solid medium(F@.l#h»‘

2. Vegetative cells quadrate, isodiametric or cylindrical,
2-3 pm wide, 2=-7 jm long; heterocysts terminal and
intercalary, terminal heterocysts spherical, oval or oblong,
2-5 nam wide, 2=7 pm long, intercalary heterocysts
cylindrical (mostly), barrel or spherical, 3=5 pm wide,
3-8 am long; akinetes spherical, barrel or cylindrical in
series, 4=6‘Fm wide, 5-15 jam long; epispore smooth and
colourless to vyellowish; trichomes straight, slightly bent
or contorted, sheath firm and colourless to brownish.

3. This-alga dominated almost all of the laboratory cultures
(Table 4.4). It showed sensitivity toward both salinity and
reducing conditions.

4, Kantz and Bold (1969) described a strain of this species



Fig. 4.10 Growth forms and morphology of
Nostoc muscorum D584

1. Growth forms (a) on solid medium
(b) in liquid medium

(c) ocolocnial form in
mixed populations

2. Morphology mature filament
with akinetes

(8 heterocyst, A akinete)
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under laboratory conditions as having a rough or smooth
margin on solid medium with vegetative cells BQS‘pm wide,

3-5 pm long.

B. Non-heterocystous forms

Lyngbya spp.
Five Lyngbya species were identified in the soil sample

(Table 4.3)., Two of them were brought into clonal cultures.

(i) Lyngbya aestuarii D638

1. In mixed populations the alga grow as single or
aggregated filaments which are sometimes entangled forming a
mass on the surface of 1liquid medium or the base of the
culture flask. The same growth form was found in the clonal
culture (Fig. 4.11). On solid medium filaments grow in all
directions from the inoculum material to form a shiny
structure with fimbriate margin. The colour of the plant
mass is green to dull green.

2. Vegetative cells shorter <than broad, depressed and
plate-like in shape, 16-18 pm wide, 2=3‘Pm long, end cell
rounded; trichomes straight, contorted or coiled, sometimes
having false branches, slightly or not constricted at the
cross-wall; sheath thick, colourless at the beginning
pecoming yellowish to orange on aging, 3-5 pm in diameter;

filaments upto 22 pi in diamter,
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Fig. 4.11 Growth forms and morphology of
Lyngbya aestuarii D638

1. Growth forms (a) on so0lid medium
(b) in ligquid medium

2. Morphology (i) filament showing
released hormogonium
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3. This alga was dominant in the soil sample by direct
inspection and in almost all of the laboratory cultures
enriched with combined nitroge. It showed high abundance at

low light conditions (15=20‘Pmol photon m"zs"l)°

Lyngbya sp. D639

1. In mixed populations this alga forms a mass of densly
entangled filaments on the base of the culture flask or on
the surface of 1liquid medium. In clonal culture, mat like
structures are formed on the surface of liquid medium and on
the base of culture flasks. On solid medium shiny sturctures
were formed (Fig. 4.12). The colour of the plant mass is
green to greenish,

2, Vegetative cells are quadrate or cylindrical, 1-1.5 um
wide, 2-=7 pm long, trichomes straight, twisted or spirally
coiled and densly entangled, constricted at the cross-wall;
sheath thick extended bpeyond the end of the trichomes,
colourless to yellowish,

3. This alga dominated almost all of the laboratory cultures
enriched with combined nitrogen together with L. aestuarii.

It showed good tolerance to both salinity and reducing

conditions,

Microcoleus chthonoplastes D634

1. In several liquid cultures of mixed popualtions <typical
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Fig. 4.12 Growth forms and morphology of
Lyngbya sp. 05639

1. Growth forms (a) on solid medium
(b) in liquid medium

2. Morpholegy (i) single filament
showing long
sheath
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bundles of filaments with common firm, colourless or yellow
to orange were seen (Fig. 4.13), single filaments with
sheath extended bpeyond the end of the trichomes were also
seen. When brought into clonal axenic culture, the bundle
form was lost and the alga grew as single filaments densly
entangled to form a mat-like structure on the surface of
liguid medium. On solid medium filaments spreade in a shiny
structure from the inoculum with diffuse or fimbriate
margin., The colour of the plant mass was bright blue-green
or green,

2. Vegetative cells, c¢ylindrical (mostly) or quadrate,
4-5 pm wide, 4-13 jm long; trichomes straight, slightly bent
or irregularly contorted, constricted at the cross-wall,
apical cell conspicuously tapered or rounded; sheath thick
and extende beyond the end of the trichomes,

3. It was the dominant alga in the field at the time of soil
collection and in soil sample by direct inspection, it

dominated some laboratory cultures (Table 4.4).

4,4 Influence of nitrogen sources on the morphology of the
strains isolated

Several morphological changes were seen 1in mixed
populations associated with media enriched with combined
nitrogen, which made algal identification difficult in many

cases., Therefore experirents were carried out to test the
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Fig. 4.13 Growth forms and morphology of
Microcoleus chthonoplastes D634

1. Growth forms (a) on solid medium
(b) in liquid medium

2. Morphology (i) bundle of trichomes in
mixed populations
(ii) single filament showing long
sheath in clonal axenic
culture
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effect of combined nitrogen on the morphology of
heterocystous forms of the strains isolated. Algae were
cultured into AD-N, AD+NO,-N and AD+NH,-N (Section 2,45),
All media were buffered with 5 mM HEPES at pH 7.6. Cultures
were incubated in shaking tank at 32 9% and
90-120 pmol photon m~ 25" with continuous shaking for 10-14
days. It was found that the growth of most algae was poor in.
media enriched with NH4=N and the pH dropped to 4-5. In
media enriched with NO,-N the pH value wentup to 9-10.
Morphological changes observations were therfore restricted
to N03=N enriched media for all strains. The experiment was
repeated with reduction of the nitrate concetration ¢to
50 mg 1"l and +the HEPES concentration increased to 10 mM.
The pH values of media enriched with ammonium nitrogen
dropped to 6.8-7.2 after 10-14 days and went up to 8-9 in
media enriched with nitrate nitrogen. Morphological changes
were almost the same for both nitrogen sources. The
following morphological changes were recorded.
1. Growth form and colour of the plant mass

The growth form of axenic strains (Section 4.3) was
almost the same in -N and +N media except in strain D636 in
which growth was very poor in medium enriched with N%°=N,
However, clonal cultures of strains D586, D635 and D678 were
unhealthy in media enriched with cobined nitrogen. Strains

D635 and D678 tend €O grow as a loose floc distributed
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throughout the growth medium., The colours of the plant
masses for strains D579, D58C, D581 and D582 were green,
dark-green to blue-green in +N medium. Strains D584, D585

and D636 have more or less the same colour in both media.

2. Heterocysts

Heterocysts formation was almost completely supressed
in +N media for all strains tested under both nitrogen
sources with ammonium nitrogen more effective. However, in
all cases there were a few filaments which still had

heterocysts. It has been found also that cultures showed few

detached heterocysts.

3. Akinete
Akinete formation was markedly reduced in +N medium for
all akinete-forming strains (D584, D586, D635, D636, D678).

Strains D584 and D678 were less affected.

4. Hairs

D636 was the‘only hair-forming strain among the strains
studied. In +N medium both hair length and the number of
filaments with hairs was reduced. None of the Calothrix spp.

showed hairs in +N medium.
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5. Sheath thickness and colour

The sheath thickness was only slightly increased in all

strians in +N medium.

6. Trichome shape

In general all strains form long gas-=vacuolated
hormogonia in +N medium. The length of the mature filaments
was also greater in +N medium compared to =N medium. In
strains D580, D583, D585, D636 the loss of heterocysts led

to the formation of Homoeothrix or Ammatoidea-like

trichomes., Strain D636 was less affected. In this strain
most of the trichomes were short ending with short hairs; in

addition there are many trichomes with FEHomoeothrix or

Ammatoidea appearance.

7. Vegetative cells dimentions
No change in vegetative cells dimentions were found for
strains D579, D582, D584, D586, D635, D678, Strains D580,

D583, D636 the tapering charater become less apparent in 4§

medium,

8. Cyvanophycin granules level

The level of cynanophycine granules increased markedly

in all strains in +N media especially with NH,-N.
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4.5 Influence of phosphorus sources on the morphology
strains isolated

Literature revied in Section 1.3 showed that tremendous
morphological changes took place in blue-green algal species
grown with different phosphorus concentrations. In addition
phosphorus concentration in the growth meidum has been
changed from 44.5 t0 2.5 mg 171 e in the experiments of
Chapter 5 and subsequently to 1 mg 171 for most of the
experiments in Chapters 6 and 7. These changes were found to
affect the morphology of some of the strains isolated., 1In
order to have a clear idea about the influence of phosphorus
concentration and form, experiments were conducted in which
all strains isolated (Table 2.7)- except strain D693 which
was isolated toward the end of the present study (Section
4,3)- were cultured in AD-N or AD+N medium with two initial

1 P, Both media

phosphorus concetrations 1 and 44.5 mg 1~
were buffered with 5 mM HEPES at pH 7.6. Cultures were then
incubated in a growth room with 32 °c and
40-50 pmol photon n2s7l, fthe morphological features of the
strains were recorded after 14-17 days f£from the second
subculturing. Axenic cultures of the isolated strains were
also cultured in AD-N or AD+N (strain D634) in which
phosphorus —phosphate was replaced by a number of organic
and anhydrous phosphorus compouds (Table 2.5). Cultures were
=2¢-1

incubated at 32 OCF 90-120 pmol photon m and continuous

shaking. The morphologies of the strains were recorded after



174

10-12 days. In growth curve experiments of strains D579, .

D584, D585 (Section 6.2), algae were cultured in AD-N medium

with two initial phosphorus concentration 1 and
10 mg 171 p the morphological changes of these strains
were followed over 28 days.

The major morphological changes followed were the same
for the influence of nitrogen sources (Section 4.4).
1. Growth form and colour of plant mass

The growth form of all strains were similar for both
phosphorus concentrations; the colour of the plant mass was,
however, largely different. It was greenish for strains
D579, D580, D581, D582, D586, D634, D635, D638, D639, D678
under low phosphorus concentration (1 mg 11 Py. It was
green to dark green or blue-green under high phosphorus
concentrations (10 and 44,5 mg 151 B ). However strain
D582 did not grow well under the high phosphorus
concetration and the colour of the plant mass was the same.
The colour of the plant mass of strains D583, D584, D585,
D636 was brown to yellow-brown in low phosphorus
concentrations and brown to dark-brown or red-brown in the
higher phosphorus concentrations (10 and 44.5 mg 171 p)-
2. Heterocyst

Heterocyst formation was slightly reduced for strains
D580, D581, D583, D585, D636 and markedly for strains D579,

D582, D635, D584, D585, D678 under the low phosphorus
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! P). For example, the number of

concentration (1 mg 1~
filaments with double heterocysts in strains D579 and D678
was about 50% of total number of filaments wunder high
phosphorus concentration, while only 10% of the filaments
showed double heterocysts under low phosphorus
concentrations.
3. Akinete

\ D584, D586, D635, D636, D678 were the only
akinete-forming étrainso All lost their ability to form
akinetes when cultured with a high phosphorus concentration

1 P)., However, it 1is worth mentioning that

(44.5 mg 1~
strain D678 continued to form akinetes under this
concentration, gradually reducing over several
subculturings. The number of filaments with akinete was even
reduced under low phosphorus concentrations with time. The
was a delay and reduction, but not loss in akinete formation
of strain D584 cultured with 10 mg 171 p (Section 6.2).
4, Hairs

D636 was the only hair-forming strain. Both the number
of trichomes with hairs and the length of the hairs was
markedly reduced at high phosphorus - concentrations

1

(44.5 mg 1 ~ P)., None of the Calothrix species formed

hairs at low phosphorus concentration.
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Strains D585 and D636 showed a marked increase in the
thickness of the sheath under low phosphorus concentrations,
strains D580 and D583 only slightly increased their sheath
thickness under low phosphorus conditions. The colour of the
sheath was hyaline for strains D585 and D636 at high-
phosphorus concentrations becoming yellowish at low
phosphorus concentrations,

6. Trichome shape

No change in trichome shape was seen in any of the
strains studied. However, strain D580, D636 showed a slight
reduction in the tapering pattern of the trichomes under at
phosphorus concentrations.

7. Dimensions of vegetative cells

No major changes took place in the dimenSions of the
vegetative cells of any strains studied,
8. Cyanophycin granules

The level of cyanophycin granules increased slightly or
markedly in all strains studied at low phophorus
concentrations.

The morphological changes took place under organic and
anhydrous phosphorus enrichments were the same as those
mentioned above for the low concentration of inorganic
phosphorus (PO,-p). However, no morphological observation
was made for strain D582 under inositol hexaphosphate

enrichment because of lack of growth under these conditions

(Table 6.8).
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CHAPTER 5. INFLUENCE OF ENVIROMNMENTAL FACTORS ON ALGAE IN

RICE=FIELD SOIL

5.1 Introduction

There are large daily and annual variations in the
physico-chemical conditions of the rice-field in the
southern marshes of Iraq (Section 3.2)., On the other hand,
the literature reviewed in Section 1.21 showed that the
growth and abundance of many algae is 1limited by the
physical or chemical factors or combinations of them in any
area. Studies were therefore planned to investigate the
influence of environmental factors on algae 'in rice-field
soil. This is in order to get an idea about the
distribution of the algae under different environments most
likely to be important in the Ffields and to select for
detailed studies those strains which show gelatively high

abundance in a wide range of environments.

5.2 Temperature

The effect of a wide range of temperature (5-50 oC) on
the growth and composition of the algal community was
studied. Experiments were carried out in the
temperature-gradient apparatus and/ox an illuminated
incubator (Section 2.52). No algae grew at 50 °c. at 48 °c

slight growth was$ evident in both media 3 days after
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inoculation, but subsequently the cultures died.
Substantial growth occurred at 45 Oc and this was chosen as
the upper temperature for the detailed experiments. Algal
biomass (estimated as chlorophyll a) of cultures incubated

1

at 5 °C was less than 0.05 mg 1~ chl 2 (detection limit of

the method for this experiment) over 30 days. HBowever, in
addition to the taxa seen by direct viewing of the soil
sample (Table 4.1) two more strains were seen in cultures

O

incubated at 5 C .These are Tribonema minus and

Chlorococcum humicola, At 10 °C the algal biomass in AD-N

was less than 0.05 mg l=1° AD+N cultures collected on days

24 and 30 yielded 0.78 and 0.82 mg 17t ehi a, respectively.
Most of the cultures incubated at 10 °C were dominated by T,
minus or C. humicola. Some cultures, however, were

dominated by Lyngbya spp., Aphanothece stagnina or Nostoc

SpPP. Growth occurred in both -N and +N media over
temperatures ranging between 15-45 ¢ (Fig. 5.1), but the
relative effect of the two media differed according to the
temperature. Due to the complexity of the ecosystems inside
the culture flasks, too much attention cannot be placed on
small differences, but two aspects seem to be established
clearly:

(i) Imitial growth was always faster in +N medium and the
difference was greater the lower the temperature.

