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ABSTRACT

A study was made on morphological and cytological features of four
Rivulariaceae strains from marine, partiallv saline and freshwater
environments using three versions of saline and freshwater media (standard.
- Fe. low P). A brackish Anabaena sp. was used for comparison.
Subculture to - Fe medium led to marked changes in morphology and cvtologv.
These were (base'to apex): a series of new heterocysts apical to the
original one. intra-thylakoidal vacuolation. lack of cyanophvcin granules.
presence of polyphosphate granules, pale colour. brown sheath. short hair
and low hairiness. With low P medium., the changes were the opposite.

Hairs did not form in Calothrix D253 in saline medium. whether the
cultures were in - Fe or low P medium. Downshift from saline to
freshwater medium led to the synchronized development of hairs in most
trichomes. whereas the reciprocal upshift led to loss of hairs.

The Fe content was studied in three Rivulariaceae and Anabaena in batch
culture in high and low P media. which eventually led to Fe- and P-
limitation. respectively. The content reached a maximum by 24 h in all
strains. decreasing subsequently from 1.80 - 0.06 % dry weight.

Siderophore production was tested in four Rivulariaceae and Anabaena in

saline and freshwater media. Two Calothrix strains and Anabaena produced
a siderophore in freshwater medium. Influence of Fe status on nitrogenase

activity was tested in two Rivulariaceae and Aﬁgpgggg in saline and
freshwater media during batch culture. Peaks of nitrogenase activity in
the former came three to five days after the Fe peak, b§ which stage Fe
content had dropped to within the range 0.6 - 0.3 % dry weight. In
Addition of Fe to Fe-limited cultures led to rapid increase in activity.
The significance of these data on morphology, cytology and physiology

and possible interactions between Fe- and P-limitation are discussed.
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1 INTRODUCTION

1.1 Blue-green algae in saline environments

Blue-green algae dre widespread in saline environments. being especially
abundant in intertidal areas (Whitton and Potts, 1982) and they may play an
important rolé in productivity (Wiebe et al., 1975). However availability
of Fe may be a limiting factor for their growth (1.32).

Since_this thesis is concerned with Fe in saline environments. a few remarks
on the influence of salinity on distribution of algae may be useful. It is
_queStiohablg whether most of the intertidal -blue—green algae can be clearly
separated from fréshwafer forms, on the basis of their salt tolerance. For
instance, Fan (1956 in Fogg et al., 1973) concluded that Calothrix
§gggg;g£gm was a form of the freshwater species C. parietina. Indeed,
physiological studies (Sfewart. 1964) have shown that marine isolates of C.
scopulorum and Nostoc entophytum can grow well at salinities approaching
those 'in which freshwater isolates grow. In a comparison of marine and

freéhwater algae Stam & Holleman (1979) provided evidence to show that

marine isolates were generally mote halotolerént than their freshwater
counterparts and they suggested that these differences could be genetically
detérmihed. _Mbst physiological information about intertidal blue-green
algae is in relation to their nitrogen fixation activities (Whitton & Potts,
1982). Although there are many reports referring to Fe-limitation in
natural phytoplankton populations (Menzel & Ryther 1961: Van Baalen 1962:
Lewin &_Cheh 1971; Entsch g._'f_:_a_’_) .1983) there are none in intertidal algal
communities. As a representative family of blue-green algae, Rivulariaceae
was chosen for the present study. Further details of their growth may be

found in Sinclair (1977)., Wood (1984) and Whitton (1987).

1.2 Iron in the environment

1.21 Speciation, transformation and solubility
Although it is the fourth most abundant element in the earth's crust. Fe

occurs only at a very low dissolved concentration in saline and fresh

2+

waters. Iron may exist in solution in either the divalent. Fe™ , or the

trivalenﬁ, Fe3+, form (Stumm & Lee, 1960). In anaerobic environments Fe
exists predominantly as Fe2+. and at pH values close to neutral it forms

insoluble polymers of hydroxides, carbonates, silicates and phosphates (Page
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& Huyer, 1984). However the amount of Fe taken into, or retained in
solution. is generally greater for Fe2+ than for Fe3+ {(Stumm & Lee, 1960).
" In most natnral waters the solubility of Fe2+ is controlled by the
solubility of FeCOsr Fe(OH)2 and FeS. whereas other insoluble Fe(II) salts
are of less significance in natural waters (Hutchinson, 1957) .

The oxidafion—reduetibn cycles are important components of the
biogeochemical cycling of the element (Stumm and Lee 1960). Trivalent Fe
may undergo reductien‘to Fe2+ if a suitable reductant is available. For
example H S components. which are thermodynamically unstable in the
presence of dissolved oxygen, are capable of reducing Fe . However the
tendency for this to take place increases with decreasing pH (Stumm & Lee,
1960). A dynamic cycle in which Fe,3+ 2+
oxidized back to Ee3+ fhnongh_interactions with oxygenated organics has been

is reduced to Fe“ , and then
suggested (Morgan & Stumm, 1965). Conversely, it has been suggested that
Fe2+ produced through biological reactions and chemical or photo-reduction
of Fe3+ (McMahon, 1969) is not always oxidized immediately (Huntsman &
Sunda; 1980). Several organic'compeunds, as well as 1nereased chlorinity,
have been shown to slow the oxidation rate remarkably (Kester et al.., 1975)
and humic and tannic acids have been shown to reduce Fe3 to pe? ,
particularly at low pH values (Theis & Singer, 1974).

Although Fe was thought to be extremely insoluble in aerated natural
waters, it may be far more snluble than was previously thought. For
instance, Byrne & Kester '(1976) found that freshly- -precipitated hydrous Fe
oxide has a solubility in seawater of 1 - 2 x 10 ML 1. six orders of
magnitude more than calculated by Cooper (1937). They proposed that
Fe(O}l)+ and Fe(OH)2+ were the dominant soluble forms at pH 8.0 although
these data seem to contradict those of Kester et al. (1975; see 1.44).

The distinction between the dissolved and particulate fractions is an
arbitrary one, usually made on the basis of filtration. It is common
practice to define "dissolved" material as that which will pass through a
filter membrane with a pore diameter of approximately 0.5 - 1 um. The Fe
fraction passing through a HA Millipore filter (pore size 0.45 um) is
usually considered as the "soluble" fraction (Brooks et al., 1967). This
consists of truly soluble complexes of ferric Fe plus colloidal ferric
hydroxide and phosphate particles. Colloidal Fe is still a controversial
subject in the literature and it is not clear whether to consider it as

dissolved or soluble.
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1.22 Concehtrations of Fe in natural waters

Mahy reporﬁs give concentrations of Fe in natural waters, but only a few
examples aré gquoted here in order to give a broad idea. The Fe
concentration in near—shore surface waters ranges between 0.2 - 4.8 ug L'1
and thbse.df open-ocean surface waters vary between 0.4 - 4.1 ug L—1
(Chester &'Stoner.'1974); Haraguchi & Fuwa (1982) measured 0.1 - 61.8 pg
1! pe in 6pen—pcean shrféce,waters, using graphite furnace atomic
absorption spectroscop&,' Aston & Chester (1973) reported 3 ug L—1 and 670
ng L‘% Fe as;thgg@eapsjéf.Fe concentrations in most sea and River water

respectivéfy;

1.3 Iron in_algal physioldgyt
'1:31 ‘Role of Fe .

As withzothefibfganisms Fe plays many roles in algae (Kelly, 1974).
The biological importance of Fe is due in part to its ability to exist at
“the two reddx stafes (Ngilands, 1974); it can accept or donate electrons
according to the oxidafiqn potential of the reactions (Raymond et al.,
1984). _ .
Iron is an indispensible component of photosynthesis (Price, 1968;
ASpillef & Terry. 1980; Hafdie et al., 1983). It affects the synthesis of
fhe ma jor photosynthetié'pigments chlorophyll a and c-phycocyanin (Oquist,
1971), and it is incorporated into ferredoxin and the Fe-sulphur proteins
which blay a role in photosystem I (Bengis & Nelson, 1977). Iron functions
both as.a structural component and as a cofactor for enzymic reactions. It
affects synthesis and function of all cytochromes, the cytochrome oxidase
complex, catalase, peroxidase and ferredoxins; examples for blue-green algae
include Hiyama et al. (1985) and Cohn et al. (1985). Iron is also involved
in nitrogen assimilation, since ferredox1n>is required as the electron donor
for both niffate_and nitrite reductase activities (Huntsman & Sunda, 1980.
Verstreate et al., 1980). Moreover Fe is a major component of nitrogenase.
with 34 atoms of Fe in each molecule (Eady & Smith, 1979), and more is
required in associated electron-carrier proteins as a cofactor for
nitrogenase (Mortenson & Thornley, 1979).

A number of studies have shown the ecological importance of Fe in blue-
green algae, in particular because it can affect the ability of these

organisms to compete with the other microflora present in natural ecosystems



21

(Haibach et al., 1985). Iron appears to play -an important role in blue-
green mats in intertidal sediments (Skyring & Johns, 1980), presumably by
concentrating Fe on the'cgll wall; when algal cells migrate to form a new
layer, the Fe remains behind with the mat's debris. Hartman (1984) has

2+ might have acted as an electron donor, instead of

speculated that Fe
sulphide, in microorganisms which formed microbial mats in the Precambrian
era. The ability of some blue-green algae to secrete siderophores (Fe
chelator) appears to play an important role in their distribution as well as

that of other micro-algae (1.41).

1.32- Iron as a limiting°nutr1ent

Iron ié,often a key féctOr limiting algal growth, both in freshwaters
_(Shglske. 1962; Sakamotb, 1971; Goldman. 1972) and perhaps even more so in
marine envifonmehts (Mehzel & Ryther, 1960, Davies, 1970; Glover, 1977;
Huntsman & éunda,‘1980: Brand et al., 1983; Entsch et al., 1983 ). The
addition bf‘Fe to naturdl assemblages can lead to stimulation of growth and
photosynthesis (Sakamoto, 1971: Miller et al, 1974). However, a reduction
of growth and photosynthesis following Fe addition can also sometimes occur
as a result of a decregse in soluble P (Harrison & Morel, 1983), especially
where3the'asseﬁb1ages are close to P-limitation.