(ii) Growth continued to the end of the experimental period
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Fig. 5.1 Infuence of a) temperature and b) presence or
absence of combined nitrogen on growth yield
of algal community developing on inoculation

of soil sample (90-120 pumol photon m'zs'l)
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of 30 days at 15 °c in both media, but at higher
temperatures most of these mixed cultures showed a marked
drop in crop (estimated as chl a) towards the end of the 30
days period. The total number of taxa was almost the same

in both media and was higher at low temperatures (Fig. 5.2).

5.3 Light

In the rice-fields algae grow under different 1light
regimes (Section 3.2). To study the effect of different
light conditions on the growth and distribution of algae in
the soil of rice-fields, experiments were conducted in which
media inoculated with socil were incubated under different

light regimes,

5.31 Quantity

(i) Photon flux density
The influence of photon flux density on algal growth is

shown in Pig.5.3. The highest yield was at light regime

"l 2na the lowest yield was at 1light

=28=1

50-60 pmol photon n2s
regime 200-250 pmol photon m o There were no large
differences in the total number of taxa under different
light regimes, but the dominant algae were different (Table

5.1)., In general non-heterocystous filamentous blue-green

algae dominated most of the cultures at the low photon flux
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Fig. 5.2 Infuence of a) temperature and b) presence or
absence of combined nitrogen on total number
of taxa noted on all five days at which sample

harvested (90-120 umol photon mﬂzsﬂl)
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Fig. 5.3 infuence of photon flux density on growth yield
of algal community developing on inoculation of

soil sample (35 e + 1; in presence or absence of

combined nitrogen)
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Table 5.1 Influence of photon flux density on the dominance of algae in the

mixed population (35 °c + 1; 90-120 pmol photon mazsgl; in

presence or absence of combined nitrogen)

o - e 3 N o S A = o e O O e T TR D e OO T O O A G0 e W R M P TS S S OB CD G Cm S G CD O O P S R Cm e € S = Ea T En P e G R e Om G A G e S G Y S e e o o - om G o

photon flux -

density umgl dominant doé?nént

(photon m "s ™) 1 2 1 2
15-20 Nostoc spp. Lyngbya Spp. Lyngbya>1g2um Lyngbya>2g<4um
50-60 Nostoc spp. Anabaena cylindrica Lyngbya spp. Nostoc spp.
90-120 Cvlindrospermum NOsStoc muscorum Lyngbya spp. Nostoc linckia
200-250 Nostoc muscorum Anabaena cylindrica Scenedesmus Chlorococcum

£ et > - ——n > - ————— . = - - ——— ——— = e D e 3 Ch O O AR TR O e O e Om e e M Cm A SR S Om e e SR e O3 G oAm D SR en D S O e KD M e O G e e —
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density. At high photon flux density heterocystous
blue-green algae dominated ¢the =N media and Chlorophyta

dominated the +N media.

(ii) Dark/light cycle

In nature algae grow under an alternation of light and
dark periods. Almost all of the experiments in this
chapter, however, were carried out under continuous light.
Some algae might grow only under dark/light conditions and
their growth therefore might be inhibited by continuous
illumination. To investigate this possibility an experiment
was carried out in which cultures were incubated under
photon  flux density 90-120 pumol photon a 2™l for 12n
followed by 12h incubation in the dark (Section 2.52).
Algal vyield under the dark/light treatment (Fig. 5.4) was
higher than that of the continuous 1light at photon flux
density of 200-250 pmol photon n"%s™!, but lower tham that

of the two low photon £lux densities (15-20 and 50-60
2_-1

pmol photon m “s ") (compare Fig. 5.4 and Fig. 5.3). Nostoc

spp. dominated the -N media and Lyngbya spp. the +N media.

5.32 Quality
Algae in the rice-field might grow under conditions in
which green light is dominant as a result of reflection from

and/or filtration by rice plants, so an experiment was set

187




188

I

n—-u’

wy b
(=

o 3
>

=3

o 2
(.

o

L

- 1
Fig. 5.4 Infuence of dark/light cycle (12h:12h) on growth

yield of algal community developing on inoculation
of soil sample (35 ¢ + 1; photon flux density

during light period was 90-120 jumol photon

m'zs-l- in presence or absence of combined nitrogen)

¢




189

up to study the influence of green light (465-570 nm) using
a green filter (Section 2.52). The photon flux density was
15-20 pmol photon n2s7L, Algal biomass under green light
(Table 5.2) was very low compared to the biomass of the
algae under full light of the same photon flux density (Fig.
5.3). There were no major differences in the relative

abundance of algae under the two 1light gualities, but

Gloeotrichia sp. D636 showed high abundance in o0ld cultures

under green light enrichment,
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Table 5.2 Influence of green light on growth yield of algal

community developing on inoculation with soil

sample (at 35 °c + 1; 15=-20 ‘pmol photon

mnzs—l;

in presence or absence of compined nitrogen )

D . o - D A o A D D e D ) D AT D D AN D D D D D D D D A KD D A £ a0 e A O =0 D KD A e me WD A D A

— o — - —— 0 0 D - D D . D D 0 D D - D D D D D D e - - ) D D D D D D A D O D 6D € AT D D D e - D -

12

18

24

< 0,05

34.69

35.56

19.5

46.88

388.28

388.28

D e - T e D £ D A e AD D A D S G ED A M 0 D D O D D D a3 M A ) A Smd e ) e Y S 0 S —n e -
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5.4 Salinity

Dissolved salts are probably at their lowest
concentration during peak flooding of the Tigris and
Euphrates where rice-fields are covered by water (Section
3.2). This water recedes in about 6-7 months and the
rice-fields start to dry out. These changes are associated
with tremendous variation in the salt content of both water
and soil in the rice-fields. Salinity therefore may be an
important factor influencing growth of some algae 1in the
rice-field. An experiment was carried out to see the effect
of salinity (using NaCl) on growth and abundance of the
algae of the rice-fields soils. The growth was inhibited
almost completely at 1.0 M NaCl. At 0.1 M growth was higher
in -N medium; at 0.5 M addition of combined nitrogen
improved the growth of algal community though slightly (Fig.
5.5). However, increasing the NaCl level brought about a
marked reduction in the total number of taxa of both media

(Table 5.3).

5.5 Reducing conditions

Experiments were carried out to study the effect of
three reducing chemicals on the growth of the algal
community. These were sulphide, sulphite and thiosulphate.
All were added as sodium salt at 0, 0.1, 0.5, 1.0 and 5 mM.

They were sterilized by filtration and added aseptically
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Fig. 5.5 Infuence of NaCl on growth vield of algal
community developing on inoculation of soil
sample (35 °C + 1; 90-120 pmol photon n~2s”L,

in presence or absence of combined nitrogen)
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Table 5.3 Taxa present on day 30 in media enriched with NaCl
(35 + 1 C; 90-120 umol photon mnzs-l; in presence or
absence of combined nitrogen; relative abundace

expressed on 1-5 scale)

NaCl concentration (M)

0.1 0.5 1.0

taxa =N +N =N +N -N +N
Anabaena cylindrica 5
Cylindrospermum muscicola 4
Chlorococcum humicola 3 w
Lyngbya < 1 pm 3 4 2 2 2 -3
Lyngbya > 1 £ 2 ym 2 2 4 4 5 4
Lyngbya > 2 £ 4Aym 1 1
Microcoleus chthonoplastes i
Nostoc linckia 2 5 3 2 4 5
N. muscorum 3 2 3 3
Nodularia harveyana 5 5

- " —— - —— = A T M R D A S P SR e A AP R Ve mB am o D MO e . WD M S A i e - A TE e WD Sl M D = -

* Chlorococcum dead by day 30, pbut live cells abundent on dav 24.

(2]
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after inoculation of soil into the flask . Two flasks were
used for each treatment. One was closed with silicon bungs
(aerobic conditions) and the other with suba seal bungs
(anaerobic conditions). There were no changes in the pH and
appearance of the media after the addition of sulphite and
thiosulphate. Addition of sulphide (1.0 and 5.0 mM) however
increased the pR values to 8 and 10, respectively. The
appearance of the media enriched with sulphide changed to
milky, grey, dark-grey and dark-blue after the addition of
0.1, 0.5, 1.0 and 5.0 mM sulphide, respectively. The colour
of the media under aerobic conditions, however, changed
gradually to normal (colourless )at the low concentrations
of sulphide (0.1 and 0.5 mM). There was very slow change
toward the normal colour under anaerobic conditions. There
were no obvious differences in the algal communities of
either media enriched with any of the reducing chemicals
under the aerobic conditions. However in media enriched
with 0.1 and 0.5 mM sulphide and combined nitrogen there was
slight increase in the abundance of the non-heterocystous
filamentous blue-green algae under anaerobic conditions

(Table 5.4). In -N media, Cylindrospermum was the most

sensitive to the sulphide enrichment followed by Anabaena;

Nostoc linckia was the most tolerant.




TABLE. 5.4 Influence of sulphide on the abundance of taxa of algal community developing after
10 days from inoculation with soil sample (35°C * 1; 90-120 umol phobon m 2 s in
presence or absence of combined nitrogen; relative abundance expressed on 1-5 scale)

-sulphidei :
caxa | (control) : + sulphide (mM)
0.1 0.5 ' 1.0 T 5.0
-N | 4N =N ¢ 4N -N +N -N | +N ! -N 4N
v ., |
Anabaena cylindrica 3 2 ¢ 3 1 3 22 i
| i
Aphanothece stagnina ' ; 2 2 |
! l i
Cylindrospermum muscicola 4 3 ! 2 E 2
{ 1
} N
Chlorococcum humicola 5 5 | 1 .
| ! i
Lyngbya <€ 1 um 2 4 3 i 5 4 5 i 5 5 2 2
Lyngbya > 1 5 2 um 1 2 2 l 3 5 313 4 1 1
Lyngbya > 2 5 4 um 1 2 ‘ 2 2 2 3
Microcoleus chthonoplastes 2 1 4 2 4 2 2
Nostoc muscorum ) 3 4 ! 2 2 3 4 1
!
Nostoc linckia 3 1 5 | 2 3 1 2 - 1

961
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5.6 Nitrogen sources
The influence of various environmental factors was

investigated in -N or +N medium. At the beginning both
nitrate-nitrogen and ammonium-nitrogen were used in
unbuffered media (Section 2,.45), This led to a dramatic
changes in the pH of the media after short period from soil
inoculation (6-12 days). The pH values of media enriched
with NH,-N dropped to 4-5 and went up ¢to 9-10 in NOB—N
" containing media. After the reduction of the phosphorus
concentration to 2.5 mg l=1 p (Section 5.7) all media
were buffered with 5 mM HEPES. In this case, there was only
a slight change in the pH of media enriched with Nﬁé -N at
the beginning only (pR dropped to 6-7 after 6 days) followed
by gradual decrease to pR 4 after 12 days from inoculation;
this -was associated with chlorosis and death of the algal
community. In media enriched with NOBaN the pH was usuvally
about 8 throughout the growth period. The initial algal
community, howewver, was same with either nitrogen source,
Therefore only NO3=N was used for the work described in this
chapter. Addition of combined nitrogen was included ¢to
study the effect of environmental factors on algal

communities other than the heterocystous blue-green algae.

5.7 Phosphorus
In all of the experiments in this Chapter phosphorus

was supplied as orthophosphate. In the earlier parts of
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this Chapter (Sections 5.2 and 5.4) AD medium with 44.5 mg
171 P was used, a concentration seldom likely to be
found in the field. Therefore an experiment was carried out
in which phosphorus concentration was reduced to 0.5, 2.5
and 10 mg 1”1, AD medium with 44.5 mg 17! p was used as
control. All of the media in this experiment were buffered
with 5 mM HEPES; potassium was adjusted to that of the
cotrol using KC1, The result (Fig. 5.6) showed that the
highest yield of the algal community is that of the control
up to day 18, but this drops sharply afterward. Growth of
algal community at the other concentrations (i.e 2.5 and 10
mg l"1 P) continued until the end of the experimental

period of 30 days and gave a final yield which was more or

less similar to that of the control, At the 1lowest

concentration (0.5 mg 171

P), however, algal community
yield dropped after a relatively short time (18 days).
However, total number of taxa at the two lower

concentrations (0.5 and 2.5 mg 1”1 P) was higher than

1 P)

that of the other concentrations (i.e. 10 and 44.5 mg 1~
(Fig. 5.7). Therefore the phosphorus concentration in
AD medium was reduced to 2.5 mg 1™ p and the medium

buffered with 5 mM HEPES for the rest of the experiments in

this Chapter.
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5.6 Infuence of phosphorus concentration on
growth yield of algal community developing
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Fig. 5.7 Infuence of phosphorus concentration on total
number of taxa noted on all five days at which
samples harvested (35 °C ¥ 1; 90-120 pmol

photon n”2s”L; in absence of combined nitrogen)
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CHPATER 6. INFLUENCE OF PHOSPHORUS ON STRAINS ISOLATED

6.1 Growth

In order to determine the optimum time for the
measurement of the growth rates of all strains isolated,
detailed experiments were carried out on three strains.
These experiments were designed to examine the differences
between the growth rates of the strains under the standard
growth conditions; such results might be helpful in the
interpretation of the successive appearance and dominance of
algae in mixed populations (Chapter 5). The three selected

strains were Calothrix sp. D585, Cylindrospermum muscicola

p579 and Nostoc muscorum D584, The growth rates and mean

doubling time were determined as described in Section 2.673.
The highest growth rates for all strains were recorded on
day two of the experiment (Table 6.1). On day four growth
rates dropped to about 83% of that of the day two. After

that growth rates of all strains decreased gradually.

Growth rates of all strains (including Calothrix parietina
D550 as cotnrol) were determined also after two days from
inoculation. Large differences in growth rates were found
between the strains (Table 6.2); the highest growth rate was
that of strain D579 and the lowest was that of strain D580.
The other strains could pbe divided into two gproups; strains

D583, D585 and D636 with growth rates ranging between 0.33
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Table 6.1 Growth rate, K and mean doubling time (G) of Calothrix sp. D585,

Cylindrospermum muscicola D579 and Nostoc muscorum D584;

)
algae cultured in AD-N medium with initial phgbhorus
concentration of 1 mg l-l 4 (32 OC; 90-120‘pmol photon

m°2s-1; continuous shaking)

- D D D - - - - A D T D D D - - — o — ) D — D D D D D D D e D D D D R RS SO MO e e D S D AT R D AD MO D A A0 R A WD T D D . D e

strains
time Calothrix sp. Cylindrospermum Nostoc
(day) | K c(4) ﬁ? G(A) K G(A)
2 0.33 21.89 0.54 13.38 0.45 16.05
4 0.27 26,76 0.46 15.70 0.37 19.52
6 0.26 27.78 .33 Z21.89 G.26 27.78
8 0.22 32,84 9.25 28,90 .20 36.12
10 0.17 42.49 0.20 58,12 6.16 45,15
12 | 0,13 55,57 Sond 2450 5,14 51.60 8

P e R T R R ] DT en 35 DM AT 3 63 M) D R 3 - D ) =3 S D e e ) - D D WD D WD LD <D e - > KD
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~
Table 6.2 Growth rate, K and mean doubling time (G) of

Iragi isolate and Calothrix parietina D550 as
control; algae cultured in AD-N medium with

initial phosphorus concentration of 1 mg 171p

(32 °c; 90=120‘Pmol photon m”zsﬂl; continuous
shaking)
strains Durham g G(A)
culture No,
Anabaena cylindrica 582 0.48 15.05
w
Calothrix parietina 550 0.44 16.42
Calothrix sn. 580 0.27 26.75
Calothrix sp. 583 0.33 21.89
Calothrix sp. 585 0.36 20.07
Cylindrospermum muscicola 579 0.54 19.52
Gloeotrichia sp. 636 0.37 19.52
-Hapalosiphon welwitschii 581 0.40 18.06
Nostoc muscorum 584 0.45 16.02

. . —— D ——— - M T . . S A WD ST D O D e e e D D CE A5 £ D M S D S G D SR S e - 63 - - —

% control
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and 0.36 strains; D582, D550, D581 and D584 with growth

rates ranging between 0.40 and 0.48.