Fe-limitation may also be a key factor influencing the broader
distribﬁtioh of micro-algae, as between coastal and open waters (Ryther &
Kramer 1961) because.Fe is associated with land drainage and is therefore
present at higher concentrations in coastal compared with open waters.

Many techniques have been used to determine whether Fe is a limiting
nutrient by analysis of physiological state. These include the measurement
of macromolecules in the cell (Healey & Henzded, 1980), element composition
(Rhee & Gotham, -1980; Harrison & Morel, 1986), kinetic parameters associated
with nutrient uptake (Zevenboom et al., 1982) and measurement of
photosynthetic products both in marine and freshwater (Konopka & Kshnur,

1980) environments.

1.33 Algal Fe content
Algae can concentrate within their cells elements which are present in
minute quantities in their environment. Knauss and Porter (1954) showed

that the amount of trace elements, such as Fe, Mn and Zn taken up by
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Chlorella pyrenoidosa is proportional to the concentration present in the

culture medium. Similarly, Hayward (1969) showed that the amounts of Fe,

Mn and Zn present in thg cells of Phaedactylum tricornutum depend upon the

external concentration of these elements in the culture medium. The
internal concentration was higher in cellsf’g. tricornutum, grown in full
strength ASP2 compared with those grown in half-strength medium.

Although much is known about the Fe composition of other algae, only two
reports afevavailable aboht Fe concentrations in blue-green algae. In the
first répbrt. the minimum concentration of Fe in healthy cells of

Synechococcdsvsp. was 0.06 % of dry weight compared with 0.01 % for

extrémely Fe-deficient cells, whilst healthy cells grown in batch culture
were éble to'accumulate ub to 0.18 % Fe, Suggesting a possible mechanism for
storage of Fe_(Entsch.gg‘glL,A1983). In the secondlreport. the average of
Fe in dried‘cells'was 3626. ppm Jones and Carr (1978). The Fe content of
eukaryotib}@icrqalgaé aiso‘varies considerably. For instance, the Fe
content ranged between 0;17 - 4.59 % dry weight in Phaedactylum tricornutum
(Hayward, 1969) and 0.024 - 3.45 % dry weight in Chlorella (Knauss & Porter,

1954). Hayward (1968) showed that the amount of Fe per cell in

Phaeodactylum tricornutum was not a constant quantity, ranging from 0.02 -

3.14 x 10'11 g Fe. As the external concentration of Fe increases the
concentration per cell increases although at higher concentrations this may
include Fe in particulate matter attached to the cell wall rather than

incorporated into the cytoplasnm. Goldberg (1952) has reported the minimum

Fe content for phytoplankton division of Asterionella japonica to be 5.6 x
1076 mg Fe/cell, which is in excess of that reported by Hayward (1968).

1.34 Iron-deficiency in blue-green algae, especially Rivulariaceae

In addition to the general chlorotic effect of Fe deficiency (Price,
1968), a spectral shift of the in vivo chlorophyll a absorption peak from
679 to 673 nm has been reported for Fe-deficient Anacystis nidulans (Oquist,

1971, 1973). Hardie et al. (1983) have shown that Fe starvation in

Agmenellum guadruplicatum led to a decrease in photosynthetic activity and

an accumulation of intracellular glucose followed by shortages of endogenous

nitrogen and carbon; in spite of that, A. quadruplicatum, remained fully

viable for extended periods of Fe deprivation. Iron starvation led to

accumulation of polysaccharide, followed by degradation. of ribosomes, and
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finally the thylakoid membranes underwent structural modifications and
rearrangement before they too.began to bfeak down. Carboxysomes did not
appear to bg affected during periods of Fe deprivation, but polyphosphate
bodies may have been partially degraded. Guikema & Sherman (1984) and
Pakrasi et gl;‘(1985) also showed that Fe deficiency in Anacystis nidulans

led to alterations in the composition and function of thylakoid membranes in

Anacystis nidulans R2.: A striking response to Fe-limitation has been
shown for Nostoc MAC, where a soluble Fe-containing ferredoxin was displaced
by a nbn—Ee4c0ntaining flavodoxin (Hutber et al., 1977).

: calothrix viguieri D253 produced hairs under Fe-deficient conditions in

freshwater uedia‘ahd-the_sheaths had a.mﬁch deeper brown colouration than
other cultures (Whitton et al., 1973; Sinclair & Whitton. 1977). The
létter authors also Squgd”fHat six out of 16 strains of Rivulariaceae
produced hairs in respdnsé'tolFe deficiency. Heterocyst frequericy
increased and hairéAanﬁ'intra-thylakoidal vacuoles developed in C. parietina
D184 uhder Fé-deficiency.(DOuglas et al., 1986). A functional significance
has been suggested for hairs formed in response to P deficiency. but not so
for thosé‘in response to Fe deficiency (Whitton, 1987). However the
possibility has beeh raised that hair formation under Fe deficiency might
perhabs result from an interaction in some cell process leading to P
deficiehcy in'spite of the presence of a high environmental concentration of
P (Do>uglas et g; 1986; Whitton, 1987).

‘The addition of Fe to Fe-deficient cultures can lead to a quite rapid
respdnée; hairs were shed and hormogonia released in various Rivulariaceae
strains from both laboratory and field (Sinclair and Whitton, 1977).
Carboxysomes and phycobiliosomes increased rapidly within 6 h and new
membranes were synthesized within 12 - 18 h (Sherman & Sherman, 1983).

When Fe was restored to Fe-deficient Agmenellum quadruplicatum, the

intracellular pigment levels increased rapidly and growth resumed.

1.4 Factors_influencing availability and transport of Fe

1.41 1Influence of chelating materials
(i) Natural chelators

Oorganic ligands are especially important in that they form dissociable
éomplexes with Fg ions, helping to keep them in solution and to maintain

concentrations of the free iron at optimum levels:; in other words they act
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as metal buffers (Sauchelli. 1969). The many types of chelate include
humic. citric, tartaric, ascorbic and amino acids, but these are not always
abundanf, stable or sufficiently effective (Sauchelli, 1969; Sedlack et al..
1983). , |

Interactions between humic acids and Fe affect significantly the chemical
equilibria and availébility of Fe in natural waters (Shapiro, 1957). Under
‘aerobic conditions and'alkaline PH, there is almost complete precipitation
of Fe in thé absénce of organic chelates, making it unavailable to
phytoplankton (Davies, 1970). The addition df organic chelates may
stimulate algal growthfbyimaking relatively insoluble Fe more available for
uptakef 'JOhnsoni(1964$jand'Shapirb (1957) found that addition of organic
acid-Fe combleXes'increaéedfFe availability to phytoplankton, and Lange
:(1976) suggested~that.thé'stimhlation.of Blue-green algal growth by fulvic
acids was'dugAtb,organicAacids holding Fe in solution. Conversely Prakash
& Rashid {1968) demonstrated that>Fé—humic acid complexes stimulated the
growth of marinelphytoflagellates and suggested stimulation was not due to
increased Fé-availability but may be due to use of humic acid as a
heterotrophic substrate. Giesy (1976) showed that humic acids stimulated
algal growth in the dark, with and without aeration, suggesting their use as
a hetebotrobhic substraté. However, it might be argued that if Fe is to be
a limitihg factor.for primary production in oceanic waters (Menzel & Ryther,
1961) then formation of Fe3+—containing organic complexes (Johnston, 1964 &
Lewin & Chen, 1971) or the direct association of Fe-colloids with the cell
surface (Goldberg, 1952; Lewin & Guillard, 1963) may be necessary to permit

sufficient uptake.

(ii) Artificial chelators

, One of the major advances made in the development of media for the
culture of microalgae was the introduction of chelating agents as a means of
controlling the concentrations of trace metals necessary for growth. Their
principal role is to maintain Fe in solution in forms adequate for algae
nutrition (Johnston, 1964). .In the absence of chelators, the alkaline pH
of the culture medium results in almost complete precipitation of Fe
(Davies, 1970). EDTA, the most widely used artificial chelator, forms
stable chelates with Fee‘+ and less stable complexes with Fe2* (Stumm, 1985).
However it was not effective in chelating Fe in either stored seawater or

autoclaved culture medium; in both cases part of the soluble Fe was
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converted into a particulate form (Lewin & Chen, 1974). Alternatively,
adding more chelator to marine media is not an advantage as, at pH values
above 8.0, EDTA actively binds Mg and Ca. In addition, under some
condifions sterilizhtion may result in the formation of double Ca or Mg
saits,'which are less soluble than Na-Ca-EDTA salts and may cause large
.precipitates in the medium and lead to metal deficiencies (Provasoli et al.,
1957);’ Anderson and Mbpel (1980) showed that the Ca concentration in the
medium would affect the affinity of EDTA and NTAonf Fe3+, in the same way
that Ca affects the eduilibrium concentrations of Fe3+.

Synthetic chglatqfs,,espécially EDTA, can stimulate the growth of
phytopianktdn populatip§851n nature (thnstdn, 1964; Barber et al., 1971)
and in culturésA(JOHQStén; 1964; Barber & Ryther, 1969). Barber et al.,
(1971) suggested'thatfphytoplgnkton.may be Fe-limited due to the dominance
of Fe oxide in seawatér,sa'QOndition which may be improved by addition of
EDTA. This solubilizes hydrous ferric oxide and makes the Fe more
availéble to the phytoplankton (Lewin & Chen, 1971). Conversely, Jackson &
‘Mobgan‘(1978)‘c1aim thaf EDTA is unlikely to improve Fe transport to the
cell because the‘FeEDTA dissociation or exchange kinetics are presumably
slow reiative to the diffusive flux of Fe oxide. Alternatively, chelators
may stimulafe growth through depression of toxic metal activities, such as

»Cu2+ (Anderson & Morel, 1978 Jackson & Morgan, 1978).