6.2 Physiological changes

After the measurement of the growth rates of all
strains (Section 6.1), detailed physiological changes were
followed under two phosphorus concentrations over 28 days
for the three selected strains, Experiments were carried
out under the standard growth conditions (Section 2.52).
Cultures were harvested every four days, taking four

replicate flasks.

(i) Chl a and dry weight

Chlorophyli a and dry weight were determined as
deséribed in Sections 2.671 and 2.672, respectively. Figs
6.1, 6.2 and 6.3 showed the chl a and dry weight contents of
strains D585, D579 and D584, respectively. Chl a as a
percentage of dry weight for all strains was shown in Table
6.3

All figures were characterized by an initial increase
in both chl a and dry weight. The length of this initial
peak wés a function of the initial phosphorus concentration
in the growth medium, However, there was no immediate
response to the high phosphorus concentration by any of the

strains studied. Strains showed obvious differences under
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the two phosphorus concentrations at the late stage of
growth. The maximum chl a contents, for example, of strains
D585, D579 and D584, under a high phosphorus concentration
were about 3, 6 and 2 times higher than their contents under
low phosphorus concentration. The results showed that the
strains D585 and D579 had doubled their maximum dry weight
under high phosphorus concentration while there was only a
slight difference between the dry weight of strain D584
under the two phosphorus concetrations.

The chl a content as a percentage of dry weight showed
considerable differences between strains under the two
phosphorus concentrations (Table 6.3), with low phosphorus,
it remained around 1% until day 16 and did not drop to <0.5%
throughout the study for the strain D585; it dropped to
<0.5% on day 8 for strain D579 and it was <1% throughout the
experiment for strain D584 and dropped to <0.5% at the end
of the experiment. When phosphorus in excess, on the other
hand, it was >1% for strain D585 and D584 until days 20 and
24, respectively; strain D579 had a chl a content <0.1% on

day 12 and <0.5% on day 28.

(ii) Alkaline phosphatase activity
Alkaline phosphatase activity was determined as
described in Section 2.81 except for cellular activity which

was calculated as the dJdifference between total and
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Fig. 6.1 Comparison of growth yield of_ Calothrix sp. D585

grown with two initial phosphorus concentration

1

(0) 1.0 and (O) 10.0 mg 1 *P (32 °c;

90-120 umol photon m~2s"1; continuous shaking)
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Fig. 6.2 Comparison of growth yield of Cylindrospermum

muscicola D579 grown with two initial phosphorus

concentrations (0) 1.0 and (O) 10.0 mg 1"1lp

(32 °c; 90-120 umol photon m°2331; continuous

shaking)
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Fig. 6.3 Comparison of growth yield of Nostoc muscorum D584
grown with two initial phosphorus concentrations
(0) 1.0 and (0) 10.0 mg 1”1 p (32 °c;

-2 A
90=120)umol photon m s ; continuous shaking)
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Table 6.3 Chl a as 8 of dry weight of Calothrix sp. D585, Cylindrospermum

muscicola D579 and Nostoc muscorum D584 grown with two initial

phosphorus concentrations 1.0 and 10 mg 171 p in AD-N

(32 %c; 90-120‘Pmol photon mﬂzsnl; continuous shaking)

- — i —— 2 S . D - - TR . ——— ——— ——— - ——— i —— " a - - - —— A} - — 3 o — - —— - —

phosphorus concentration (mg 1—1)

time 1.0 10.0

(day) Calothrix Cylindrospermum pNostoc Calothrix Cylindrospermum Nostoc
4 1.00 1.16 0.66 1.16 2.28 1.98

8 1.55 0.47 0.72 1.58 1.02 1.26
12 0.88 0.21 0.80 1.59 0.86 1.50
16 1.01 0.21 0.57 i.55 0,73 1.05
20 0.71 0.16 0.63 0.95 0.66 | 1.20
24 0.66 0.12 0.50 0.85 0.55 1.00
30 0.61 0.03 0.37 0.64 0.47 | 0;70

B > > . D D 2 AT D O S D €D - D O - P > D 553 FE OO = M (=D S A M € OB SR M G W = D am . R A M s A~ A -t WD D A A WD . O - —
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filterable activities (Section 5.6) (Figs 6.4, 6.5, 6.6).
The strains showed marked differences in, for example,
maximum activity, the extent to which the enzyme was
extracellulary released, the degree of inhibition of enzyme
by the high phosphorus concentration.

The highest activity was that of the strain D584 and
the lowest was that of the strain D579. The activity of
strain D584 was about 2 and 4 times higher than that of
strain D579 and D585, respectivily,

Almost all of the enzyme activity of strain D585 is
associated with the algal materials, strain D579 showed
filtrable activity of 20% and 28% of the maximum activity
under high and low phosphorus concetrations, respectivilely.
Strain D584 has much higher filtrable enzyme activity than
both strains under the two phosphorus concentrations.

The high phosphorus concé%ratiOﬁ inhibits enzyme
activity at the early stage of growth for all of the
strains. Strain D579 was the most affected, where the total
maximum activity was reduced to 65% of that of the low
phosphorus concentration, The total maximum acivity of

strains D585 and D584 were only slightly reduced.

(iii) Phosphorus content of the algae
Five different methods (Section 2.72) were tested for

the analysis of algal phosphorus. The mean and the
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Fig, 6.4 Infleunce of phosphorus on alkaline phosphatase

activity of Calothrix sp. D585 (A) 1.0 and

1

(B) 10.0 mg 1™ P (alga cultured and assay

carried out at 32 °C; 90-120 umol photon m~2s71,

continuous shaking)
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FPig. 6.5 Infleunce of phosphorus on alkaline phosphatase

activity of Cylindrospermum muscicola D579

(A) 1.0 and (B) 10.0 mg 1~1p (alga
cultured and assay carried out at 32 OC;

90-120‘pmol photon m°zs_1; continuous shaking)
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Fig. 6.6 Influence of phosphorus on alkaline phosphatase

activity of Nostoc muscorum D584 (A) 1.0 and

1p (alga cultured at 32 °c;

90=120‘pmol photon m°25°1; continuous shaking)

(B) 10.0 mg 1~
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percentage recovery of the total phosphorus using the
differents methods are shown in Table 6.4. Method 5(A) was
chosen and used throughout the study because it is simple,
quick and less dangerous chemicals are involved. The
phosphorus content of the three strains showed a peak on day
four of the experiment (Figs 6.7, 6.§, 6.92). The contents
of all strains decreased after that, although the phosphorus
content of the growth medium, under the high phosphorus
concentration, 1is still high (Tables 6.5, 6.6, 6.7). The
maximum concé%rations of phosphorus 1in the three strains
were 42, 24, 36 ug mg dry weight for strains D585, D572 and
D584, respectively. The minima were about 2 pg m§1 dry

weight in each case.

( iv ) Phosphorus depletion of growth medium

The phosphorus content of the growth media was
determined as described in Section 2.72. The phosphorus
contents of the growth media of all strains dropped to below
the detection limits of the method used (Section 2.72) on
day four of the experiment under low phosphorus
concentration (Tables 6.5, 6.6, 6.7) ; at the same time it
dropped to 7.3, 6.921 and 5.4 mg fﬂfor strains D585, D579 and
D584, respectively, under the high phosphorus treatment. On
day eight only strain D585 had measureable phosphorus in the

growth medium. Only small amounts of organic phosphorus



Table 6.4 Mean and percentage recovery of total phosphorus

of Nostoc muscorum D584 grown in AD-N medium with

initial phosphorus concentration of 44.5 mg 171 for

24 days; phosphorus analysed by five different methods

mentioned in Section 2.72.

e e . . e o D G AN S D . A T MR D TR MM WS G AW S R MR e D R MR e R e R P A e R AD D D M S M A e D A =

method ug P mé dry weight % recovery
X (n)
1 16.2 (3) 99%
2 A 16.32 (3) 1008
B 14.16 (2) 87%
3 A 16.32 (3) 100%
B 15.30 (2) 94%
4 16.08 (2) 99%
5 A 15.92 (2) 98%
B 15.83 (2) 97%

Bl R T e e T T U

ccc



Pig. 6.7 Comparison of cellular phosphorus content of
Calothrix sp. D585 grown with two initial
phosphorus concentrations (0) 1.0 and (O)
10.0 mg 1”1p (32 °C; 90-120 umol-

photon m°25°1; continuous shaking)













Table 6.5 Filtrable reactive phosphorus (FRP) and total filtrable phosphorus (TFP)

12

16

20

24

28

in the growth medium of Calothrix sp. D585 grown with two initial

phosphorus concentrations 1.0 and 10.0 mg 17l p (32 °c;

90—120)umol photon m_zs°1; continuous shaking in AD-N medium)
P O A

FRP _ TFP _ FRP _ TFP

b:4 + SD ® + SD x + sD X + SD
<0.005 - <0.005 - 7.27 0.19 7.27 0.19
<0.005 - <0.005 - 4,35 0.37 4,59 0.40
<0.005 - 0.007 0.001 0.34 0.11 0.57 0.30
<0.005 - 0.007 0.001 <0.005 - 0.022 -
<0.005 - 0.023 0.005 <0.005 - 0.03 0.01
<0.005 - 0.020 0.005 <0.005 - 0.052 0.01
<0.005 - 0.030 0.005 <0.005 - 0.046 0.007

Lee



Tabie'6°6 Filtrable reactive phosphorus (FRP) and total filtrable phosphorus

e a6 wo o = -

12

16

 (TEP)'ih'the growth medium of Cylindrospermum muscicola D579

grown with two initial phosphorus concetrations 1.0 and

10.0 mg- 1"' P (32 °c; 90-120 pmol photon m 2s™!; continuous shaking
in AD~N‘medium)
o I T o S
FRP _ TRP _ FRP _ TFP
X + SD ® * SD X + SD b4 + SD
<0.005 = 0.025 0.018 6.91 1.05 6.91 1.15
0.01 = 0.054 6.008 0.02 0.001 0.2 0.008
0.017 = 0.09 0.01 0.04 0.006 0.13 0.01
0.01 - 0.17 0.01 0.041 0.006 0.20 .02
0.01 - 0.21 0.03 0.053 0.008 0.23 0.03
0.055 0.03 0.17 0.006 0.058 0.02 0.29 0.05
0.085 0.01 0.08 0.003 0.12 .01 0.11 0.01
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Table 6.7 Filtrable reactive phosphorus (FRP) and total filtrable phosphorus

(TFP) in the growth medium of Nostoc imuscorum D584 grown with two

initial phosphorus concentrations 1.0 and 10.0 mg 1_1 P (32 OC;

90- 120 pmol photon m=28—1; continuous shaking in AD-N medium)

0 o - D D D D D A D AR T e e A e S D D D WD D D D WD D SR AR M A A LD e D e A} D D D s S T WD O e e A D D D D B OO aD D e D D D

1.0 mg 17+ 10.0 mg 1%
time _ FRP _ TFP _ FRP _ TFP
(day) b4 + SD ® + SD ® + SD b4 + SD
4 <0,005 - <0.005 = 5.40 0.07 5.95 0.65
8 0.03¢ 0.016 0,084 0.018 0.03 0.01 0.05 0,01
12 <0.,005 - 0,015 = <0.005 - 0,013 0.007
16 0.007 0.003 0.014 0,005 0.014 0.003 0.024 0.010
20 <0,005 = 0.01 0.005 <0.005 - 0.013 0.002
24 <0.005 - 0.018 0.005 <0,005 - 0,021 0.003
28 <0,005 - 0.014 0.003 <0.005 - 0.024 0.006

o ———— - ——— - D D — ) b D - D D T - D S . . D D M A — D D D D D - — ) - . —— D — D e - 4y R - - -
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were detected throughout the experiments under either

phosphorus concé&ration for all the strains studied.
Microscopical inspection was made at the different

intervals of collection. The major morphological changes

were the same as those mentioned in Section 4.5 .

6.3 Comparison of phosphorus sources

Phosphorus may be present in a wide variety of forms in
nature (Section 1.32). Experiments were carried out to
study the ability of axenic cultures Iraqi isolates

(Table 2.7) and two commonly used research organisms

Anabaena cylindrica D2 and Anacystis nidulans D33, to grow
on different organic and anhydrous phosphorus compounds.
The compounds, except p~nitrophenyl phosphate and
bis~-nitrophenyl phosphate (Section 2.81), were sterilized by
filtration (Section 2.46) and added aseptically to AD-P
medium or ACM-P medium. Cultures were incubated under the
standard growth conditions (Section 2.52).