(iii) Siderophores ,

The solubility of Fe3+_at natural pH is too low to support anything
, approaching maximum growth rates (Neilhnds. 1982). Microorganisms under
these conditions are, therefore, presented with the problem of obtaining the
Fe they need for growth. A common strategy for microorganisms to obtain Fe
from their environment is to excrete chelating agents, called siderophores,
which possess a very high affinity for_Fe3+ and relatively low affinity for
Fe2+ (Neilands, 1981). The term "siderophore" refers to two general
classes of microbial ferric-chelating compounds, secondary hydroxamates and
catechols (ﬁeilands. 1973). The production of siderophores has been shown
in Nostoc muscofum and Lyngbya sp. (Lange, 1974), Anabaena sp. and A.
cylindrica (Simpson & Neilands, 1976), the marine blue-green algae
Agmenellum quadruplicatum and Coccochloris elabens (Armstrong & Van Baalen,

1979), Anabaena cxlindricé (McKnight & Morel, 1980), in the bloom-forming A.
flos-aquae (Murphy et al., 1976; McKnight & Morel.A1980) and in Anabaena sp.
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{Goldman et al., 1983; Clark et al., 1987). Although most siderophores
from blue—gneen algae appear to contain hydroxamate groups, the only one
whose structnre has been chemically determined is schizokinen from Anabaena
sp. (Simpson'& Neilands, 1976, Lammers & Sander-Loehr, 1982). Schizokinen
has been detected in rice field soil, where it presumably arises from blue-
green algal }nhabitants (Akers, 1983).

 The siderophores arestaken up by specific, largely unknown, transport
systems (Neilands, 1977; 1981); Two possible mechanisms have been
suggested for the removal of Fe from siderophores; hydrolysis of the
siderophores followed by Fe removal. or in situ reduction and release of the

%" (Neilands, 1981; Moody & Dailey, 1984).

{iv) AInteractions between allitypes of Fe-chelators

In presence of humic acids Fe is associated with both humic substances
and hydroxyl ions at alkaline conditions, forming an apparently homogeneous
solution and only dissociates from humic substances at low pH values
(Tryland &.Gjessing. 1975). Nevertheless, Tryland & Gjessing found that
filtration of humic water witn EDTA added resulted in a significant increase
in the cOncentration of Fe which was filtrable fraction . In the pH
range 5 - 7, about two thirds of the Fe originally "connected"” to the humic
substances had.passed through the filter, indicating that Fe can be removed
from organic complexes by EDTA. Lange (1970) showed that fulvic acid, when
used in favourable ratios with essential nutrients, was often much more
effective than with artificial combination, whilst Giesy (1976) found that
humic acids and EDTA, in combination, had a greater effect on growth than
when each was present singly.

The ability of algae to obtain chelated Fe depends largely on the metal-
hydroxamate complex and the metal : chelator molar ratio. Chelators with
high stability constants (for example schizokinen and desferrioxamine) bind
an equimolar concentration of Fe (Molar & Morgan, 1972), whilst chelators
with smaller stability constants (for exmple EDTA) bind less and do not
compete with siderophores (Baily & Taub, 1980). This is supported by the
observation that algal chelators approach the effect of an artificial EDTA
plus citrate combination {Lange, 1974). Siderophores produced by bacteria
and blue-green algae can remove Fe from FeEDTA, making it available to these

organisms (Anderson & Morel, 1982).
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1.42 Influence of temperature

It has been well established that temperature can influence the rate of
diffusion, carrier-mediated uptake, and cell metabolism in general (Huntsman
& Sunda, 1980).° Miller (1985).reported that most prokaryotes alter their
membrane lipid composition in response to changes in temperature. Such
alterations .are believed to result in membranes with physical

characteristics which permit proper menbrane function within a particular

- temperature range.

1.43 Influence.ef lighf

Iron is'ueually;edded to media 1n a sbluble chelated form such as
Fe(III)EDTA (Provasoli et al. , 1957). ‘Such chelates are thought to allow
Fe to be photo ~-reduced and released as soluble Fe (H111 Cottingham, 1955)
which can then be taken,efficiently and utilized by algae, either directly

or afterboxidation to.ionic Fe3+’(0wens & Chaney, 1971). The maximum rate

of uptake by Thalassiosira weissflogii was achieved in the presence of
chelating agents (especially CDTA and EDTA) and particularly in the light
'(Anderson & Morel, 1982). Finden et al. (1984) showed that Fe(IIIl) oxide,
with light-induced reduction, provided a continuous supply of soluble Fe2+
Conversely,ﬁlight did not affect Fe uptake by T. weissflogii in the absence
of chelators (Anderson & Morel, 1980). However, no detectable Fe uptake by
T. weissflogii was found in either light or dark in the presence of the very
strong chelators, EDDHA and desferrixamine B (Anderson & Morel, 1982).
Similarly, poor growth of phytoplankton in the presence of excess EDDHA has
been reported by Johnston (1964). It would thus appear that the stable
Fe(III)EDDHA complexes are not appreciably photodegraded or reduced.

Generally, light influences nutrient uptake in many ways: it provides the
energy necessary for active transport, supplies the carbon skeletons through
photosynthesis which act as a sink for incorporated ions, stimulates the
growth which results in increased nutrient uptake and provides the energy
for production of charged polymers which establish Donnan potentials (De
Boer, 1981).

1.44 Influence of pH
pH is known to be a key factor in regulating the speciation of Fe and,
consequently, Fe availability in natural waters. For instance, in the

marine environment at pH values above 7.0 more than 95 % of trivalent is
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present as Fe(OH-)3 and more than 90 % of divalent is present as Fe0H+.
whilst below pH 7.0 less than 20 % of divalent is present as Fe2+ whereas
only about 2.7 % of trivalent is present as Fe3+ (Kester et al., 1975).

The solubility of Fe is influenced directly by pH and by the standard
reduction potential (E®) of the metal ion and both can vary widely from
outside to ;he inside the cell (Morel and‘Hudgson. 1985). The absorption
of Fe by Chlamydomonas mundana was much great at neutral or slightly

alkaline pH. than at acidic one (MaCiasr, 1965).

1.45 Influence of salinity _

Salinity may affeétfmetal uptake, partly due to shifting chemical
equilibria (Suhda.gi al., 1978) and partly to the effect of salinity has on
both organic ﬁnd inorgﬁnié édﬁplexatidn. Increasing salinity, for
instance, reduces organic cdﬁplexation of many metals due to increased
competitionAfor.avéilable sites (Mantoura et al., 1978). Kester_et al..
(1975) reported that two factors are involved in the effect of changes in
salinity on,Fe2+: changes in concentration of chloride and sulphate-
complexing ligands; and changes in stability constants with ionic strength.
They showed that in river water at pH 8.0, divalent Fe exists primarily as
Fe2+, whereas in marine water the FeOH* species is predominant. In
contrast, however, trivalent Fe exists predominantly as Fe(OH)3 in both
marine and river water. Obviously, changes in speciation lead to changes

in availability of Fe and, ultimately, uptake by algal cells.

1.46 Influence of ionic interaction and antagonism

The effect of other metal ions an Fe absorption by plants appears to be
quite important. High concentrations of cations (Ca, Cu, Mn, Zn) have been
found to.reduce Fe uptake and are thought to be a major factor causing Fe
chlorosis (Brown, 1956; Lingle et al., 1963). Since all cationic trace
metals exhibit.the same general coordination properties and no ligand can be
completely specific for one metal, it has been suggested that toxic metals
act by binding competitively tesites of transport, assimilation or
utilization of essential metals (Morel & Morel-Lanrens, 1983). The best
example of that is Cd which acts as an antagonist of Fe transport in the
Thalassiosira weissflogii, both by binding competitively the site of Fe

transport and interfering with some intracellular sites of Fe assimilation

or utilization (Harrison & Morel, 1983).



29

1.47 Influence of external concentration of Fe

. There are‘marked~d1fferences in the abilities of different algae to grow
at low concentrations of ionic Fe (Brand et al., 1983; Murphy et al., 1976).
Phaeodactyldm tricornutum was able to produce a similar cell density at both
low (0.045 ng L—l)»and high (4.2 mg L—l) concentrations of Fe (Hayward 1968

& 1969). However, Knauss & Porter (1954) showed that the amount of Fe
taken up by Chlorella gxrenoidosa is proportional to the concentration

present in the culture medium.

1.48 Influence:onphésé‘df growth

The.physjoiogical chadges”duriﬁg the different phases of growth in batch
culture may inflgﬂnce thé metal}s thake. " Exponentially growing cells
generally take'up.metdlé_at:a-higher rate than cells in the stationary phase
(Morel et al., 1978; Bates et al., 1983) although Cain et al. (1980)

observed the opposite effect in green alga Scenesdesmus obliquus.
Phytoplankton species in the ocean‘adjust their nutrient uptake rates
according td variations in availability (Sunda & Huntsman, 1985; Harrison &
Morel, 1986).- Sunda & Huntsman (1986) postulated a number of mechanisms by
which algal species in 6ceanic waters may achieve optimal growth:

(a) required metals are taken up more effectively at low concentrations;

{(b) intn:-céllulér metal pools are used more efficiently;

{c) a iower max;mum growth rate is maintained which reduces the required
rates of uptake; .

{d) the functional enzymatic requirements are switched from metaloenzymes to
non-metal enzymes, i.e. replacement of the Fe containing enzyme ferredoxin

with the a non-metallic enzyme flavodoaxin (Entsch et al., 1983).

1.5 Mechanisms of Fe uptake

The algal cell surface is composed of a mosaic of adsorption sites,
consisting of carboxylic, sulphydryl, phosphatidic, amino and other groups.
Some are-believed to be "physiologically inert", whilst others are

"physiologicallyvactive" and lead to transport across the cell membrane.
As many types of algae {(diatoms, green algae, blue-green algae,
dinoflagellates, coccolithophorineae, prasinophytes) exhibit similar
properties of metal accumulation it has been suggested that the uptake
process is similar in all these groups (Fisher et al., 1983, 1984). A
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general.modél of metal transport by microorganisms has been proposed (Morel
& Hudsop. 1985): the cell either synthesizes ligands which bind the metals
strongly at the céll surface or uses the activity of surface bound enzymes
to precipitate metals extracellularly. The reduction of sulphate to
sulphide (by hembrane-associated sulphate reductaée) and the diffusion of 0,
and qu through the cell membrane provides a highly reactive region where
the mgtal can be complexed and precipitated (Stumm, 1985).