All of the Iragi isolates and the two common research
organisms were capable of growth on different phosphorus
sources (Table 6.8). However, one of the Iragqi isolates
(A.cylindrica D582) did not grow on the substrate inositol
hexaphosphate; this was repeated twice. All of the tested
compounds were fairly stable under the experimental

conditions (Table 6.9). The stability of the compounds was



Table 6.8 Phosphorus compounds utilized by axenic cultures of Iraqi isolates

and two common research organisms Anabaena cylindrica D2 and Anacytis

nidulans D33 (32 °c; 90-120 mmol photon m~%s”1; continuous shaking; compounds

sterilized by filtration and added aseptically into AD-P and ACM-P

medium)

e D G . — A —— - - A 3 — 3 o - > ) N —

. — D - - - D D D S AD D D D D D A D . - — D D . a3 D D D D e - D e - - .

phosphomonoesterases

phosphodiesterases

anhydrous hydrolases

O e A . ——— . - — D WD - — W — D D T o — — - D - — . D o €D o3 - —

* not utilized by Anabaena cylindrica D582

- - D D — A - —— - ——— A ———— ) -
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p-nitrophenyl phosphate
B-glycerophosphate
inositol hexaphosphate *

glucoseglcphosphate

bis-nitrophenyl phosphate

DNA

phosphatidyl choline

pyrophosphate
me taphosphate

o
polyphosphate Y
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TABLE 6.9 Total phosphorus (TP), soluble reactive phosphorus (SRP) and SRP as % of TP of various phosphorus compounds at

different collection times;

Phosphorus campounds

B—-glycerophosphate
YA

inositol hexaphosphate
lecithin
glycose-l-phosphate
pyrophosphate
metaphosphate
polyphosphate

1.19
1.22
1.15
1.05
1.13
1.30
0.90

1.07

[e]
P SRP
my 17

+ 8D X ot
0.005 0.01
0.01 0.03
0.03 0.013
0.02 0.017
0.06 0.04
0.05 0.08
0.01 0.04
0.001 0.04

0.001
0.005
0.005
0.002
0.C05
0.001
0.001

0.001

0.84
2.46
1.13
1.62
3.54
6.15
4.44

3.74

L

1.21

1.22

1.04

1.04

1.c0

1.19

0.90

1.07

0.06
0.08
0.02
0.11
0.07
0.005
0.02

0.03

time (day)

5
SRP
SRP 2 -ﬁ—

-1
X + SD

0.02 0.002 1.65
0.05 0.01 4.10
0.01 0.005 1.96
0.013 0.001 1.25
0.022 0.01 2.20
0.10 0.01 8.40
0.03 0.002 3.33
0.061 0.001 5.70

1.18
1.13
1.07
1.03
1.13
1.20
0.93

l1.03

continuous shaking)

0.04

0.03

0.08

0.04

0.07

0.001

0.03

0.03

0.01
0.06
1.0l
0.01
0.05
0.12
0.04

0.11

0.002
0.005
0.002
0.002
0.001
0.001
0.001

0.01

compounds filter sterilized and added into AD-P medium or ACM-P medium;
incubated under the following conditions (32°C; 90~120 pmol photon de s'l

0.85
5.31
0.93
0.97
4.42
10.0
4.30

10.68

flasks
TP

g
X t SD
1.20 0.04
1.19 0.13
1.15 0.01
1.02 0.03
1.01 0.03
1.19 0.02
0.92 0.005
1.01 0.01

15
srp 3 SR
™

1

X + SD

0.013 0.001 1.G8
0.07 0.03 5.©
0.03 0.01 2.4
0.012 0.001 1.1
0.014 0.003 1.0
0.12 0.002 100
0.05 0.004 5.8
0.16 0.0l 1l6®

AXA



judged from the amount of the soluble reactive phosphorus in
solution. This amount did not change appreciably for any
organic phosphorus compounds throughout the experiment.
Among anhydrous compounds, pyrophosphate and polyphosphate

were less stable than metaphosphate.

6.4 Phosphatase activity

The results summarized in Section 6.4 indicated that
the strains might have a wide range of phosphatases. More
detailed experiments were conducted therefore to study
different aspects of alkaline phosphatase of the Iraqi

isolates.

(i) Alkaline phosphatase activity of young and old cultures
In this experiment, alkaline phosphatase activity of
young (5-8) and (20-23) day old cultures of Iragi isolates

and Anabaena cylindrica D2 was determined as described in

Section 2.81.

All strains showed enzyme activity in both cultures,
but activity was much higher in the latter (Table 6.10).
The activity of cellular and filtrable enzyme of the wvarious
strains sho@s considerable differences. In particular the
amount of the enzyme released into the growth medium at the
two stages of growth by various strains varies widely. For

example, strains D585 and D583 and the control organism
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TABLE 6.10 Alkaline phosphatase activity of young (5-8 days old) and old (20-23 days old)
cultures and chla as % dry weight of the Iraqi isolates and Anabaena cylindrica

D2 as a control; g}gae cul
tration of 1 mg 1

turgd in AD-N medium with
P (32°C; 90-120 umol photon m

%n;ﬁéal phosphorus concen-

s ;. algal material collected
on 0.45 um Millipore filter; assay carried out under same culture conditions
using tris-HCl buffer 0.1M, pH 8.5).

strains

Durham

alkaline phosphatase activity (umol
p-nitrophenol mi~1

young culture

h-1)

old culture

chlorophyll 1 % 100

dry weight

oohan 9fllular ext?fgellular céilular extréfgllular P ca%gure
No. x * SD X * SD X + SD x £ SD

Anabaena cylindrica 5o | 0,03 0.003 0.007 0.001 |0.38 0.01 0.02 0.006 0.63% 0.18%
Anabaena cylindrica 582 | 0.43 0.06 0.05 0.007 |1.36 0.21 0,51 0O.,0L| 0.94% 0.20%
Calothrix sp. 580 | 0.20 0.03 <0,005 2,31 0.23 0.58 0.02 0.88% 0.10%
Calothrix sp. 583 0.05 0.0l <0.005 0.28 0.01 <0,005 - 0.77% 0.20%
Calothrix sp. 585 | 0.69 0.20 <0.005 1.53 0.18 0.02 0.003 0.69% 0.17%
Cylindrospermum muscicola| 53¢ | 0,08 0,003 <0,005 0.50 0.07 0.35 0.01| 1.32% 0.24%
Hapalosiphon welwitschii | 581 | 0.10 0.02 <0.005 1.44 0.02 1.15 0.01| 0.72% 0.31%
Nostoc musconum 584 0.72 0.05 0.02 3.44 0.2 2.3 0.03| 0.73% 0.28%

AN
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(strain D2) did not show large increases in the amount of
extracellular enzyme. The rest of the strains release large
amounts of enzyme into the growth medium to about 50% or
more of the cellular enzyme. Increased enzyme activities in
dld cultures is associated with sharp decreases in the chl

a/dry weight ratio.

(ii) Influence of pH
The activity of cellular and filtrable enzymes of the

Iragi strains and Anabaena cylindrica D2 was assayed over a

wide range of pH values using two different buffers at least
for eachApH (Table 2.4). Strains were cultured under the
standard growth conditions (Section 2.52) and after 20-23
days, enzyme assay was carried out as described in Section
2.81, except that the reaction mixture voulume was 3 ml
instead of 2 ml as Ca012 was added separately. The optimum
pH pf all strains and the control orxrganism ranges between pH
9 and 11 (Figs 6.10-6.17). However, the pB optima of the
cellular and filtrable enzymes of each strain were more or
less same. The filtrable enzyme of strain D581 only showed
two peaks of activity, one between pH 8 and 9 and the other

between 11 and 12 (Fig.6.16)



Fig. 6.10 Infuence of pH on alkaline phosphatase activity

of Anabaena cylindrica D2 as a control

(A) filtrable (GF/C) and (B) cellular

(alga cultured and assay carried out at 32 Oc;

90-120 mmol photon m'zs°1; continuous shaking)
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Fig. 6.15 Influence of pfH on alkaline phosphatase activity

of Cylindrospermum muscicola D579 (A) filtrable

(GF/C) and (B) cellular (alga cultured and assay

carried out at 32 Oc; 20-120 Fmol photon mmzsgl;

continuous shaking)
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Fig. 6.16 Influence of pfH on alkaline phosphatase activity

0-01

of Hapalosiphon welwitschii D581 (A) filtrable

(GF/C) and (B) cellular (alga cultured and assay
carried out at 32 °C; 90—120)umol photon m 2 s,

continuous shaking)
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Fig. 6.17 Influence of pH on alkaline phosphatase activity

of Nostoc muscorum D584 (A) filtrable (GF/C) and

(B) cellular (alga cultured and assay carried out

at 32 ©c;90-120 pmol photon m—zs—l; continuous

shaking)



(iii) Effect of calcium and magnesium

Calcium apparently has a stimulatory effect on the
activity of all microorganisms, while magnesium has either a
slight stimulatory effect or none (Section 1.4). It was
thus of interest to study the effect of both elements on
enzyme activity of the strains isolated (magnesium is added
to the glycine buffer; see SIGMA Technical Bulletin no 104,
1974). Both elements were added as chloride salts to give a
final concentration of 2 mM Ca or Mg. The enzyme assay
(Section 2.81) was carried out on 13-16 day old cultures,
incubated under standard conditions (Section 2.52).
However, because of the complexity of the filtrate of the
growth medium the assay was confined to‘the cellular enzyme.
The addition of Ca stimulated the enzyme activity of all
strains, whereas Mg had an inhibitory effect (Table 6.11).
The degree of stimulation and inhibition wvaried from one
strain to another.

To see whether the effect of Ca was specific to
glycine-NaOH buffer (pH 10.5) another experiment was run.
In all cases Ca stimulated the enzyme activity, especially

at higher pH values (Table 6.12).

(iv) Effect of filter paper
In order to choose a filter to give an effective
separation of cellular and filtrable enzyme, five different

filters were tested. The results (Table 6.13) showed that
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TABLE 6.11 Effect of calcium and magnesium (2mM added as chloride salt) on the activity of
cellular alkaline phosphatase of the Iragi isolates; algae cultured in AD-N medium
with initial phosph_aru_sl concentration of 1 mg 11l p for 13-16 days at 32°cC;
90-120 umol photon m = s ~; continuous shaking; algal material collected on GF/C filter;
assay carried out under same culture conditions using glycine-NaOH buffer 0.05M,
pH 10.5 containing 0.1 mM MgClz)

Alkaline phosphatase activity (umol p-nitrophenol m—lh-l)
STRAINS
control + calcium + magnesium
Durham
Culture - - . —
No. X SD X SD % increase X SD % decrease
Anabaena cylindrica 582 2.86 0.17 4,29 0.28 50% 2.10 0.20 27%
Calothrix sp. 580 0.58 0.03 1.53  0.11 164% 0.34 0.04  41%
Calothrix sp. 583 1.50 0.12 2.16 0.10 44% 1.33 0.10 11%
Calothrix sp. 585 1.42 0.06 1.79 0.12 26% 1.19 0.04 16%
Cylindrospermum muscicola 579 0.55 0.02 0.90 0.01 64% 0.42 0.02  24%
Hapalosiphon welwitschii 581 0.78 0.05 1.00 0.02 28% 0.58 0.03  26%
Microcoleus chthonoplastes 634 0.14 0.01 0.17 0.002 21% 0.10 0.01  29%
Nostoc muscorum 584 3.25 0.37 4,25 0.34 31% 2.47 . 0.12 24%

Lve



Table 6.12 Effect of calcium (2 mM) on cellular alkaline phosphatase activity of

Nostoc muscorum D584 at different pH values and buffers.

D D e a0 G5 D D D D D O D D €D D D CD S5 3 D A D 425 D S D O D S0 o0 D D G0 A D D AD D aD O3 A G N el ) D £ A O LT3 G T AT A et e e O OO D 6 e o o A 2 D 3 D O A =D e D ex B0 o

pH bufferg molarity absorbance (410 nm)
(M) +Ca =Ca % increase

8.0 glycine-NaOH 0.05 0.27 0.31 15%
 tris-HC1 0.05 0.18 0.38 1118
BEPES-NaOf 0,01 0.36 0.40 11%
9.0 glycine-NaOH 0.05 0.31 1.11 258%
tris-RCl 0.05 0.35 1.16 23183
10.0 glycine-NaOf 0.05 0.37 1.20 224%
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Table 6.13 Cellular and filtrable alkaline phosphatase activity of Nostoc

muscorum using different filters (glycine-NaOH 0.1M pH 10.5 was used;
alga grown in AD-N for 15 days at 32 OC; 90—120)umol photon m_23-1~

4

continuous shaking)

D G . D DD D OO - e D e D D D D A D S e T D D A D D D S ) D D AT A A aD D T . D A A D D ) D D T D D D TR D D D D - — D D O D D D D D D - -3 D D - - -

jamol p-nitrophenol mi Tt

filtre cellular filtrable cellular+filtrable chl a (mg lal)
Millipore 0.22 jam 3.04 0.28 3.32 0.43

” 0.45 © 6.2 1.51 7.71 0.43

" 0.8 ° 6.91 7.93 14.84 ND#

w 1.2 °© 4,17 3.32 7.49 0.43
Glass fibre GF/C 7.75 8.87 16.62 0.49
Whatman No.l 10.34 13.07 23.40 0.52

o an D D D €D N S o D D D D D AP A D D D D €D 6D OO0 €O a0 D - -3 D - T A A C CD ) D Dm0 am C3 a3 O =D OO 0 mD a3 A A D S e D D 0 D e D O D - S D G0 O - D e e

# ND not determined
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the acivity of both enzymes decreased with the decrease in
pore size of the filter. The percentage recovery of
cellular + filtrable enzyme versus total of all strains
using 0.2 pm Nuclepore filter ranged between 20% and 50%.

(Table 6.14).

(v) Effect of centrifugation

The growth media of the relatively young cultures (16
days old with no obvious cell lysis) were collected and
centrifuged at different speeds (Table 6.15).
Centrifugation of the growth media at speeds up to 40000xg
for 30 min did not affect the activity of the enzyme.
However, centrifugation at 110000xg for 60 minutes reduced
the activity of the enzyme of all strains, though to
different degrees.

From the results of the Sections (iv) and (v) it was
decided to determine the activity of total and filtrable
(GF/C) enzyme only and calculate the cellular activity as

the difference fSection 6.2),



Table 6.14 percetage recovery of alkaline phosphatase activity of strains

isolated (grown for 13=16 days in AD-N at 32 OC; 90-120

pmol photon m°25—l; continuous shaking; glycine-NaOH 0.1 M,

pPH 10.5 containing 0.1 mM MgCl‘2 was used)

—— e D D D D R D D OO S D D D D £ £ o e D O S A A A - D M3 R SR wE MO R D D A3 D R D e D e O e e AT AT O £ IO 0D S S S D B e mD e ey SR R A D A (D e D D O D A

Jumol p-nitrophenol m1”" ‘™1
species Durham total cellular filtrable cell.+fil. Srecovery
code No.
Anabaena cylindrica 582 i.38 0.14 0.26 0.4 29%
Calothrix sp. 580 4.47 1.06 0.23 1.29 29%
Calothrix sp. 583 0.34 0.07 <0.,005 0,07 21%
Calothrix sp. 585 1.16 0.29 0.01 0.30 26%
Cylindrospermum muscicola 579 0.72 0.08 0.29 0.37 51%
Hapalosiphon welwitschii 581 0.17 0.01 0.05 0.06 35%

Nostoc muscorum 584 2.45 0.85 0.36 1.21 49%

OO0 o an 3 e 3 =D R R D D T - —— D K - S G W . h R D i - £ G CDe ACh S A AR e WD ST (TR O 4T O AT D O3 A ST A3 M KB CR O AT D et cm O e M D M XD AW D e T i e wmn




TABLE 6.15
natant of Iragi isolates cultures;_flgae cu
phosphorus concentration of 1 mg 1 P

NaOH buffer 0.1 M pH 10.5 containing 0.1 mM
30 min. in all cases except for 11000xg whi
carried out at 4°c)

Effect of centrifugation speed on alkaline phosphatase activity in the super-

ltured in AD-N medium with initial

for 16 days (329C; 90-120 pmol photon m 2
continuous shaking; assay carried out under same culture conditions using glycine-

MgCl,; the centrifugation time was
ch ran for 60 min., centrifugation

alkaline phosphatase activity (umol p-nitrophenol ml” ‘h™!)
Strains speed x lO3g
culture 5 10 15 20 10 110 T30 % 100
No.

Anabaena cylindrica 582 1.317 1.422 1.383 1.310 1.325 1.038 79¢%
Calothrix sp. 580 0.294 0.278 0.265 0.289 0.270 0.118 40%
Calothrix sp. 585 0.099 0.096 0.093 0.084 0.085 0.053 54%
Cylindrospermum muscicola 579 0.314 0.331 0.338 0.341 0.330 0.249 79%
Hapalosiphon welwitschii 581 0.462 0.518 0.456 0.448 0.481 0.336 73%
Microcoleus chthonoplastes 634 0.034 0.034 0.037 0.030 0.026 0.021 62%
Nostoc muscorum 584 1.037 1.092 1.052 0.954 1.007 0.635 61%
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CHAPTER 7. NITROGENASE ACTIVITY OF IRAQI ISOLATES

7.1 Introduction

Studies reported in the previous chapters provided
background about the effect of environmental factors on
growth of algal communities and on physiology of the
isolates. Experiments were therefore planned to investigate
nitrogenase activity of the isolates. The majority of the
experiments were carried out using axenic cultures.
However, preliminary experiments were carried out on

Microcoleus chthonoplastes and two bacterised cultures of

Lyngbya spp.

7.2 Nitrogenase activity of heterocystous forms

In addition to the eight bacteria~free cultures of

Iragi 1isolates (Table 2.,7), Calothrix parietina D550 was
included as a contrql in some experiments. Before making
comparisons between the strains, nitrogenase activity was
measured at intervals during the growth of the cultures of
three strains. This was done to determine the stage of
growth at which activity was at a maximum. Nitrogenase
activity of all the three strains showed a peak on day two
of the experiment (Fig. 7.1).

Nitrogenase activity of the other strains was

determined two days after inoculation. There were marked
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Fig. 7.1 Time course of the nitrogenase activity
(acetylene reduction) of Calothrix sp. D585,

Cylindrospermum muscicola D579 and

Nostoc muscorum D584: algae cultured in AD-N

medium with initial phosphorus concentration of

1 mg 17lp (32 °C; 90-120 pmol-

photon mn~2s~1; continuous shaking;

assay carried out for 60 or 120 min under
same culture conditions except when

110 + 10 pmol photon m™2s™1; n=4)
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differeces between the strains (Table 7.1). For instance,
the highest activity (strain D579) was about five times
greater than the lowest activity (strain DP580). Strains can
be arranged as below according to their nitrcgenase activity

from high to low activity.

D579>D581>D550>D584>D636>D582>D583>D585>D580

Literature reviewed in Section 1.51 showed that there
were large differences between strains in their response to
environmental factors. Because of enormous daily and annual
variation in the physico-chemical conditions of the study
area (Section 3.2), it was decided to study the effect of
environmental factors on nitrogenase activity of the

isolates.

(i) Temperature

Experiments were conducted ¢to study the effect of a
wide range of temperatures (Section 2.52) on the nitrogenase
activity (acetylene reduction) of two strains only. The
activity of both strains was very low at 10 ©°C (Fig. 7.2)
with a sharp increase in activity as the <temperature
increased to 20 and 30 ©C, respectively. Increasing the
temperature to 40 OCc however led to a slight increase in
the activity over 30 ©C. At 50 ©C the activity of both

strains was inhibited almost completely.
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Table 7.1 Nitrogenase activity (acetylene reduction) of Iragi isolates and

Calothrix parietina D550 as a control; algae cultured in AD-N medium

C; 90-120 pmol photon m'zs—l; continuous shaking;

for two days (32 ©

assay caried out for 60 min under same culture conditios except

110 + 10 pmol photon m2s™h

O . e > e S = i G S O M M S A - S MR s R M G A SR e M e R A mh e e S R A e S s E M e e M b R R M M A e M AN M . S e S S SN S e A e -

nitrogenase_?ctivipy

strains Durham (nmol C,H; pg chl a min_l)
culture No. x + SD
' Anabaena cylindrica 582 0.47 0.05
Calothrix parietina 550 0.60 0.08
Calothrix sp. 580 0.31 0.02
Calothrix sp. 583 0.43 0.02
Calothrix sp. 585 0.41 0.10
-Cy-lindrospermum muscicola 579 1.59 0.20
Gloeotrichia sp. 636 0.53 0.17
Hapalosiphon welwitschii 581 0.73 0.10
Nostoc muscorum D584 0.55 0.13
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7.2 Infuence of temperature on nitrogenase activity

(acetylene reduction) of Calqthrix sp. D585 (A)

and Nostoc muscorum D584 (B); algae cultured

in AD-N medium with initial phosphorus concentration

1

of 1 mg 17'p for 2 days (32 °C; 90-120 umol

photon mezsalg continuous shaking; pre-incubation
and assay periods were 60 min under same culture

condition except 110 # 10 mmol photon m°2s°1; n=4)
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(ii) Light quantity and quality

The influence of photon flux density and dreen light on
the nitrogenase activity (acetylene reduction) of the two
strains is shown in Table 7.2. The activity of both strains

was nearly saturated at the photon flux density of

2,1

100 pmol photon m™“s™—, Reduction of the highest photon

flux density by three fold (using a neutral density filter)
caused 31% and 41% reduction in the highest activity of
strains D585 and D584, respectively. Green 1light caused
only a slight further reduction in the activity over the
same light condition using a neutral density £filter. Dark
treatment on the other hand, reduced the highest activity of

pboth strains by about 80-70%.

(iii) Salinity

The effect of five levels of salinity (Fig. 7.3) on the
nitrogenase activity of two strains were tested. These were
acheived by adding sodium chloride directly and aseptically
to the cultures; cultures without added salts served as a
control. There was only a slight reduction in the activity
of both strains at the NaCl concentration of 0.05 M.
However, the activity of strains D584 and D585 was reduced
by 26% and 16%, respectively, at 0.1 M NaCl. At 0.5 M the
activity of both strains dropped below the detection limits
of thevmethod used in this experiment (0.003 nmol 02@4 ug"l

chl a min-1).



Table 7.2 Effect of photon flux density and green light on nitrogenase
actiVity (acetylene reduction) of Calothrix sp. D585 and Nostoc
muscorum D584; algae cultured in AD-N medium for 2 days (23 OC;
90—120'pmol photon m_zs—l; continuous shaking; the pre-incubation and

assay period were 60 min; neutral density and green filter, Section

2.52, were used for light reduction; n=4 in all cases)

e . D D D D D e D D D D D - D D D M Dy ) D - — > ) D - S D D D D D W > D D - —

-T
nitrogenase activity (nmol CZHQ- Hg chl a min l)
photon flux density ‘

-2 -1 Calothrix sp Nostoc
(ymol photon m “s 7) T _
pid bt SD b4 + SD
250 \ 0.54 0.03 0.51 0.18
160 0,62 0.11 0.42 0.03
‘100 0.57 . 0.05 0.40 0.08
75 .43 0.05 0.30 0.08
25 0.30 0.05 0.18 0.01
25 {green) 0.25 0.05 0.16 . 0,05
Dark 0,13 0.01 0.13 0.02

- —— D D AT D - - ——— D w3 ) D A D D AT D W D CEG ke kW e 53 3 VR D D D A D A o . A S S - —— " " - - — . - acn -



Fig.

7.3 Infuence of salinity on nitrogenase acivity

(acetylene reduction) of Calothrix sp. D585 (A)

and Nostoc muscorum D584 (B); algae cultured

in AD-N with initial phosphorus concentration

of 1 mg 1~1lp for 2 days (32 °C; 90-120 pmol

photon m=25=1; continuous shaking; pre-incubation

and assay periods were 60 min under same culture
conditions except 110 + 10 umol photon m“zsnl;

n=4 in all cases)

262




()

U

K}iaiyio  asouabodjiu

;1
!
T@I/ :
= |
|
o
= [
o .
& ol <
bﬁ]qaﬁ%Wsz QU

0L €5

NaCl

0-3
molar

005 01 02

0

o1 02 03 0& 05

0-05

263




264

(iv) Nitrogen sources

The two nitrogen sources tested were armmonium-nitrogen
(NH4=N) and nitrate nitrogen (NO3-N) (Section 2.44). The
sodium concentration of all media was adjusted with NaCl to
that of NO5-N  containing medium, Amnonium nitrcgen
inhibited almost completely the activity of 50% of the Iraqgi
isolates (Table 7-.3). The inhibitory effect of
nitrate-nitrogen, on the other hand, on the activity of the
strains was different. For instance, there was 55% and 95%
reduction in the activity of strains D384 and D579,
respectively. It 1is of interest to mention that there was
no appreciable change in the p# value of all media over the

experimental period (2days).

(v) Phosphorus

An experiment was carried out to study the effect of
phosphorus on the nitrogenase activity of Calothrix sp.
Dp585. Twelve days-o0ld cultures were used; this was chosen
because of low nitrogenase activity shown by the alga at
this stage of growth (Fig. 7.1l), but before the alga reached
the senescence stage of growth when any responses may be
reduced or delayed, Phosphorus was added at different

concentrations (Table 7.4); after 90 min alcal material was



PABLE 7.3 Effect of nitrogen sources on nitrogenase activity (acetylene reduction) of axenic
cultures of Iraqi isolates (heterocystons forms) and Calothrix parietina D550 as a
control; algae subcultured from AD-N into AD-N + NaCl; AD + NaNO.,; Ad+NH,Cl+NaCl

all with in]‘.tia]f phosphorus concentration of 1 mg 1-1p for 2 days (%ZOC; 90-120
umol phokonyﬁz 5continuous shaking; assays cafri?d out for 60 mins. under same
culture conditions except 110+10 umol photon m < s ~; n = 4),
| ' nitrogenase activity (nmol C,H chla'_l i .,1)
strains g Y n ofg w9 a min
Durham AD-N + NaCl AD + NaNO3 AD + NH4Cl + NaCl
CuthouIe X + SD X + SD X + SD
Anabaena cylindrica 582 0.51 0.11 0.17 0.08 0.02 0.005
Calothrix parietina 550 0.66 0.10 0.30 0.03 0.007 .  0.0005
Calothrix sp. 580 0.30 0.05 0.04 0.004 <0.003 -
Calothrix sp. 583 0.60 0.10 0.07 0.01 <0.003 -
Calothrix sp. 585 0.51 0.02 0.01 0.005 <0.003 -
Cylindrospermum muscicola 579 1.51 0.34 0.07 0.005 0.02 0.001
Gloeotrichia sp. 636 0.65 0.12 0.20 0.02 0.03 0.007
Hapalosiphon welwitschii 581 1.03 0.15 0.25 0.03 0.007 0.0004
Nostoc muscorum 584 0.60 0.04 0.26 0.05 <0.003 -

99¢
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separated by centrifugation and resuspended in
phosphorus-free medium and acetylene reducticn assays
(Section 2.81) carried out. There was a sligh® response to
the added phosphorus, but only at low concentrations (Table
7.4). The time course of the effect of the 5 mg 1~1p on
the nitrogenase activity of the same alga is shown in Table
7.5. Activity was reduced, although slightly, until 60 min

when a slight increase occurred.

7.3 Nitrogenase activity of non-heterocystous forms

In view of the fact that substantial populations of
non=heterocystoﬁs strains ocurred in the rice-field soil
(Table 4.3) and because many non-heterocystous strains have
been shown to possess nitrogenase activity under aercbic
and/or microaerobic conditions (Section 1.51) it seems
possible that the Iraqi strains might do so in the natural
environments. Acetylene reduction assays were applied for
the three non-heterocystous strains (Table 2.7). In order
to check that the experimental conditions were favorable for

nitrogenase activity Cylindrospermum muscicola D579 was

included as a control. ‘The non-heterocystous strains were
cultured initially in AD+N mpedium (Section 2.45); after
10-12 days they were subcultured into AD-N medium.
Acetylene reduction assays were carried out at two days

intervals for 12 days. There was no indication of
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0.005
0.01

0.02

0.05

0.10
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Effect of phosphorus concentration on nitrogenase acitivity (acetylen
reduction) of Calothrix sp. D585; alga cultured in AD-N medium with
initial phbsphorus concentration of 1 mg 1 P for 12 days (32 ‘%;
90-120 ymol photon s ; continuous shaking; the pre-incubation period
was 90 min after which the algé transfered to AD-P and assay carried

out for 60 mih under same culture condition except 110 + 10 mmol

-2
photon m s )
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Table 7.5 Effect of pre-incubation period after the addition of 5 mg l-'l POQ-P

- . - ———m a=

per-incubation

period

- on nitrogenase acitivity (acetylene reduction) of Calothrix sp. D585

;alga cultured in AD~-N medium with initial phosphorus concentration

of 1 mg 171 p for 12 days (32 °C; 90-120 pmol photon m %s™%;

continuous shaking; after each incubation period the alga was

-re~suspended in AD-N-P and assay carried out for 60 min under same

culture condition except 110 + 10 pmol photon m-zs—l)

- v AT S m . . ) A e A S O D M T S D eE . AR b AN A A S e D A e s A S i e TR e D WD AL D D R . e e D A > M

(min) x + SD
0.16 0.01
0.11 0.02
0.10 0.02
0.09 0.03
0.10 0.01
no
0.12 0.001 &

- A e ot > v AP > . . . A — " . - D = —n - —— i — — > R - ——— . A - . S e " S W= e b " — A —h - A - - - — ——
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nitrogenase activity by the non-heterocystous strains (Table
7.6). OUnder the same conditions nitrogenase activity was
evident with C. muscicola.

The absence of demonstrable nitrogenase activity of the
non-heterocystous strains studied in the experiment
described above led to the selection for purification of

Microcoleus chthonoplastes D634, This decision was taken

for the following reasons. The alga was one of the dominant
algae in the rice-field at the time of collection of the
soil sahple and under some laboratory conditions (Table
4.4); there was also evidence that some strains of the alga
do fix nitrogen (Section 1.51). After being purified the

alga was used in series of experiments designed to study

wgggpotential, if any, for the synthesis of nitrogenase.

(i) The results summarized in Section 5.5 showed that the
&ddition of sulphide to the mixed population 1led ¢to an
increase, although slight, in the growth of the
non-heterocystous strains, An experiment was therefore
carried out to see if the alga could grow in -N media when
enriched with sulphide. 1t was also decided to see the
effects of dark/light cycle and £flushing the media with
nitrogen gas (oxygen-free) as well as deaerating the media
with the same gas (Section 2.53). Two flasks were used for

each treament, one kept standing at



TABLE 7.6 Time course of nitrogenase activity (acetylene reduction) and chlorophyll a content of Cylindrospermum
muscicola D579; Microcoleus chthonoplastes D634; Lyngbyagestuarii D638 and Lyngbya sp. D639; algae
except Cylindrospermum cultured in AD+N m%di m with initial phosphorus concentration of 1 mg 17 PO,
for 10-12 days (32°C; 90-120 umol photon m - s ~; continuous shaking; they were re-subcultured into AD-N
with same phosphorus concentration and incubated under sgmelconditions; assays carried out for 60 min.
under same culture conditions except 110:10 umol photon m = s~

; n = 3)
strains
Cylindrospermum Microcoleus L. aestuarii Lyngbya sp.
time (day) nmol CZH4 nmol C2H4 nmol C2H4 nmol C2H4
chl a (mgl™!) wug chl a™! min™! chl a (mg1™d) wgonl a7l min™ il a mel™hH g ol amin™ . ohla (mol™hH wg chl a7 mint
X * 8D X * 8D X * SD X t SD X t SD x t SD . X * SD X * SD
x I

0 0.02 0.002 0.44 0.03 NR © NR NR NR NR NR
2 0.17 0.05 1.51 o0.20 0.89 0.35 0.003 - 0.41 0.05 0.003 - 1.05 0.03 0.003 -
4 1.45 0,113 0.57 0.03 1.03 0.11 " - 0.50 0.22 " - 1.02 0.06 " -
6 2.03 0.50 0.51 0.03 0.93 0.09 " - 0.3%9 0.15 " - 1.02 0.05 " -
8 2.03 0.25 0.42 0.01 0.7%9 0.09 i - 0.41 0.07 " - 1.02 0.01 " -
10 2.03 0.25 0.40 0.04 0.91 0.04 " - 0.38 0.02 " - 1.00 0.06 " -
12 2,03 0.50 0.23 0.05 0.86 0.04 " - 0.37 0.01 " - 1.00 0.04 " -

x
NR not run

oLC
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2,-1

50-60 pmol photon m~“s™~, the other placed in a mechanical
shaker at 10-20 pmol photon m=25=1; both were incubated in a
growth room of 32 ©°C. In all cases there was an initial
growth, which stopped after 2-3 days (Table 7.7). However,
growth was slightly better in cultures gassed with Ny, The
colour of the material inoculated changed gradually from

normal bright blue-green to green, greenish and finally

yellow or brown.