AlthougﬂlFe transport in microbial cells has been studied extensively
(Neilands, 1982, 1983),”and a model of transpdrt in eukaryotic algae
suggésted,(Andgrspp &_Morel, 1982) there are few pafticular reports of Fe
transport in'bluejgréenlalgae.' It has usually been assumed that algae take
up soluble ionic'sbeéies of Fe. AHoweverl‘the stable form of Fe in oxic
waters of. neutral»or ngaffnéufral pH is Fe‘QH)3 and the ionic form is
relatively scarce (1.21), Algal growth may therefore cease or be severely
curtailed once 1nifiél grdwth had used up the small amount of available Fe.
The role qf chelating materials in Fe transport has been discussed (1.41).
In the explénation of how algal cells can free out the chelated Fe: there
are three pdsSible hypotheses for removal of Fe from chelates (Anderson and
Morel, 1984): o
(a) The complex is reduced and_dissociated at the membrane surface:

(b) Chelates are taken up intact and the Fe released within the cell;

{c) The Fe-ligand chelate dissociate’outside the cell and the ferric complex
is recognized by receptors on the cell surface and transported across the
membrane.

Jackson & Mérgan (1978). concluded that the dissociation of FeEDTA is too
slow to supply Fe to the algal cell, which could make the dissociation step
unnecessary for uptake. They cited experiments which showed that EDTA did
not cross the phytoplankton cellular membrane. However, Anderson & Morel
(1982) showed that a membrane-bound metal binding complex, phytotransferrin,
transferred.Ee across the membrane by a process not directly Eoupled to
either photosynthetic or respiratory activity.

Although it has been suggested that, like higher plants, some macroalgae
may use a mechanism which involves reduction of Fe3+ to Fe2+ before uptake
(Marley, 1981), no similar mechanism has yet been proposed for blue-green
algae. A Fe3+ reductase has been characterized in a photosynthetic
bacterium (Moody & Daily 1985) which is believed to remove Fe from ferric

siderophores. Plasmids, as well as chromosomes, have been reported to be



31

involved.in’speclfying elements of the ferric transport system in

microorganisms (Neilahds, 1982).

1,6. Aims
Irbn avallability is a key factor for algal growth particularly in
saline environments (1 32). - Because. availability is very low (1.4), algae

may develop partlcular strategies to deal with this problem
‘ Rlvulariaceae was chosen for study because they are one of the larger groups
of blue-green algae, being widespread, often nitrogen-fixers and show
morphologiCal fleilbility in response to nutrient limitation. A brackish
strain, Calothrix D253 -was selected for intens1ve study. For certain
purpqses,‘however additional species (up to 4 strains) from the same family
were used. A brackish alga Anabaena D697 was used for comparison.

The aims of study were to investlgate
(a)_Mqrphological‘and cytologicel responses to Fe-limitation;
" (b) Accumulethn of Pe uhderlvarious physiological conditions and in
‘particular ﬁhether an "oserplus phenomenonf ocCurs; -
(c) Whether the stfategy.of producing chelating materials (1.41) under Fe-
limltatIOn is bresent in RiVulariaceae;
(d) Ipfluenee-of Fe status on nitrogenase activity, to see the responses

under limitation and sube@quent addition of Fe.



32

2 MATERIALS AND METHODS

2.1 999?!9&Wl§§9£§§9r¥M9299999£§§.

Erlenmeyer flaéks were used for liquid media to maintain stock cultures.
prepare inocula and in all experiments. They were plugged with silicon
bungs {Type S28, Sanko Plastic Ltd. Osaka, J#pan). Pre-sterilized plastic
petri dishes (Sterilin. England) were used for solid media.

All glassware was washed with detergent, rinsed throughly with hot tap
water and then soaked in_lb % Analar HNOs‘for at least eight hours before
being rinsed eight times with glass distilled water and dried at 100° C.
Appﬁratus for ﬁhosphate ahaiysis‘waslgiven preliminary washes in 10 % sto4
and HC1 separa;ed by six rinses in distilled vater before being HNO3 washed.
Pipettes and tips were soaked in 10 % HNO3 for at least one hour before
being rinsed eight’times in glass distilled water and dried at room
temperature.

Silicon bungs were cleaned after each experiment by soaking in a 2 %
solution of phosphate free detergent (Decon 90, Decon Laboratories Ltd.
England) for 20 - 30 min before being rinsed eight times in glass distilled

water and dried at 40° C.

2.2 Chemicals
Apart from HEPES and PIPES (Sigma), all chemicals used in the preparation

of media were of Analar grade. and obtained from British Drug Houses Ltd

{BDH). Poole, England.

2.3 Media
Apart from a chelating agent (EDTA), and a buffer (HEPES) the liquid media

used in this study are inorganic. All salts were prepared in high
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concentratibns (stock solutions) in Milli-Q water obtained from a Milli-Q

water systeml(Millipore Corp.)

2.31 Seawater
Seawater was collected from the Northumberland 1° 39'E 55 35'N (NU
223324) coast near'Séahouses‘and}stored in plastic carboys at 4° C in the

dark. - The wqter was passed through a GF/C filter before use.

2.32 Syhthetie,saliee7média_.’

At the'staff‘of?fheebrbject sa1ine media were made by supplementing
either_ADP(i)Fe(0;4)'or Chﬁ;IOD(fN)lmedium with fhe required percentage of
seawater. Sebéequently-aAﬁodified version of fhe ASP6 medium (James. 1974)
(referred to here'as ASPSM).was used: the modificatiops were:

(a) NaN_O3 omitted when used to grow forms capable of fixing nitrogen: this
isvrefefred to as ASPSM(fnj;

{(b) Tris buffer. shown to be toxic to several algae (Mclachlan. 1963),
replaced‘by HEPES :

(c) K2 glycerqphosphate replaced by K2HPO4:

(d) Vitamins (Vitamin Blz.ibiotin and thiamine) omitted. as a preliminary
experiment showed thét their absence, separately and in combination. did not
affect thevgro?th (visual obs ervaion) of strains used:

(eS'Concentration of.Co ineréased to 0.01 mg L1 due.to its requirement by
Na—fixers: , |

(f) Addition of Br. I, and Ni on the basis of their requirements by blue-
green algae (Bony, 1966; Almon Boger. 1983).

The 30 % ASP6M(—N) was prepared as follows:

(a) NaCL. CaClé. KC1 and Mgso4 were treated as va:iables and salinity was

changed by adjusting their proportions in the original recipe. Thus. 30 %
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refers to salt. percentages only, while other components were treated as
constants. | | |

The'cbmpqsition of ASPGM(—N). and 30 % ASPGM(-N) along with
concentrations of each elemgnt in the original medium is shown in Table 2.1
and 2.2. In éome experiments, however{ concentrations of some components
were vanied:’detailgiare discussed with each experiment. Throughout the
thesis the saiiﬁé.mediﬁm'iélréfered to as 30 % ASP M(-N). while freshwater

medium to ChquOD(—N)y;unléss5stated otherwise.
Table 2.1 . Composition 6ffédlihg media (mg L1 of salts).

(1) . (i1) o (iii)

salt : , - ASP, ASPEM(-N) 30 % ASPGM(-N)
NaCl . 24000.0 .24000.0 7200.0
MgSO4 TH, 0 8000.0 - 8000.0 240.0
KC1 , -~ 700.0 700.0 210.0
CaCl2 - 150.0 150.0 45.0
NaNO - 300.0 - ' -
gﬁycerophosphate 100.0 - -
K ﬁpo 3H,0 - 7.36 7.36
18is Butfér 1000.0 - -
HEPES _ - 600.0 600.0
Vitamine B _ 5.3x10_5 - -
Biotin 12 A 0.0005 - -
Thiamin - 0.005 - -
Na, EDTA.2H,0 5.0 2.54 2.54
H %o 5.70 5.70 5.70
F8013.6H20 0.245 1.94 1.94
MnSO . 4H, 0 0.82 0.82 0.82
ZnSO, . TH, 0 0.110 0.110 0.110
CoSO . 7H, 0 - 0.024 0.048 0.048
CuSO4.6H20 - 0.0185 0.0185
NiSO, .7H, 0 - 0.012 0.012
Na, Moo, . iu 0 0.5 0.5 0.5
KBF - 0.085 0.085
KI - 0.10 0.10
s %00 28.49 28.49 8.55

{i): as reported by James (1974).
(1i). (iii): as modified by B. A. Whitton and I. A. Mahasneh (1984).
Algology Lab.. Durham University
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1

Table 2.2 Composition of saline media (mg L ~ elements).
(1) - (i1) : (11i)

Element ASP. ASPgM(-N) 30 % ASPgM(-N)
Na - 9485.7 » 9485.7 2845.71
cl1 - - . '15768.23 15768.23 4730.47
Mg : 1789.13 789.13 236.7
K . - 367.11 374.83 112.45
Ca © 040,890 40.89 12.27
S - 1040.88  1040.88 312.26
N ' 49.4. . - -
P 9.84. - 1.0 1.0
B 0.997 . 0.997 0.997
Fe 0.051 . 0.40 0,40
EDTA - 3.93 . 2.0 2.0
Mn 0.201 0.201 0.201
Zn 0.025 0.025 0.025
Co 0.005 0.01 0.01
Cu- - 0.0042 0.0042
Ni - 0.0025 0.0025
Mo 0.198 0.198 0.198
Br - - 0.0567 0.0567
I - 0.0764 0.0764

Table 2.3 Amount of Fe in'the components (as impurities) of saline medium

using AAS-graphite furnce. Concentrations are in final medium.
Components Fe (mg L™ 1)
NaCl . 0.0011
Mgso, 0.0044
KCl . 0.0033
CaCl,. : 0.0042
Trace elements 0.0014
KZHPO : 0.0034
Na ED%A ' 0.0090
HEEES 0.0017
Milli-Q water 0.0005
Sum of the above , 0.0290

Whole medium 0.0300
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The amounts of Fe present in salts of saline medium as impurities are
given in Table 2.3. The sum of these was 0.03 mg L”! and Fe additions to

the medium were based on this.