(ii) The above results indicated that the alga might fix
nitrogen at the beginning but eventually became limited by N
supply. There was also a possible limitation of CO0, supply.
Accumulation of O2 as a result of photosynthesis might lead
to inactivation or destruction of the nitrogenase. An
experiment was therefore, carried out in which the study
alga was subcultured into AD-N medium and enriched with one
of the following carbon sources, sucrose, carbonate and
bicarbonate. Sucrose was used because it was found that the
alga grew better when cultured in AD4N mediuvm enriched with
either glucose or sucrose (Table 7.8). Sulphide (0.01 mM)
was added, as Na,5.9H,0, at the beginning only in one set of
flasks or the other set daily. Alkaline pyrogylliol was
included in a separate container in the culture flasks, In
all treatments there was a slight growth but only for the

first 2-3 days of the experiment (Table 7.9).



Table 7.7 Effect of different enrichments on the growth of Microcoleus

chthonoplastes D634 in AD-N medium (32 °C; 50-60 or 10-20 pmol

photon mnzsulg shaking or standing; o = no growth bur alive, + = slight

growth, ++ = good growth)

time (day)
treatments 7 15 30
AD-N medium (control) + o o
4+ sulphide (0.01 mM) + o o)
¢ flushing with nitrogen + o) o
(oxygen £f£ree) at
beginning only
+ deaerated with nitrogen <+ o o
(oxygen free) for 60 min
once only
+ dark/light cycle + o) o

(12h:12h)

o 00 o o D £ ot A 3 D O D O OB 3 WD D A E G OB D D AT G0 D e D e Y R e ) SR L D e R D D A3 D KD e a3 e S £ B A AT w0 € AT a0 mn = D D A 42 3 D R D D G



Table 7.8 Effect of sucrose, glucose and DCMU [3-(3-4 dichlorophenyl) -1, -1

dimethyl Urea] enrichments in ap+N medium on growth of Microcoleus

chthonoplastes D634 after 10 days in the light and 21 days in the

dark (32 °c; 50-60 pmol photon mnzs—lg without shaking)

- 8 - i i S G N e = . - S Mn B e e e R AT e R AR M b A3 Em S R G v R M v e M . b D T e D N —n e S -G R CR

chlorophyll a (mg l_l)
treatmeﬁts light dark
X + SD X + 8D
AD+N (control) 0.80 0.04 <0.05 -
+ sucrose (0,01 M) 1.46 0.11 0.07 0,001
+ glucose (0.01 M) 1.19 0.02 0.05 0.001
+ DCMU (107 °M) 0.69 0.07 <0.05 -
+ sucrose + DCMU 0.72 0.06 <0.05 -
+ glucose + DCMU 0.76 - <0.05 -

D D - D S - D D S D D D D D O D S em D O SO R D D M SO e S T R R m 3 R WD G R e e s P S S - — = = M T i D - D AD D =D = o .

¢le



Table 7.9 COmparison of growth of Microcoleus chthonoplastes D634 after 7 days
in AD-N medlgm undei different enrichments; A9+N medium was used as
control (32 “C; 10 “5 or 50-60 umol photon m “s ~; without shaking;
0= no growth pbut alive, + = slight growth, 4+ = good growth; BBG =
bright blue-green, G = green, GH = greenish; YH = yellowish)

e D . D D D D D S D O D D e D D eD O R e S M e A W D A M D D S A AT A M D e R D D R AN AD D D D D D AT D D D D - - S D D

treatments photon flux density gumol photon m “s 1)
10 A5 50-60
AD-N (untreated, control) + (GH) + (GH)
AD+N (untreated, control) ++ (BBG) ++ (BBG)
AD-N deaerated with N,/ CO,at beginning
only and pR adjusted with NaOH
A, + alkaline pyrogallol + (G) + {G)
B. + sulphide (0.01 mM) added once only + (GH) + (G)
C. + sulphide (0.01 mM) added daily + (¥R) + (¥H)
AD-N deaerated with N, (oxygen free) at
the beginning only + sucrose (0.0l ™)
A. 4+ alkaline pyrogallol + (G) + {(G)
B. + sulphide (0.01 mM) added once only + {G) + (GH)
C. + sulphide (0.0l mM) added daily + (GR) + (¥8)
AD-N deaerated with N, (oxygen free) at the
begininng only + carbonate (56 mM)
A, alkaline pyrogallol + {G) +{G)
B. + sulphide (0.01 mM) added once only + (GH) + (GH)
C. 4 sulphide (0.01 mM) added daily + {(¥H) + {¥R)

AD-N deaerated with N, {oxygen free) at the
begininng only + bicarbonate
A, + alkaline pyrogallol +
B. + sulphide {(0.01 mM) added once only + (GH) + (GE)
C, + sulphide {(0.81 mM) added daily +

e T . D D D D o S D e N - - mm -t - ;e Dt s TP B A Fm e M D R WD . . = - R A m i T wm m . mm  am e  n = = -

e
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(iii) It was assumed that if the alga was not deficient in
carbon, nitrogen or phosphate before being subcultured into
mediuﬁ free from compbined nitrecgen and cultured at low
photon flux density. Under these conditions nitrogenase
activity might have been expected. Therefore the alga was
first subcutured into AD+N mediuvm with 0.01 M sucrose, 0.01
M  NaNO,-N, 0.3 mM FO,~P and incubated at 32 °C and
50-60 pmol photon m~2s~1 for 10 days. after this it was
transfered into AD=N médium without sucrose but phosphorus
was added at 0.03 mM, Elasks were incubated at
10-15 mpmol photon m~2s~1 and acetylene reduction assays
(Section 2.81) were carried out after 0, 15, 30, 60, 120 and
180 min and after 24, 48, 72 and 96 hours. In no case was

there any indication of nitrogenase activity.

(iv) It seemed possiblé that calcium might be required at a
high concentration for the nitrogenase ac”tivity of the
alga. When calcium concentration was increased from 18
mg 11 (in the normal medium Table 2.3) to 36 mg 171 no
response was found. Sodium was also suspected to be
required at high concentration. An experiment was therefore
set up in which the sédium concentration in AD-N medium was
increased to 0.1, 0.5 and 1.0 M Na using NaCl. There was no
growth in any of the concentrations tested. It was also

suggested that DCMU [ (3-3-4dichlorophenyl) =-1,1- dimethyl
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urea)] might be necessary for the inhibition of photosystem

I1 and thus activation of nitrogenase of the alga grown in
-5

-N medium. When this was added at a concentration of 10 M,

no growth occurred in -N medium, but growth was normal in +N

medium and DCMOU.

It is not possible from the results of the previous
experiments to rule out conclusively the ability of the alga
to fix nitrogen. It can be said, however, that the alga did

not show nitrogenase activity under the experimental

conditions tested. In addition, in a preliminary
experiment, the same alga showed positive nitrogenase

15
activity (acetylene reduction) (Table 7.10). The NQ

enrichment experiment, however, showed &that none of the
cultures tested were significantly enriched (Table 7.11).
The alga in these experiments were pre-incubated under a gas
phase consisting of 0.7 atm Ar, 0.2 atm Ny, and 0.1 atm CO,
for 17 h at 32 °C and 160 + 10 pmol photon m~2s1 with
continuous shaking. The assays were started by injection of
acetylene (0.1 atm) into one set of the flasks and%t:!l2
enrichment (30 atm% excess) into another set. Five £flasks
were used for each treatment. Flasks were re-incubated
under the assay conditions for 20 h. Nitrogenase activity
(acetylene reduction) was very low in comparison with other

nitrogen-fixing algae (Table 7.1) and the rates were highly



Table 7.10 Nitrogenase activity (acetylene reduction) of Microcoleus

-2

chthonoplastes D634 (32 °C; 110 + 10 pmol photon m~2s™1; continuous

shaking; 20h incubation)

D s . D D D A O O R D - D D D D D S D e e ATy M D T D D D D - D - D D - D . D D SR D W AD e D e D O _O D ST e e o o e

replicates nitrogenase activity (nmol qlﬂg‘pﬁichl a mlngl)
1 0.00045
3
2 0.000046
®
3 0.000027
4 0.000207
5 . 0.000240
X = 0.000194
SD = 0,000172

% rates <0.0005 did not show an increase in the amount
of C284 compared with the blank

Lie



15
Table 7.11 Nitrogenase activity (NZ assays) of Microcoleus chthonoplastes

C; 110 + 10 Pmol photon m-25°1; continuous shaking; 20h

D634 (32 ©

incupation; 30% atom excess enrichment)

o oh e D D - — — — D D ——— D . D D . . e = e

replicates WEN&enrichment
/5
_acetylene reduction N, assay
1 0.3614 0.3602
2 0.3604 0.3600
3 0.3608 0.3636
4 0.3581 0.3635
5 0.3632 0.3634
b4 0.3608 0.3621
SD 0.001842 0.001865

enrichment 0.0013

BlC
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variable, On the other hand, if <the difference in N2
enrichment is taken as 0.0013 atm% excess (Table 7.11), the
amount of N per flask as 953 pg (mean of 5 replicates), the
amount of chlorophyll a as 111 ug (mean of 5 replicates) and
C,f,: N, conversion factor of 3 (Stewart et al., 1968) then
the amount of N, fixed is eguivalent to
0.00003 nmol Czﬂqipgﬁl chl a min~L, This is comparable

with the minimum increase of CZHQ taken to be due to

acetylene reduction (Table 7.10).

279
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CHAPTER 8. DISCUSSION

8.1 Influence of environmental factors on algae in
rice-fields

It is clear from the expcrimental results given here
(Chapters 4 & 5) that changes in the environment can bring
about marked differences in species composition of a single
sample from the rice-field in the marshes.

The algal flora revealed in laboratory cultures was
much richer than that found by direct inspection of the
sample or that developed in the wet sample after two weeks
incubation at 32 °C and 30-40 pmol photon m~2s”1 (Tables

4.1, 4.2 4.3). A similar effect has been found by other

/
workers, who have reported that direct inspection of natural
samples (soil . or water) usually reveals very low numbers of
-species compared with enrichment cultures (Allen and
Stanier, 1968; Fogg et al. 1973; Round, 1975).

In the present study almost every factor showed a
selective effect on the growth of different taxa (Table
4.4). At low temperature, for example, algae other than the
blue-greens were abundant, espécially in cultures enriched
with combined nitrogen. As the temperature increased to
25 °C or more heterocystous blue-green algae dominated -N

cultures during the early stages of growth. However after a

period of akinete formation by some of theses species,
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non-heterocystous filamentous forms came to dominate o014
cultures, Patrick(1969), who studied the algal commmunities
of the Sabine River in the ©Onited States of America,
mentioned that green algae tend to grow best at temperatures
lower than that of the blue-green algae but higher than that
of the diatoms. Rratz and Myers (1955) suggested that
Llue—green algae may have a temperature range significantly
higher than that of most other algae. Fogg (1956) mentioned
that the temperatures which blue-green algae are able to
tolerate are much higher than those of other groups obtained
from similar environments. The growth of eukaryotic algae
has been found by Allen and Stanier (1968) and Antarikanonda
and Lorenzen (1982) to be completely inhibited at 35 °C in
cultures free from combined nitrogen. The highest
temperature at which growth of blue-green algae occurred was
40 °Cc and no blue-green algae developed at 45 Oc (Allen and
Stanier, 1968). In the present study the highest
temperature at which growth occurred, although only for a
very short period, was 48 ©C. However, substantial growth
occurred at 45 °C (Fig. 5.1). On the other hand, the lowest
temperature at which algae grew was 10 ¢, yet several forms
were found alive at 5 ©C. According to Fogg et al. (1973)
blue-green algae show a wide distribution along the
temperature gradient from polar regions to hot springs of up

to 73 ©°C. In the rice-fields of the study area, enormous
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diel and annual temperature variations are common, with
temperatures dropping to nearl§ freezing in the winter and
rising to 50 Oc on the soil surface in summer (Section 3.2).
During the peak flood of the Tigris and Buphrates,
March-May, rice is planted in the fields which are covered
by water, The recorded wéter temperature during most of the
cultivation period in the rice-fields and the surrounding
marshes ranged between 24-29 Oc (aAl-Raisi, 1976; Maulood et
al., 1981; Al-Saadi et al., 1981). This range favours the
growth of the blue~green algae, as they tended to domirate
cultures grown at or above 25 Oc and more in the present
study. At the end of the period of rice cultivation the
soil dries out and after harvest is exposed to direct
sunlight and temperatures between 40 and 50 °C may occur.
According to the result of the present study nitrogen-fixing
blue-green algae grew well up to 45 Oc (Fig. 5.1).

The ability of two of the major nitrogen-fixing
blue-green algae found in the present study to form akinetes
at 45 ©C (Section 4.3) may enable them to resist the extreme
temperatures that occur in the rice~fields and act as
inoculum for the next cycle o0f rice-cultivation.It was

found, for éxamplep that the spores of Cylindrospermum

muscicola can be kept alive for three years in completely
dry conditions at 32 ¢, The green algae most commonly

found in the present study, Chlorococcum and Ulothrix, are
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known to be members of the soil algae (Bold and Wynne,
1978). The former usually grows luxuriantly in liquid
medium (Archibald and Bold, 19790).

The algal flora of the sample under investigation
showed marked response to changes in the light conditions
(Table 5.1). At the lowest photon flux density
(15-20 pmol photon mzzsﬂl)/ non-heterocystous blue-green
algae were dominant in +N medium, increasing the photon flux
density to 50-120 mmol photon n~2s™l 1led to a marked
increase in the growth of the heterocystous blue~green
algae. At the highest photon £lux density used
(200-250 mmol photon m”29°1) blue-green algae dominated the
cultures at the beginning but they quickly underwent

chlorosis in +N medium and were replaced by other forms of

the green algae (mainly Scenedesmus and Chlorococcum).