2.33 Freshwater media

~Chu-10D(-N) (Sinclgi?f&{WhittOn. 1977) was used as the basis for
construcfing ; fresﬁwate;;mediqﬁ. but the con&entrations of Fe (0.5 mg L1
and P (1.78 mg Lfl)Eip“tﬁeior}giﬁal recipe were changed to 0.40 and 1.0 mg
L_1 for Fe anQ~P. géépécfivelY;Jin'qrder'ﬁo be the same as those in saline
mgdium. .-The:EDTA;échenﬁfafioﬁ-ﬁas:chahged tb maintain the normal molar

ratio (1 : 0.96). j'The'detaiiéd<cOmposition is shown in Tables 2.4 and 2.5.

Table 2.4 Composition of freshwater media (mg L1 of salts)

Salt - - ADP(1)Fe(0.4) Chu-10D(-N)

{modified)

KﬁﬂP04 o 7.36 -
K, PO, - - 7.36
Mgéo T7H_0 | 200.0 25.0
Na sﬁos. H,0 | - 10.88
Nafl ~ 230.0 | -
NaHC_ b - - 15.85
cac1o %2H,0 66.2 -
KCl : : 19.1 35.83
HEPES | 800.0 600.0
FeCl, .6H,0 1.94 1.94
Na EBTAyﬁuzo 2.54 2.54
MnElz.4H 0 - 0.045
Mns0% K. 0.51 -
NaM064.§u 0 0.063 0.0068
ZnSO4.7H2% 0.055 0.055
Cuso) . 5H,0 .~ 0.0198 0.0108
CoC1 . 6H,0 0.01 -
CoS0% . 7H30 - 0.0105
N1S0, .7H;0 0.012 -

0.715 0.715

H3803
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/ADP(1)Fe(0.4)
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Element Chu-10D{-N)
P 1.0 1.0

.S 26.0 3.25

- cl 171.0 -
Na. © 90.5 8.44
K 10.02 2.24
Ca 18.1 9.77
Mg 19.7 2.47
Si - 2.5
Fe 0.4 0.4
Mn 0.125 - 0.012
Mo 0.025 0.0025
Zn ' 0.013. 0.12
Cu - 0.005 0.002
Co . 0.0025 0.002
B - ©0.125 0.125
Ni- . 0.0025 -

2.34 Solid media

1.0 % agar (w/v) was gdded to the mineral medium, autoclaved. allowed to
'cool to about 40° C and poured into pre-sterilized petri dishes in a laminar
flow cabinet. Solid media were kept at 4° C in dark. These were used

mainly for isolation and purification of cultures and for routine testing

for bacterial or fungal contamination. -

2.35 Buffers

Media were buffered by HEPES, chosen on the basis of its lack of
interferenée in biological systems (Smith and Foy. 1974). HEPES has a pKa
of 7.5 at 25° C. allowing it to be useful in the range 6.8 - 8.2. spanning
the pH of saline and fresh waters. The media.used. therefore. were
bufferred (2.5 mM HEPES),at pH 7.8, similar to the pH of the natural

environment. - Neither addition of Fe nor NazEDTA to the medium caused any

change in the pH.
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Use of pH probes
In a preliminéry experiment the ability of four different electrodes to
measure pH in the presence and absence of HEPES was tested. The pH and the

mV of sblutions of saline and fréshwater media were measured over 60 min
with pH buffer solutions of pH 4.0, 7.0 and 9.0. There were marked
diffefences ﬁétkeenielectr§§és used to measure the pH of Chu-10D(-N) (with
0.75 mM and 2.5 mM HEPE$) (data qot shown). -~ For instance. a decrease of
0.25 pH unité wés‘recbrﬁéd,whéh An Orion Ross combination probe was used.
whilst a Russell combinéfion‘probé gavé a very stable reading.
Measurements of thé pH 6f'9aline>mediuﬁ'showed much smaller differences
between electrodes.
2.36 Cehlating agent

Different concentration of EDTA (as NazEDTA) was used for chelation in
pulture media.thrOughout the work, details are given with each case.
2.37 Sterilization
-2

Media were sterilized by autoclaving at 121° C and 103 N m ( 15 1b

inﬂz) for 15 min and allowed to cool and re-equilibrate with atmospheric
gases at room temperature for Qt least six hours. When the liquid media
contained a high concentrationS of P, this was autoclaved separately to avoid
precipitation and added aseptically to each flask. For the influence of

sterilization on Fe solubility see 3.1.

2.41 Illumination

In the shaking tanks continuous illumination was supplied from beneath by
warm white fluorescent tubes. In growth rooms continuous illumination was

supplied'from above by a bank of cool white fluorescent tubes. Light
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quantity was measured usihg a Macam Quantum meter model Q101 (Macam
Photometric Ltd. Livingstoﬁ, Scotland). The light quantity in the tank in
ranged ffom 96 - 110 umol photon m 2 s7! PAR. To avoid the influence of
light variatidns during long-term experiments. flasks were randomized twice

a day and no flask was incubated near the edges of the tank.

2.42 Temberature
Growth rpomS'we:e“availablé'at-temperatqres of 15, 20 and 32° C. Tanks

were available at raﬁge qfkis - 82 c.

2.43 Standard'éxberimentﬁl 66hditibns
Expgrihents were carried out, unless stated otherwise, in Erlenmeyer
flasks containing 56-ml of medium at 32° C. 90 - 110 umol photon n 2 s ! and

continuous shaking in tanks;7 A shaking mechanism moved the flasks

approximatly 30 mm horizontally 75 times a minute.

2.5 Algal_cultures
2.51 Origin and environmental background of the strains
Strains were‘iéolated from saline environments in Aldabra Atoll and

Jordan. Dichothrix sp. D696 and Anabaena ambigua D697 were isolated from

a sample collectéd from a saline pool (Cing Cases ﬁool-s. Aldabra Atoll).
Calothrix strains D704 and D705 were isolated from a sample of sediment
collected from the 1ntert1da1 zone of the Gulf of Agqaba, Jordan. All
isolates are refered to by their Durham culture number.

Three strains (Calothrix viguieri D253. C. parietina D550, Calothrix

D603) were also used from Durham Culture Collection. Details of all

strains are given in appendix 3.
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2;52 Test for purity

The'pure'cultures of the strains isolated were examined before each
snbculturing.'and each experimental inoculum was tested as follows:
(a) Algal materiai wae examined microscopically, if no contaminants could be
seen,.then::
(b) Small piéces of aigal material were spnead on agar plates of bacterial
and fungal test media. ‘: This teSt was carried out in a laminar flow
cablnet it self tested per1odica11y These media were used as described
by Hoshaw and Rosowski (1973) The media were: nutrient broth, pepton%
glucose yeast extract and 'SST. Plafes were incubated in the dark at 32° C
for two weeks and if no contaminants were visible.

(c) Algal mater1a1 was inoculated in a routine mediﬂ enriched with 0.05 %

sucrose + 10 ng L -1

N (as NH4), Flasks were incubated in the dark and
light at 32° C for 2 - 10 days. If cultures did not appear cloudy or have
ebvious bacterial growth they were re-examined as described in (a) above.

If no contaminants could be seen in any of these tests it was concluded that

the tested strain was axenic.

2.53 Subculturing and maintainence

'Standard'aseptic techniques were used for subculturing, using a
horizontal laminar flow cabinet (Microflow Pathfinder). For experimental
subculturing a Gilson Pipettman with sterile tips was used. For routine
subculturing of stock cultures, however, a sterile wire loop was used to
transfer algal material.

Pure cultures were preserved cryogenically in liquid nitrogen soon after

their isolation into an axenic state. Stock cultures, however, were
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maintained in liquid media contained in 100-ml straight neck conical flasks

closed'with silicon bungs and incubated in the growth room.

2.54 Mass determination
The -washed 'algal matérial was dried in silicon crucibles at 105° C for 24
h, On removal from the'oven they were allowed to cool in a desiccator and

were weighed on an Oertling R51 balance to five decimal places.

2.55 Preparation of giéﬁént—liﬁitedvinocula

Throughout fhé thesis (ﬁﬁléss stated otherwise) Fe-limited inocula were
prepared‘by o@ission of Fé and reduction (X 0.75 and X 0.25 for saline and
freshwater media) of chelating agent (EDTA). combined with use of high P(10 -
mg L—l).'_ A hodératé Fe-limited inocula (for studies in Chapters 5, 7 and
8.1) was,prepared by’twice subculturing (4 days each) in P(10 mg L_l) Fe(0.2
mg L_l)-béfore use in the experiment. Phosphorus-limited inocula were
prepared by twice (2 days each) subcuituring.in P (0;05 mg L-l) Fe(0.4 mg L~
1)‘before use in the egperiment.

Iron- and/or P-limited cultures were pooled and resuspended in the
desired medium with the element to be tested omitted. The algal material
was converted fo a uniform suspension by passage through progressivly finer
needles (1.1, 0.63 and 0.5 mm diameter, Sabre Gilette Surffgigcal Ltd.

v

England). Algal material were shaken vigorously before aliquots of

homogenate were distributed into flasks.

Standard criteria for limitation

The culture was considered to be limited by an element if there were
marked change in morphological and cytological features which could only be

reversed by the addition of that element.
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2.61 Iron
2.611 Routiqe use Bf Atomic Absorption Spectrophotometry

Ali Fe determinations were performed on a Perkin-Elmer (PE) model 5000
Atomic Absbrption Spectrobhotometer with ﬂGA 500 graphite furnace for the
lqw level concentratidns; using matrix-matched standards and blanks. All
deﬁerminationé Wéfe'peyforﬁed_ﬁginé an air-02H2 flgme at fiow rate of 35
each.  The limit of détegtionlof Fe was found to be 0.03 and 0.005 mg 1!

for the flame and»fufnacé;fresbéctivély.'

2.612 Algal digespion

' Dried algae.were digested in 4-ml .of 4.0 M HNO3 {AAS grade) on a Tecam
dri-block for 45 min at 110° C and then allowed to cool to room temperature.
The'clear solhtion'was separatéd from the pellet by centrifugation,
transferred to a 10—m1'voiumetr1c flask and made up to 10-ml with Milli-Q

water before being analyzéd on AAS (2.611).

2.62 Phosphorus

Filtrable reactive phosphorus (FRP) in the medium was analyzed according
to Eisenreich et al. (1975). Total algal phosphorus was determined by

digestion according to Batterton & Van Baalen (1968).

2.7 Assays for chelating activity and_siderophore

{i) Biological assay
This was carried out by subculture the algae in absence of both Fe and
EDTA (Boyer et al.. 1987).

(ii) Chemical assay for presence of siderophore
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This made use of the perchlorate method of Clark et al. (1987). Inocula
were first waShed three-times and subcultured twice in a version of Chu-
10D(-N) mediun'lacking Fe or EDTA: the cultures were then allowed to grow to
the stationary phase. _A known volume of culture filtrate was concentrated
to 20 % initial volune. The assay was carried out by dissolving the
' filtrate (containing any Siderophore) in 5 mM FeCl3 in 0.14 M HCl10,. Any
part1culate material was removed by filtration and the spectrum measured .

(each 10 nm)
using arShimadzu‘(modellUYﬁlSQbOZ)‘double beam.apecdaphotometer.

2.8 genase activity

Nitrogenase activity was estimated us1ng the acetylene reduction assay
technlque‘(Hardy et al. 1973) The cultures were maintained in the normal
medium in Erlenmeyer flasks "~ The total volume of flasks was 128 + —ml;‘
All experiments were. performed under standard growth conditions (2.44).
The assay started when the silicon bungs were replaced by gas-tight suba-
seal bungs (w. Freeman and Co., Barnsley. U.K.). 15—m1 of acetylene (BOC)
was injeeted lnto each flask, which was shaken slightly before equilibration
of pressure b§ another needle. Samples were»then incubated under the same
experimental eenditions. Two controls were always used:
(a) media + 0232

(b) alga minus C2H2

After incubation with C,H, for 60 minutes, the gas mixture was collected

2
in 1-ml disposable syringes and the samples were analyzed by injection into
a Varian Aerograph 1400 gas chromatograph equipped with a hydrogen flame
iOhization detector. N2 was used as the carrier gas at a rate of 45-ml
min~} and the 3.0 mm x 2.0 m column was packed with "Porapak” R (Water

Associates Inc}. U.S.A). The operating conditions were: detector
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temperature, 150° Q: column temperature, 100° C; hydrogen flow rate, 30-ml
min~!: air. 300-ml min"l.‘

thylene and acetylene peaks were identified on recorder traces by the
retention time and quantified with standard curves constructed from high
puri§y~ethy1éne standards (BDH Poole, Dorset, England) on the day of use.
The,resglts o% nitrogenase activity were expressed as nmol C,H, mg dry wt ™}
min~1. |
In order to test,whether;ethyleng.was present a contaminant in the

acetylene and_fbr.possib}e,leakhgé of hydrocarbons from the suba-seal bungs

(Postgate, 1972); blanks withfqhd without acetylene were also injected.

2.9 Mi r0§copg

2.91 Light-microscopy

Algal.mate:ial were examined using a Nikop Fluophot type 109 microscope.
A Nikon M-350 camera ﬁaS‘usedvfor photography with Kodak Technical pan 2415
film for black and white and Kodak Ektachrome Tungsten "professional” film

for colour pictures.

2.92 Electron microscopy

The fixative (pH 7.0) for routine fixation was: 2.5 % (v/v) glutaraldehyde.
1.0 % (v/v) formaldehyde and 0.05 M PIPES. Material was incubated
overnight at room temperaturé. followed by a rinse of Milli-Q water and an
’overnight soak in PIPES buffer (pH 7.0). A three to five-minute wash in
0.05 M PIPES buffer completed the fixation.
Fixed material was washed twice in Milli-Q water (15 minutes each) before
being stained in 1 % osmium tetroxide for one hour at room temperature.
Stained material was washed in Milli-Q water before being passed through a

dehydration series consisting of two 10-min changes in 10 %. 20 %, 50 %, 75
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%. 100 % ethanol. Material was soaked in 1 : 1 alcohol : Spurr resin
(Spurp. 1969);f0r 24 h before being polymerized at 70° C in fresh Spurr
resin. Ultrathin sections were cut using glass knives on a LKB Ultratome
ITI Ultra—mic%otone-and collected on acid etched (4 % HCl for 1 minute)
copper palladium grids. Sections were then stained following Reynolds
(1963) for 20 minutes in uranyl acetate. rinsed with distilled water and
counterstained in lead citrate for the same length of time. The grids were
then washed in'distil}ed_watef before being dried and examined under a
Phillipé‘EM 400 tranémiésiéh eléctroﬁ micfoséope. Kodak electron

microscopy film waS'usédffor ali electron-micrographs.

2.93 Morphological characters

Morphologiéal characiers‘were selected for observation and
quantification. Dimensions were normally measured on 10 examples of
.typical filaments. the measurments were rounded to the nearest 0.5. For
studies in Chapters 5;.7‘morphologiCa1 chaﬁges were scored when they were
first appeared.
(i) Tribﬁome
(a) Basai width (width of the widest vegetative cell in the basal zone);
{b) Apical width (width of the narrowest apical vegetative cell);
(c) length of vegetative part of trichome (length between basal and apical
living cell):'
{d) A hair waé defined as "a region of trichome where the cells are narrow,
elongated, highly vacuolated and usually apparently colourless" (Sinclair &
Whitton, 1977}). The extent to, which a particular trichome was hairy was
expressed as a percentage of the total trichome length (including the hair).
The % hairiness of a sample was expressed as the percentage of the total

trichomes which possessed hairs, based on a count of 40 trichomes.



46

(ii) Heterocyst

The formation of secondary heterocysts in Rivulariaceae (adjacent to
original basal heterocyst - see 4.3) was expressed as percentage of total
trichomes.. ‘Heterocyst frequency in Anabaena D697 was measured on non-
homogenized naterial |
(1ii) Cellular inclusions

The" extent of the presence of cellular inclusions was expressed in terms
of the percentage of the cell profile (i.e. area) of a typical trichome.
which appeared ‘to be covered by a particular structure. Cyanophycin |
granules were usually identified by their characteristic refractive
appearance (Fuhs 1973) - To confirm the presence of granules in young
filaments they were stained with Schneider s acetocarmine (saturated
solution of carmine in 45 x acetic acid) A drop of acetocarmine was
placed on a drop of dense algal suspension and left for at least five
minutes for post-vital staining After placing coverslips on the slide
cyanophycin granules were_examined at a magnification 1000 X.
Polyphosphate.granules were identified using the method of Ebel et al.
(1958) as described by Fuhs (1973).  Presh material was soaked for 15 min
in 10 % (w/v) Pb(NO 3)p in 0. 1N liNo, The material was then washed
thoroughly with Milli-Q water and treated with 10 % (NH ) S for 30 s and
then thoroughly washed with distlled water. Polphosphate granules
appeared dark-brown to black under the optical microscope.

The term intra—thylakoidal vacuole refers to structures best confirmed
with the electron—microscope. but for which a provisional identification can
also be made with the light microscope, on account of their distinct

colourless appearance.
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3. FACTORS INFLUENCING THE APPARENT SOLUBILITY OF Fe IN MEDIUM

3.1 General remarks

Provasolivgt al. (1957)fpointed out that although Fe, when added with
EDTA.fis preSent in solution in culture medium, it forms a precipitate
during autoclav1ng, especially in marine medium A preliminary experiment
in the present study showed that a brown precipitate (presumably containing
Fe)’ was found, especially in saline medium - Studies were planned to
investigate the factors 1nfluencing the apparent solubility of Fe in saline
and freshwater medium - Ihe apparentrsolupility of Fe was assessed by
measuring % of Fe”which passed a GF/C filter,.together with centrifugation
for comparison. For experimental purposes{‘it was assumed that full

solubility ocpurs whenvless than 2 % of Fe was retained on the filter.

3.2 Factors influencing'apparent solubility
{i) Influence of pH |

The first experiment was carried out to test the influence of pH on
solubility in saline medium. Buffering was carried out as described in
2.35 and'samples were prepared as if for a normal experiment, with flasks
being autoclaved (2.37). Samples were left on the bench for 6 h and then
either filtered through GF/C filters or centrifuged (4000 r.p.m. for 10
min).  The filtrates were then acidified (0.025-ml HNO,) before Fe was
measured as in 2.61. |

After both filtration and centrifugation the solubility of Fe decreased
(Table 3.1) with increase<in pH (pH before autoclaving). Full solubility

 was obtained when the pH was adjusted to 2.0 before sampling the medium.
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Table 3.1 Influence of pH on apparent solubility of 0.4 mg L~1 Fe Fe in

saline medium: Iron and 2.0 mg L—1 EDTA were added to medium prior to

autoclaving.

‘% of apparent Fe in solution

pH _t " filtration centrifugation
6.0 84.6 89.2

7.0 44.1 55.0

7.8

0.0 16.1.

(ii) Influence of EDTA and time of exposure 1n saline medium

A prellminary experiment showed that the solubility of Fe decreased with
time. In a more detailed experiment therefore, the influence of EDTA and
time'exposure_on solubility'of Fe was investigated in saline medium.

Medlum was'autoclsved and left to stand for 6 h before Fe and EDTA
additinns.i Samples.were.then incubated under standard experimental

conditions (i.e. in light) over 3, 6 and 25 h.

Table 3.2 ‘Influence of EDTA and time of exposure on the apparent solubility
of 0.4 mg L_1 Fe in saline medium. Iron and the different EDTA

concentrations were added to autoclaved medium at the start of the

experiment.