Although certain blue-green algae are tolerant of high light
conditions (Traore et al., 1978; Nordin and Stein, 1980) the
majority are generally light sensitive and usually regarded
as low light forms (Brown and Richardson? 1968y, The effect
of different 1light conditions on the growth of green and

t al.,

blue-green algae was demonstrated by the work of Mux

(1978) who grew the blue-green alga Oscillatoria agardhii

with the green alga Scenedesmus protuberans in continuous

culture under different photon flux densities. They found

that the former grew better and dominated the culture under
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=2
low 1light conditions (1 Wm ¢ or élpmol photon m'zs“l)

while the latter grew better and dominated the culture at
the highest light condition tested (39 W Eg c or
156‘ymol photon m°25°1)° Several workers have found that
the light level at which half-maximum growth rate is reached
for a number of blue-green algae is low compared with green
algae (van Liere and Mur, 1980). However, different species
of blue-green algae have different light requirements (van

Liere and Walsby, 1982). Thus Foy and Gibson (1982) found

that Oscillatoria species were more efficient in harvesting

low light irradiance than species of Anabaena and

Anabaenopsis. Zevenboom and Mur (1980) suggest that even in
O'ni&ka&e
the presencey nitrogen-fixing blue-green algae have a higher

light requirement than that of non-nitrogen-fixing forms,
Because of the pigment composition of blue-green algae,
certain forms can undergo a complementary chromatic
adaptation which enables them to utilize different
quantities and qualities of 1light (Brown and Richardson,
1968) ., For example, the development of c-phycoerythrin
under green light can be used to scavenge the green 1light
unused by most of other algal groups (van Liere and Walsby,
1982). The use of green light enrichment led to a marked

increase in the growth of Gloeotrichia sp. D636, yet no

critical experiments were carried out to test the effect of

green light on the growth of this alga and other isolated
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strains. In natural conditions algae normally experience
alternating light and dark periods. Testing this factor did
not show any major changes in the species composition,
although a slight increase in the chlorophyll a content was
found (Fig 5.4). Applying the results of the effect of
light on the species composition to the natural condition of
the rice-fields may give an impression that green algae are
expected to be dominant in the rice-fields at the early
stage of rice planting, because of the high photon flux
density and little shading by rice plants. However, as the
rice plants grow the 1light condition may be gradually
reduced, favouring the growth of the blue-green algae as was
found in many rice-fields elswhere (Section 1.22). This may
also explain the dominance of blue=green algae 1in the
rice-field at the time of soil collection (Al-Mousawi and
Whitton, 1983) where the rice plants form a dense vegetation
in the field (Fig. 3.5).

Increasing salinity led to a decreasing number of algal
species (Table 5.3), but even et salinities well above sea
water (1 M NaCl, 58.44% ), several blue-green algal species

survived. At 0.5 M NaCl (29.22% Nodularia hazveyana

dominated almost all of the cultures, However, it was
completely absent from cultures enriched with 0.1 ™M NaCl
(0.58% ). The contrast between the abundance of N.harveyana

at 0.5 M and its absence at 0.1 M was striking, Presumably



it was unable to compete effectively with Anabaena,

Cylindrospermum and Nostoc at the lower salinity. Nordin

and Stein (1980) mentioned that moderate salinity is
essential for the growth of Nodularia spp. Toward the end
of the present study it was found that Anabaena (probably A.

oscillarioides) grew well at 1 ‘M NaCl enrichment and

dominated the algal flora which included in addition to the

A. oscillarioides two non-heterocystous filamentous

blue-green algae (Lyngbya > 1 2 pm and Arthrospora sp.).

Several workers have found that Anabaena spp. are one of the
genera of blue-green algae commonly found in saline soil and
several other species show an absolute requirement for
salinity for their growth (Section 1.22). The effect of
salinity on the algal flora (mainly blue-green algae) showed
that algae can be divided into two ggoups. These are a low
salinity group which includes most of the strains identified
in the present study (Table 5.3) and a high salinity group
which includes three heterocystous forms and two
non-heterocystous forms. The first group is most likely to
be found in the rice-fields at the period of £flood, where
low salinity water (Maulood et al., 1979) covers the
rice~-field. The second group is most likely to grow better

in the so0il which was characterized by moderate to high

salinity (Buringh, 1960; Al-Kaisi, 1976).
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The algal flora of the soil sample showed only slight
changes after enrichment with the reducing agent (sulphide),
which led to a slight increase in the growth of

non-heterocystous forms (mainly Microcoleus chthonoplastes).

Heterocystous forms responded differently, with

Cylindrospermum appearing very sensitive and Nostoc linckia

more resistant. Howsley and Pearson (19281) found that
heterocystous blue-green algae were the most sensitive to
sulphide inhibition, unicellular types were the least
sensitive, non-heterocystous filamentous forms being
intermediate. Kashyap et al. (1983) found large differences
between a group of heterocystous blue-green algae in their

tolerance to the sulphide enrichments with Nostoc calcicola

being the most tolerant species. Al-Kaisi (1976) -mentioned
that during July and August hydrogen sulphide can be smelled
frequently in the rice-fields of the south eastern marshes
of Iraq. This may indicate that reducing conditions are
widespread in the rice-fields of these marshes and that
non-ﬁeterocystous blue-green algae are likely to consist of
a significant part of the algal flora and contribute to soil
fertility since 1large numbers of them are known to fix
nitrogen under microaerobic or anaerobic conditions (Section

1.5). This may explain the dJdominancy of Microcoleus

chthonoplastes beside Nostoc muscorum in the field

(Al-Mousawi and Whitton, 1983)




Enrichment of culture media with combined nitrogen 1led
to the dominance of algae other than the blue-greens at low
temperatures (Table 4.h), At high temperatures
non-heterocystous filamentous blue-=green algae became
dominant. Similar observations were reported under both
laboratory and field conditios (Section 1.22). In the
present study combined nitrogen was added at a high
concentration (140 mg 171 NO;~N), a concentration presumably
seldom found in the field. However, it was added on the
assumption that yield under laboratory conditions is not
likely to exceed 2 g 1-1 dry weight and about 7% of the
algal dry weight is nitrogen (Section 2.45). Under these
conditioins algae other than nitrogen-fixing blue-green
algae are not likely to be limited by nitrogen supply.

An increased phosphofus concentration caused a decrease
in the total number of taxa (Fig. 5.7). Among the
blue-green algae inhibited by high phosphorus concentration
were Calothrix SpPP- » while other algae, €.9.,

Cylindrospermum, Anabaena and Nostoc grew better and

dominated éultures with high phosphorus. The inhibitory
effect of high phosphorus concentrations on the growth of
several blue-green algae was menticned in Section 1.3. 1In
the present study (Section 6.2) one of the Calothrix spp.
(Calothrix sp. D585) accummulated more phosphorus than

Cylindrosperemum and Nostoc (Figs. 6.7, 6.8 & 6.9). This
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may indicate that Calothrix species spend much of their
energy on the uptake and storage of phosphorus and hence

grow slowly while other forms, like Cylindrospermum spend

much of their energy in cell division and reproduction using
less phosphorus and. dominating the cultures where factors
other than phosphorus will limit the growth of Calothrix'
species. In the earlier parts of the present study it was
noticed that the heterocystous blue-green algae dominated
almost all of the cultures at high temperatures (30j45 ¢y,
This was unexpected as the presence of a nitrogen source is
known to enhance the growth of algae other than the
blue~greens at low temperatures and non-heterocystous
blue-green algae at high temperatures (Section 1.22).
However, in the older cultures non-heterocystous forms
dominated the cultures enriched with combined niterogen.
Knowing that in the earlier stage of growth phosphorus was
added as 44.5 mg 171 p and nitrogen as 140 mg 171 NO;-N
give NIP loading ratic by weight of about 3. When the
phosphorus concentration was reduced to 2.5 mg 17l g
(Section 5.7) and the nitrogen concentration remained the
same the ratio wentup to 56. Several workers have found
that an N/P loading ratio below S favoured the growth of
heterocystous forms (Schindler and Fee, 1974; Schindler,
1975,1977) while a loading ratio greater than 5 supports the

growth of non-nitrogen-fixing forms (Brunskill, 1973).



290

The species composition of the soil sample showed
several features of particular interest. For example, apart
from low temperatures and high light condition enrichments,
blue~green algae dominated almost all the cultures. The
total number of species (Table 4.5) also showed that
blue-green algae were overwhelmingly predominant. Al-Raisi
(1976) found that blue-green algae comprise 86% of the total
number of algal taxa identified during July and August in
the rice-fields of the south east marshes of 1Iraqg. These
results are tov be expected since most of the common
ecological requirments of blue-green algae (Fogg et al.,
1973; Fay, 1983) are available in the rice-field studied
(Sections 1.2,3.2). In addition the sample was collected in
September from the margin of the rice-~field (Section 3.3)
where the dense growth of rice plants (Fig. 3.5) may have
reduced the photon flux density and favoured the growth of
blue-green algae (Section 1.22). This was evident from the
dense growth of presumably nitrogen-fixing blue-green algae
seen in the field (Al-Mousawi and Whitton, 1983). Hlowever,
the total number of blue-green algal species identified is
relatively small compared to the total number found in the
general survey of Al-Kaisi (1976).

The complete ébsence of diatoms in the sample studied
was unexpected. Diatoms are widely distripbuted in the

rice-fields (Al-Kaisi, 1976) as well as the surrounding
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marshes (Pankow et al. 1979; Hinton and Maulood, 1980;

Maulood et al., 1981). The possibility that their growth

was limited by the absence of silicate in the basic growth

medium used (Tables 2.2 , 2.3) was eliminated by the use of

a silicate-containing medium (Chu %OE%‘Tables 2.2 5, 2.3).
fAowever, most of the diatoms are very thinly coated with

mucilage (Round, 1975) and are probably in general less
tolerant of desiccation (Lund, 1962; Trainor, 1970).

The number of green algal taxa found in the present
study was also 1low compared with field studies of the
rice~-fields and the marshes of Al-Raisi (1976) and Maulood
et al. (1981). No doubt one of the factors responsible was

the fact that the sample was collected during part of the
year when temperatures were very high (Section 3.2), a

factor known to inhibit the growth of green algae (Section

1.22).

(ii) Growth of algal community

The growth rate and growth yield (chlorophyll a
content) of the mixed population responded differently to
the effect of the environmental factors studied. However,
although the ecosystem inside the culture flasks was very
complex and too much emphasis can not be placed on small
differences, several aspects seem to be established clearly.

For example, initial growth was always faster in +N medium,
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particularly at low temperatures (Fig. 5.1) and low light
conditions (Fig. 5.3); initial growth was also faster the
higher the temperature (Fig. 5.1). Of particular interest
is the apparent contradiction between results of Fig. 5.1
and Fig. 5.3. Thus, the yield of mixed populations at 35 °C
(Fig. 5.1) showed a higher value in -N medium than in +N
medium., This experiment was carried out under a photon flux

zs”lo Under the same

density of 90-120 pmol photon m~
conditions (Fig. 5.3) the yield is higher in +N medium than
in =N medium. As mentioned above in the earlier experiments
(Fig 5.1) the N/P loading ratio was about 3, which favoured
the growth of the heterocystous blue-green algae, while in
the later experiments (Fig. 5.3) this ratio was 56, which
favoured the growth of non-heterocystous blue-green algae.

The main heterocystous blue-green algae

(Cylindrospermum, Anabaena and Nostoc) in the earlier

experiments show akinete formation in +N medium earlier than
in ~N medium. Rapid growth and fast spore formation is
often associated with the addition of an exogenous nitrocgen
source (see Nicholas and Adams, 1982 for references). The
characteristic features of the growth yield of mixed
populations under most of the environmental factors studied
is a progressive increase to a peak value followed by a
gradual or sharp drop. The size of this peak and the

duration of the subsequent drop were affected differently by
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the variuos factors. For instance, growth yield continued
to increase to the end of the experimental period of 30 days
in several experiments, 15 Oc (Fig. 5.1), low photon flux
density (Fig. 5.3) and low phosphorus concentration (Fig.
5.6). Microscopical inspection showed that several biotic

factors (mainly protozoa) were apparently responsible for

the decrease in the size of the growth vyield in old.

cultures, Their sparse occurrence at 15 oc probably
explains why the maximum yield reached in +N medium was at
this temperature. Antarikanonda and Lorenzen (1982) found
that the main contaminants of the algal cultures from the
rice-field soil in Thailand are bacteria, fungi and amoeba.
Effects of biotic factors on the blue-green algae in the
rice-fields were mentioned in Section 1.22.

In addition to biotic factors, both physical and
chemical factors played important roles in determininig the
yield of the mixed population. Increasing the temperature
to 40 and 45 ©C, for example, led to a reduction in the
yield (Fig. 5.1). Microscopical inspection showed that the
higher the temperature the éarliez the spore formation.
Wdlk (1965) and Fernandes and Thomas (1982) have reported on

the enhancement of spore formation in Anabaena cylindrica

and A.torulosa with increasing temperature. In the present
study in +N medium yellowing of the Oscillatoriaceae species

took place rapidly at high temperature.



294

In general the growth of mixed population increased as
the photon flux density increased (Fig. 5.3). However, the
highest yield was found at a photon flux density of
50-60‘pmol photon m~2s-1, Increases in the chlorophyll'
content of photosynthetic algae under low light were found_
by several workers (Brown and Richardson, 1968; Foy and
Gibson, 1982). At the highest photon flux density
(200-250 pmol photon m“zs°l) reduction of the yield was
evident. This may be due to photodestruction of the
chlorophyll content of thé algae, a phenomenon commonly
. observed both in field and laboratory studies under high
light conditions (Abeliovich and Shilo, 1972; Eloff et al .
1976) . Belay and Fogg (1978) found that photooxidation of
photosynthetic pigments increased as the temperature
increased.

‘The yield of the mixed population was hardly affected
at the low salinity (0.1 ™M NaCl). However, increasing
salinity tq 0.5 M led to 2 large reduction in the yield
(Fig. 5.5). The vyield, however, is slightly higher in +N
medium which may indicate sensitivity of nitrcgen fixation
processes to the salinity more than other aspects of algal
metabolism (Whitton and Sinclair, 1975).

Increasing the phosphorus concentration from 0.5 to

44.5 mg 1”1 p led to an increase in the yield of the

mixed population (Fig. 5.6). However, the yield of the
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mixed population at the highest phosphorus concentration
dropped rapidly. This may be due to the rapid growth of the
mixed population at this high concentration which may have
led to the development of mutual shading (Antarikanonda and
Lorenzen, 1982) or a nutritional factor other than
phosphorus becoming limiting to the growth of the algae. On
the other hand, the rapid drop of the yield at the lowest
phosphorus concentration is most probably due to phosphorus
deficiency, a factor known to enhance spore formation in
many of the blue-green algae (Section 1.33).