EDTA Fe : EDTA % of apparent Fe in solution over time
(mg L™1) . molar ratio

0 3 6 25 h
2.0 1 : 0.96 97.3 54.7 43.8 26.5
4.0 .1 :1,92 98.1 92.0 81.1 61.9
6.0 -1 : 2.88 99.3 94.2 87.6 97.3
8.0 1: 3.84 - 96.4 92.0 97.3
10.0 1: 4.8 98.7 92.0 92.0 97.3
20.0 "1 : 9.6 99.1 94,2 92.0 97.2
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The results (Table 3.2) show that the minimum EDTA required to keep Fe in

solution in saline medium is 6.0 mg Lt

(iii) Influence of EDTA and time of exposure in freshwater medium

" The iﬁfluenée of EDTA gna.time of exposure on.solubility of Fe was also
tested in fresﬁwatgr_ﬁgdium;_:.The experiment was carried out as in (ii)
with theve#ception.thatﬁnéiéémbijng'ﬁgs made at t = 0. The minimum EDTA
required to keep fe‘infsoiﬁfioﬁfih.fre;hﬁater medium (Tables 3.3) is 4.0 mg
- AR

Table 3.3 Infiuence of EDTA and time exposure on the apparent solubility of

0.4 mg L-'1 Fe in freshwater medium. Iron and the different EDTA

concentrations were added to autoclaved medium at the start of the

experiment.

EDTA ‘Fe : EDTA % of apparent Fe in solution over time (h)

(mg ™!y . molar ratio
3 6 25 h
2.0 ‘1 : 0.96 98.9 98.9 65.2
4.0 1:1.92 98.9 98.9 98.9
6.0 1 : 2.88 98.9 98.9 97.2
8.0 1 : 3.84 98.9 98.9 97.2
10.0 1: 4.8 98.9 98.9 97.2
20.0 1 : 9.6 99.0 99.0 97.2

(iv) Influence of light and dark incubation in saline and freshwater media
An experiment was carried out to test the influence of light on
solubility of Fe in saline and freshwater media. Saline medium was

prepared as in (ii) and freshwater medium as in (iii), but with only one
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EDTA concentration (2.0 mg L-l). Samples were incubated in light or dark

for 25 h before filtration.

Table 3.4 Influence of light and dark incubation (25 h) on apparent
solubillty of 0 4 mglL -1 Fe in two media. Iron and 2.0 mg L~ -1 EDTA were

added to autoclaved medium at the start of the experiment.

Medium i ‘:,d& o§;aﬁpdrent_Fe in solution
ght . dark
saline - o V.éG;Sii T T

freshwater o 65:2 .- . S 97,2

Saline medium and the-présence both enhanced the reduction in the apparent

solubility of Fe.

(v) Influence of salts (inAdark) in saliné medium

The influence of each salt'od solubility of the Fe was fested. The
salts and/or solutions were prepared separately at their normal
concentrations, buffered at pH 7.8, autoclaved and left to stand for 6 h
before Fe (0.4 mg L—l) and EDTA (2.0 mg'L-l) were added. Solubility of Fe

was followed over 25 h 1ncubation»1n the dark (Table 3.5).
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Table 3.5 Inflqence of chemical components of saline medium on the apparent
solubility of 0.4 nmg L1 pe. Iron and 2.0 mg L1 EDTA were added to

autoclaved medium at the start of the experiment.

tested substance % of apparent Fe in solution over time (h)

S0 - 3 6 25 h
Milli-Q water | 98.9 99.4 100.1 98.9
NaCl , _-. 95,1 91.0 91.0 93.0
Mgso, -, ... 87.3 . 83.6 - 87.3 87.3
kel = -0 10701 T T 107.5 99.0 103.5
CaCl o L. 95,7 - - 103.5 99.0 107.1
trace elements 101,83 - .101.3 101.3 99.0
K,upo, Sl .108.5 ¢ 99.0  99.0 103.5

Although MgSO4 had the greatest effect, it was still less than the

influence of all Salts.invcombination (Table 3.5). These results indicate
that a high EDTA concentration should be used to maintain Fe in solution

during accumulation studies.

(v)'Influence of type of filter

The next step was to seiéct a filter for use in accumulation studies.
The filters tested were: GF/C (1.2 um), Millipore (0.45 um) and Nuclepore
(0.2 um). The experiment was carried out as in (ii) for saline medium and
as in (iii) freshwater medium, with the exception that high EDTA was used
6.0 mg L1 for former and 4.0 mg L™l for 1atter. The solubility of Fe was

followed over 25 h. There ‘was no difference in results, so GF/C used for

the rest of stddy.
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4 INFLUENCE: OF Fe—LiMITATION ON MORPHOLOGY AND CYTOLOGY

4.1 General remarks

The mdrphoiogy of Rivulariaceae is often influenced markedly by
conditions of_nutrient linitation (1.3). It was essential, therefore, to
identify thésé chanéesfintorder to dbtain criteria for use in further
experimehts;. | | |

A series of é#ﬁé;imgnﬁg.wag‘planned usiné various modifications of a
saline and a freshwgfe?imédium;f Saline medium refers to 30 % ASPGM(-N).
and freshwatef.medlum'référs'to Chu—iOD(;N), unless stated otherwise.

Three versions of each were used for studies in this chapter: standard as

in 2.3 and - Fe and low P medium as in 2.561. Strains of Rivulariaceae
were used, tdgether‘with Anabaena 0697. Inocula were taken from

exponehtial cultures, which include many free hormogonia. A few general

comments on the appearance of the cultures may be helpful.

Calothrix viguieri D253: 'dark green; more clumped in saline than freshwater

medium.

Calothrik parietina D550: green-brown; floating and attached in saline and

freshwater medium.
Calothrix sp.:D603: black-brown; floating in freshwater medium.

Dichothrix sp; D696: green-yellow; attached and floating in saline medium.

100 % ASPGM(-—N) medium.

Anabaena ambigua D697: bright green; fully floating during the lag and

exponential phases. but tended to fofm ball- and net-like growths during the

stationary phése.
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The microscopic appearance was recorded. and descriptions made using the
stages of dévelopment propdsed by Livingstone and Whitton (1983). The main
strains (D253, D550, D696, D704) will be described first, with details of

Anabaena D697 at the end of 4.4.

4.2 Morphological and cytological changes in standard medium

4.21 Optical microscopy

The first experimept'ﬁas carried out in standard medium; saline medium
was used to groﬁ Eﬁltubésiof Calothrix D253, Dichothrix D696. Calothrix 704
(100 % ASPGQ(-N));'whilé freshwater medium was used to grow Calothrix D550
and also ggl§3§£1320253.A  The results for the various stages are given in

Tables 4.1-4.8, Al1.1-1.2, Fig. 4.1-4.2, Al.1.

Sfage I

There was no obvious change in dimensions of the trichome of strains.
The hormogonia resembled each other in dimensions (3 um wide), with the
exception of Calothrix D704 (1 um wide). Calothrix D550 had hormogonia
with gas vacuoles; these were lost within 24 h of their release.

A change in granulation was obvious in all strains. Polyphosphate
granules increased and cyanophycin decreased slightly. Hormogonium
production was at a maximum. and the release of hormogonia was similar in
all cases. It was facilitated by development of specialized cells
(necridia); these degenerative gtructures were biconcave. pale and
colourless. All cultures resembled each other in that the sheath was firm
and there were no intra-thylakoidal vacuoles {" vegetative cells (see 4.3),
no secondary heterocysts and no hairs on the trichomes; after 48 - 72 h
growth, the hormogonia had tapered slightly and developed a terminal

heterocyst, a change which is considered as the beginning of stage II.



Stage II
As the length of trichome increased, increase in width was restricted to

the basal area. All stpains resembled each other in that there were no

secondary or intercalary heterocysts.

Polyphosbhate granulés appeared to decrease more rapidly in Calothrix
D550 than_the other strains; the loss was in each case first apparent in the
apicai région.qf.frichome..~ There was an increase in cyanophycin which was
most pronounced in Calothrix D253 and Calothrix D550.

-Proddction‘ofihérﬁogbﬁig'decreased gradually until they ceased to form.
Vacuolatioﬁﬁin apical.région of the trichomes was recognized as the end of

stage II; this wasvthe first indication of hair formation.

Stage 111

The development of the hair was similar in each strain. including
elongation and vacuolation of a few apical vegetative cells. The extent of
hair development varied among strains, as illustrated by the hair
dimensions} percentage of hairiness and the percentage of trichome as hair.
The increase in length of trichomes varied between strains, with Calothrix
D704 the least.

All strains resembled each other in that the polyphosphate granules were
absent and cyanophycin increased markedly in both basai and apical areas of

the trichomes. Secondary heterocysts were developed immediately above the

(original) basal heterocyst.

A deep brown sheath developed

in Calothrix D253.
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Table 4.1 Dimensions (um) of morphological chaf%ters of Calothrix D253 in

standard saline ﬁedium.

day "

0
1
2
3
4
6
8
10
12
14

vegetative part of trichome

86.
85.
96.

110.

161..

180.

219.

' 250.
375.

475,

" length

i ..._
OCO0O®O~II~1I~33]

aooaaaaaaa

basal

‘Table 4.2 Dimensions (um) of

standard freshwater medium.

day

- e

OO R NDCO

vegetative part of trichome
length

83.