Comparison of the results of the effect of the
environmental fators on the yield of the mixed population to
what would be expected 1in the field is of particular
interest. Thus temperature is not 1likely to play an
important role in determining the algal yield during most of
the cultivation period when rice~fields are covered with
water. This was based on the temperature data of the water
which show 1little wvariation during most of the growing
season of the rice plants (Al-Saadi et al.,1981). It may
have an important role as the soil dries out and large
variations occur (Section 3.2). Light on the other hand,
may be the most important factor determining the size of the
yield during the cultivation period. At the beginning, high
photon flux density was expected which may have a

deleterious effect, but as the rice plants grow and form
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dense vegetation (Fig 3.5) a reduction in the light quantity
occurs which could increase the algal yield. As in the case
of temperatu;e, salinity may have either little or no effect
during the flood period where low salinity water covered the
rice-fields (Section 3.2). BHowever, as the soil dries ougt,
and especially after harvest, high salinity in the soil
surface accompanied by high temperature and high photon flux
density may severly reduce the algal yield. The lack of
sufficient data on the concentration of different phosphorus
fractions makes it difficult to comment on the role of
phosphorus in determining the size of algal yield (Section

8.2).

8.2 Influence of phosphorus

Little is known about the phosphorus status in the
marshes around the rice-fields and there are no data on the
phosphorus content of rice-field soils., Therefore, study of
the physiological behaviour of a relatively large number of
strains isolated from the rice-fields is of a significant
importance (Whitton and Carxr, 1982). In the present study a
special effort was given to bring into culture the main
strains of blue-green algae.

The growth rate of the strains isolated showed marked
differences (Table 6.2) with some strains growing quite fast

(mean doubling time 13-19h) and others very slowly.



Generally, Rivulariaceae strains had the lower growth rates.
The different culture conditions in which the individual
experiments were carried out make it very difficult to
compare the results with those repor ted in the
literature.however, the mean doubling time for Anabaena

cylindrica D582 was 15 h (Table 6.2); is similar to that for

the same species (14.1 h) found by Weare and Benemann
(1973). Peterson and Burris (1976) found that the mean
doubling time of Anabaena 7120 wunder nitrogen-fixing
conditions is 12 h. Recently much faster growing strains of
Anabaena have been 1isolated from rice-fields elsewhere
(Antarikanonda and Lorenzen, 1982; Chen, 1983). However, it
is worth mentioning that the growth rate of the strains
reported in the literature are those under the optimum
growth conditions. The growth rates of the strains isolated
may be much higher if studied under their optimum
conditions.

There are several approaches to the identification of
growth-limiting nutrients. None of ¢them is ideal and
applicable for all conditions (Healey, 1973, 1978). Two
main approches were applied in the present study. The major
morphological changes associated with phosphorus deficiency
are the stimulation of akinete formation and reduction of
heterocystous frequency in spore forming heterocystous

strains (Section 4.5). Strains (D585, D636) also showed a
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marked increase in the sheath material. The only hair
forming strain D636 -‘showed an increase in hair formation
under phosphorus-deficient conditions. The level of
cyanophycin granules was found to increase slightly or
markedly in all of the strains studied. These morphological
changes are similar to those reported in the literature
(Section 1.33). |
Several physiological changes took place under
phosphorus-deficient conditions. Three strains were used
for detailed study. They responded to phosphorus deficiency
by a reduction in growth rate (Table 6.1), change of
chlorophyll a and dry weight content (Table 6.3, Figs 6.1,
6.2, 6.3), development of phosphatase activity (Figs 6.4,
6.5 , 6.6) and changes of cellular phosphorus content (Figs
6.7, 6;8 s 6.9). In all of these physiological changes
differences between strains were evident., These differences
were more obvious with respect to phosphatase activity and
the cellular phosphorus content of the strains. The
cellular phosphorus content at which detectable cellular
alkaline phosphatase activity developed for strains D585,
D579 and D584 was 18, 8 and 36 ug P mg=l dry weight,
respectively. According to Healey (1982) the approximate
limits for P-deficiency and P-sufficiency in the blue~-green
algae are <4 and >7 pg P mg’l dry weight, respectively.

Livingstone et gl; (1983) found that Calothrix parietina
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D550 developed alkaline phosphatase at a cellular phosphorus
content of about lolpg ﬁ?’dry weight, the extremely high
cellular phosphorus concentration at which strain D584
developed phosphatase activity (36 ng mg“l dry weight) may
be an indicator of the constitutive rather than inducible
enzyme in this strain. None of the three strains studied
release appreciable amounts of organic or inorganic
phosphorus to the growth medium throughout the time course
of the experiments (Tables 6.6, 6.7, 6.8). Similar results
were found for some prokaryotic and eukaryotic
microorganisms (Section 1.31)

Alkaline phosphatase assays of other strains showed
that they all have cellular and extracellular enzyme ( Table
6.11). The extracellular enzyme was found to be, at least
partly, a true soluble enzyme (Table 6.16). The pH optima
of both cellular and extracellular enzyme of the isolated
strains 1lie between 9-11 (Figs 6.10-6.17). The activity of
the cellular enzyme is stimulated by ca*t and inhibited by
Mg"'+ (Tables 6.12, 6.13). The characteristic features of
the alkaline phosphatase of the strain isolated are similar
to those reported for other algae (Kuenzler and Perras,
1965; Healey, 1973:; Ddonan and Jensen, 1980). However the
inhibitory effect of Mg++ was unexpected . Magnesium was
found to have either no or a slight stimulatory effect on

the alkaline phosphatase of several blue-green algae
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(Section 1.4).
Apart from strain D582 which could not grow when
phosphorus was supplied in the form  of inositol

hexaphosphate (phytic acid) all other strains grew well and

~utilized a wide range of phosphorus sources (Table 6.9).

The phosphorus compounds tested were fairly stable under the
experimental conditions (Table 6.10). However, the soluble
reactive phosphorus detected in the solutions of all of the
phosphorus compounds might be a result of the effect of the
acidic reaction environment during analysis of phosphorus
(Stainton et al., 1977). Similar observations were made by
Chu (1946) and Potman and Lijklema (1983). Fogg (1973)
mentioned that due to the possession by algae of surface
phosphatases they can utilize phosphorus from sources other
than orthophosphate.

The ability of the strains isolated to utilize a wide
range of phosphorus compounds is of special ecological
importance. This is because the concentration of phosphorus
(PO,-P fraction) in the marshes and presumably in the
rice-fields during peak flood, is rather low (Maulood et al,
1979, 1981). The organic phosphorus content may be high,
especially in the rice-fields, where large amounts of
organic matter were noticed by Al-Raisi (1976). The present
results of organic and anhydrous phosphorus utilization and

phosphatase activities indicated that one beneficial effect
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of blue-green algae on rice plants may be the mineralization

of organic and anhydrous phosphorus sources.

8.3 Nitrogen fixation in the rice-fields

Various reports indicated that blue-green algae may be
important agents in maintenance of the nitrogen balance of
soil in rice-fields (Section 1.5). The time course of the
nitrogenase activity of three strains showed a peak after 2
days from culturing followed by a gradual decrease in the
acivity (Fig. 7.1). As mentioned above, the cellular
phosphorus content of the same strains showed a similar
sequence (Figs 6.7, 6.8, 6.9).

The nitrogenase activity (acetylene reduction) of the
strains isolated was in the range of
0.31-1.59 nmol Cpa, ug™' chl a min~1 (Taple 7.1).

Some comparison can be made with other literature
assuming a typical blue=green algal cell during a
logarithmic growth phase consist of 50% of dry weight as
protein (Collyer and Fogg, 1955) and 1% as chlorophyll a
(Fay, 1969). In wvivo nitrogenase activity (acetylene

reduction) in the laboratory is in a typical range of 1-10

1 1

nmol C,8, mg protien min~ (Stewart, 1973b) (i.e.

1)o Accordingly the

-1 . -
0.05-0.5 nmol CZHA Mg chl a min
results obtained in the present study are within and scme

even higher than those mentioned above. Similar results
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were found by Antarikanonda and Lorenzen (1982) for several
strains of blue-green algae isolated from rice-fields in
Thailand (8-20 nmol C,8, mg~l protein min~l) (6.4-1.0 nmol-
‘pg'l chl a min~l) assays carried out at 37 ©C.  Chen(1983)
found that nitrogenase activity of three Anabaena stzains-
isolated from rice-fields in Taiwan ranged between

1 when assayed at 32 °cC.

0.7-2.3 nmol C,g, ng™" chl a min”

The results of the effect of environmental factors on
the nitrogenase activity of some isolates (Figs 7.2, 7.3;
Table 7.2) showed that only extrem conditions have an
inhibitory effect. These conditions are not likely to be
found in the field during most of the cultivation period of
rice plants(Section 3.2). However, the effect of combined
nitrogen (Table 7.3) showed that some strains, e.g. D584
has relatively high activity when combined nitrogen was
supplied as nitrate, although a very high concentration was
used. These results are important since the need for
blue-green algae strains capable of fixing nitrogen under
conditions riche in combined nitrogen is ecologically
important (Stewart, 1973a).

The results of nitrogenase activity of Microcoleus

chthonoplastes under microaerobic conditions (Table 7.10)

are also important since this alga is dominant in the field
where microaerobic and/or anaerobic conditions likely to be

prevalent due to the presence of sulphide (al-Kaisi, 1976).
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However, the high variation in the results may be due to the
relatively short incubation period (37h). Several workers
have found that long incubation period (72-120h) is required
for active nitrogenase activity of non-heterocystous strains
of blue-green algae to develope measurable nitrogenase
activity (Stewart and Lex, 1970; Renyon et al., 1972).

The abundance of Nostoc muscorum in the field sample,

and the presence of at 1least 17 other heterocystous
blue-green algae in the small sample (1 g} used for the
present study, together suggest that blue-green algal
nitrogen fixation is likely to play an important role at
this site.

8.4 Concluding remarks

1. The present study showed that the soil sample studied is
relatively rich in algae compared to the field reports on
the same area. Thus, it is likely that the algae identified
constitute an important proportion of the field flora.

2. Blue-green algae overwhelmingly dominated the algal
flora of the sample and consisted of 71.5% of the total taxa
identified. This is in agreement with the known
environmental features of the study area which favour the
growth of the blue-green algae.

3. Heterocystous, and presumably nitrogen-fixing blue-green
algae constituted 50% of the total blue-green algal taxa

found in the sample. These algae dominated cultures 1laking
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combined nitrogen under most of the environmental factors
tested,

4. Of the environmental factors studied; light is likely to
play an important role in the early stage of rice
cultivation when the rice-fields were covered by

water., Temperature and salinity would be critical at the
later stages and after harvest harvest, when the soil dries
out and high temperature and salinity occurs.

5. The ability of Nodularia harveyana and Anabaena

oscillarioides to grow at high levels of salinity 1is of

particular importance in an area where salinity is the major
agricultural problem. These organisms require further
study.

6. It seems likely that alkaline phosphatase activity and
organic and unhydrous phosphorus utilization are important
phenomena in the field. One of the beneficial effects of
algae in the rice-fields may be the mineralization of
phosphorus compounds.

7. Active nitrogenase activity of heterocystous forms,
together with the ability of some of these strains to
produce akinetes suggested that these strains are capable to
withstand the extreme environmental conditions could and act
as an inoculum for the next cultivation cycle.

8. There is an urgent need to study the role of algae in

" these fields over a whole vyear, Thus, it could be




305

established whether changes in cultivation practice could be
used to increase the phosphorus and nitrogen'status of the
soil for both rice plants and winter crops without the
necessity to introduce chemical fertilizers of these

essential elements.
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SUMMARY

1. An intensive laboratory study was made of algae in one
soil sample taken from a small area in a field of relatively
mature rice in the southern marshes of Iraqg.

2. From this sample 49 species were identified after various
enrichment culture techniques as opposed to 11 by direct
microscopic inspection of a wetted sample.

3. 35 species were Cyanophyta, 12 Chlorophyta, one
Euglenophyta and one Xanthophyta. 18 of the Cyanophyta were
heterocystous.

4., Detailed descriptions were made of the major blue-green
algal species both in mixed populations and when brought
into clonal and/or axenic culture., These descriptions were
based both on growth under standard growth conditions and
under a range of phosphorus and nitrogen enrichments. Many
of the strains 1isolated showed marked morphological
variability.

5. The effects of a wide range of environmental factors
likely to be important in the field were tested on mixed
populations (commencing with 5 mg of thoroughly mixed soil).
6. Increase in algal biomass was negligable at 5 Oc. at
48 ©Cc live filaments of Lyngbya ssp. were at first wvisible,

but subsequently these all died. Rapid growth of the mixed
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Oc.

populations occurred at temperatures between 15°c and 45
7. Blue-green algae dominated most of the cultures at
temperaturs between 25-45 °C, with heterocystous forms
predominant in - N medium. Eukaryotic algae dominated
cultures in + N medium at low temperatures.

8. Non-heterocystous forms dominated most of the cultures at
low photon flux densities (15-20 umol photon m_zs—l) while
green algae dominated cultures at high photon flux densities
(200-250 umol photon m=28_1)° Heterocystous blue-green algae
dominated =N cultures at photon flux densities between
50-120 umol photon m2g™Y,

9. Neither dark/light cycles nor the use of green light
affected markedly the algal flora, but the yield of mixed
populations was very low under green light.

10. Six taxa showed good growth in medium enriched with 0.5
M NaCl; three taxa grew in 1 M NaCl, but the growth was very
slow.

11. Reducing conditions (sulphide) enhanced only slightly

the growth of non-heterocystous filamentous blue-green algae

in + N medium.

1

12. A high phosphorus concentration (44.5 mg 1 =~ P) 1led

to a reduction of the total number of taxa detected at the

end of growth in batch culture as compared with growth under

1

low concentrations (0.5 and 2.5 mg 1 "P),.
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13. All strains isolated in axenic culture showed alkaline
phosphatase activity associated with algal material and all,
except strains D583 and D585, released appreciable amounts
of the enzyme to the growth medium under
phosphorus-deficient conditions.

14. Very high phosphorus concentrations (44.5 mg 1=1P)
inhibited the formation of akinetes and hairs and the
synthesis of alkaline phosphatase.

15. The strains isolated were capable of utilizing a wide
range of phosphorus compounds.

16. The ability of the axenic cultures of heterocystous
forms to fix nitrogen was demonstrated using acetylene
reduction assays. The rates ranged between 0.31-1.5¢
nmol C.H, ugnlchl a min~t,
17. Nitrogenase activity of all strains was almost

completely inhibited when these strains were cultured in

media with high concentrations of combined nitrogen

1 1

(140 mg 1™ NO,-N or 50 mg 1 NH,-N)
18. High concentrations of combined nitrogen led to a marked
reduction in heterocyst differentiation and of the formation

of trichomes resembling those of‘Homoeothrix or Ammatoidea

in tapered strains,
19. None of the non-heterocystous strains showed nitrogenase

activity under aerobic conditions. However, positive results
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were found for microcoleus chthonoplastes under microaerobic
conditions,

20. The abundance of blue-green algae in the soil sample
studied, their ability to produce alkaline phosphatase and
to utilize a wide range of phosphorus compounds suggests
that blue-green algae are likely to play an important role
in soil fertility through nitrogen fixation and hydrolysis
of organic phosphorus compounds.It is suggested that
morphological features may provide a means of assessing

nutrient status in the field,
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