97.
175.
196.
245.
262.
345.

aaa oo a

basal

AANAD DD DD

©®=~21-3-3-33

apical

[ 0N NS NN RS BN QRS BES BNS BN ]

123 TRC IS WS e I WS e Y

hair

length

width

sheath

<1
<1
<1

. <1

<1
<1
<1
<2
<2
<2

morphological characters of Calothrix D253 in

(S <. I+ NS RN S BS IG |

apical

[¢ NS NS N+ NS RS BN |
amoaoomm

hair

length

width

sh

<1
<1
<1
<1
<1
<1
<2

eath
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Table 4.3 Dimensions (um) of morphological charcters of Calothrix D550 in

standard freshwater medium.

day vegetative part of trichome hair sheath
length basal apical length width
0  62.5 7.5 4.5 - - <1
1 100.5 7.5 4.5 - - <1
2 125.5 1.5 4.5 - - <1
3 126.5 7.5 5.5 - - <1
4 212.5. 7.5 5.5 - - <1
6 237.% . 7.5 . ‘3.5 100.5 1.5 <1
8 125.5 7.5 3.5 321.5 1.5 <1
10 100.5  10.5 3.5 470.5 1.5 <1
14 75.5 = 10.5 3.5 675.5 2.5 <1

Table 4.4 D;mensions (um) of morphological characters of Dichothrix D696 in

standard saline medium.

day vegetative part of trichome hair sheath
length basal apical length width
0 75.5 7.5 5.5 - - <1
2 87.5 7.5 5.5 - - <1
4 145.5 8.5 5.5 - - <1
6 - 195.5 10.5 6.5 - - <1
8 280.5 12.5 6.5 25.5 2.5 <1
10 310.5 12.5 6.5 120.5 2.5 <1
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Fig. 4.1

Morphological changes of strains during growth in standard medium

in batch}cuiture:‘gg;ggbgig D253 and Dichothrix D696 in saline

medium, gg;gghg;§gD2$3 and~§g;g§gg;§ D550 in freshwater medium

a)

b)

c)

d)

Hormogonium
Young tficﬁome:witﬁ;hefgfocyst |
Hormogonial réleasé‘fbom mature trichome with necridium

Mature trichome after ceasihg hormogonial release
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Fig. 4.2 Optical-micrcgraph'of‘stfainé-grown in standafd medium
Vegetafive éell'(VC). hb:mogonia (Ho). necridium (N). heterocyst
(Het\.,Cyanoph?cih;(p)ﬂrﬁas:vacuo;es‘(GVi and akinete (AK)

Scale bar =-10.uhsz SR o

1) Calo §hp1x D253 15 saline medium v
2) gg;ggggig D253 in freshwater medium
3-4) Cg;ggb§1§ D550 in freshwater medium

5—6) _Dicho thrix D696 in saline medium

7-8) Anabaena D697-in'$aline medium
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4.3 Morphological and cytoldgical changes under Fe-limitation

4.31 Optical microscopy

It is not clear which factor limits growth in batchlculture using
standard media (4.2). Fe-limitation may have been implicated during the
experiments reported in 4;2. as the formation of secondary heterocysts and a
deep brown sheath has been reported previously in Calothrix D253 in - Fe
medium (1.32). Therefore a further experiment was carried out to idenéify
morphological and‘cyfp}ogicai responses to Fe-limitation in order to relate
these to physiologiééi;pééponses.h’ The medium used here was different from
that in 4.2: ,omiséiéqzéf F;;_redﬁction of EDTA and containing high (10 mg
L—l) P concéntratibn iﬁ ordér to avoid interaction beteen Fe- and P-
limitation. - The‘resﬁlts for various stages are given in Tables 4.9-4.15.

A1.3-1.4, Fig. 4.3-4.5." Al1.1.

Stage I

The cultures were in general similar to those in standard medium. but a
few differeﬁces were noted. Production of hormogonia was less and
cyanophycin granules decreased more rapidly. Iﬁtra—thylakoidal vacuolation
appeared in some horhogonia of Calothrix D253 and in many vegetative cells
of fhe tapered trichome 6f Calothrix D550. The colour of vegetative cells

was pale in all strains.

Stage 11
The differences from standard medium became more pronounced. A deep
brown sheath developed in Calothrix D253. Production of hormogonia was

much less in all strains, especially Calothrix D550. Cyanophycin granules
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decreased until they became absent, whereas polyphosphate granules decreased
more slowly than in standard medium.

All strains resembled each other in developing secondary heterocysts.
Formation bf secondary heterocyst was accompanied by degeneration of the
basal (collapsed) heterocyst, which appeared d;sconnected with the secondary
heterocyst. although it was sometimes covered by the Qame sheath.

A marked difference in the colour of vegetative cells and the amount of
intra—thylakoidal'vacgolation (in yegetative cells) from that in standard
medium was also‘bﬁséfvé&;;..For instance the colour was pale-green in three
strains and evep-péleg 1q;§a16thr1k‘n550. The latter had the most intra-
thylakoidal_vacﬁblatioq (1hxvegetat1§e cells), which appeared evenly
distributed along the trichomes and increased in size toward the apical
zone. Vacuolation in apical region of the trichomes was recognized as the

end of stage II: thisvwasAthe first indication of hair formation.

Stage III

Marked differences were obvious in the appearance of cultures as with
standard medium. The hair was shorter and its frequency was less. Although
hair length varied between strains{ the width was quite similar apart from
Qighothrix D696, which was about twice that of the others. The length of
the transition region between vegetative cells and mature hairs also varied
between strains, as Calothrix D550 had a distinctive zone; other strains had
either a short zone or an abrupt transition.

In comparison with standard medium polyphosphate granules continued to be
present, particularly in the basal cells of the trichome. In contrast with
standard medium, frequency of secondary heterocysts increased sharply,

though varied between strains. Many trichomes had up to four adjacent

basal heterocysts. ’ —
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Colour of vegetative cells differed narkedly from that in

standard medium (4.2).

Table 4.9 Dimensions (um) of morphological characters of Calothrix D253 in

- Fe saline medium.

day . vegetative part of trichome hair gheath
length ' basal apical . length width

0 85.5 - 8.5 .~ 4.5 - - <1

1 ©85.5 .. 8.5 4.5 - - <1

2 - 94.5 - 8.5 4.5 - - <1

3 - - 120.5 ' 10.5 5.5 - - <1

4 . 185.5 10.5 5.5 - - <1

6 '180.5 ©10.5 5.5 - - <1

8 ’ 180.5 10.5 5.5 - - <1
10 -'180.5 - 12.5 5.5 - - 3.5
12 . 250.5 158.5 5.5 - - 3.5
14 . 260.5 - 15.5 5.5 - - 3.5
16 ‘ 280.5  16.5 5.5 - - 3.5

Table 4.10 Dimensions (um) of morphological characters of Calothrix D550 in

- Pe freshwater medium.

day vegetative part of trichome hair sheath
length  basal apicél length width
0 62.5 7.5 5.5 - - <1
2 125.5 7.5 5.5 - - <1
4 140.5 7.5 5.5 i5.5 2.5 <1
6 225.5 7.5 2.5 32.5 2.5 <1
8 175.5 7.5 2.5 35.5 2.5 <1
10 170.5 7.5 2.5 35.5 2.5 <1
12 175.5 7.5 2.5 35.5 2.5 <1
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Table 4.11 Dimensions (um) of morphological characters of Dichothrix D696

in - Fe saliné medium.

day

vegetative part of trichome
length-

82.

87.
110.
120.
165.
212.
250.
274.
285.

agmaaaaoa

basal

12.
12.
12.
12,
12.
~10.
S0,
.10,
010,

L NS S S WS S N

apical

P X

S IS IS B NG IS e d WS,

[ B BN IS RN |

width

WWwwWwNn |
[4 0N IS e )

sheath



69

+ - - - 0e oy LA
- - + - - - o¢ ov 2T
- - +. - - - 0s 0S ot
- - + - - - 114 09 8
- - + ot - - os 09 9
- - IR ST - - 0S 08 v
- - - 08 - - 0s 08 -2
- - e ot or1 - or1 0
Jiey se A ._ap,mw.ywﬁ,.‘ _-. uor3onpoad - yeayde g[eseq tedide Teseq
3WOYdTI} - SSAUTJTRY ~uUoTie[onoeA. eruodomaoy ~ uydAydouedAd  ajeydsoydAtod Aep

‘Wnypew auyyes 3g - ur

€520 ¥TIGIOTEH uT s98ueyd [eorBoroydiow jo (%) Adusnbeaj pue (a7Tjoad [129 Jo %) UOFIR[AURID 2T'F 3[qel



70

g2 02

62 _ 02

ge 1) O

8T o1

i 2 S N

6. - .+
‘Jyey se

‘awoyoTJI} mmunﬁuwdnuw:omumHOﬁuww

+ + + + + +

ot
(11

08
-uot3onpoad

mwﬁndwoswoa

ot

ot

o1
o1
0ec
115
ov
oy

ov

awoﬁnu {eseq [eoide

(11
0¢
(11
0¢
09
08
08
o1

Teseq

urdAydoueAd muwsmmonnwﬁon

vi
et

O N =t ®©®O
-4

Aep

‘unTpaw Jajemysaaj aj- ur

- gggd XTigjofe) ur sadueyd ﬁnoﬂM0ﬁoznuoa.uow~&v >o=m=uowu pue (ayrjyoxd T[133 JO %) :oﬁumﬁzqmpu..Mﬁ.w mﬂan



71

Lt
LT
L1
eI
13

ITey se

BWOYOTI} SSIUTITRY UOTIBTONORA  BTUOBOWIOY

08¢0 XTJayjoye) ur sasue

0¢

0z
0z

0¢e

o1

08
08
08

08

S

o€
08
06

o1
(11¢
o1
ot
114
o€

uor3ionpoad 7Teodrde

iTepTONBTAYIRIIUT,

0¢s
0s
09

08

08
08

ot

Teseq

ot

Tesrde

01
113

Teseq

urdAydoueAd ajeydsoydAyod

et

O QN «f ¢© ® O
i

Aep

‘unypaw J23eMYsary a4 - uf

Yo 1est3oroydaou jo ﬂwv,>o=m=vmgu pue (d[1joad (190 JOo %) uoriernuedyg Iy a[qel



72

L1 02 + . - - - - 02 ce
€1 - 08 + - - - - 0¢ ¥
2t ot + - - - ot o¢ 21
T - - + - - - ot (11 o1
€1 < + - - - otr o% 8
- - + o1 . - - ot 0¢ 9
- - +. ()8 - - (119 05 14
- - - 0e ol ol ol 0s 2
- - , - 0L (411 o€ - 0¢ 0

Jfey se o uoT1onpoad Tedyde f[eseq 7[eOorde Teseq

awWoydTI}. SSIUTITeY “-UOTIBTONIBA eruoBowloy  urdoAydoueAd ajeydsoydAtod Aep

‘unpaw aufies aj - UT 9690

xﬂpnaonoﬂn =ﬂ;wvw=w:0 ﬂwuﬁmoﬁmnmuoa Jo va Ajuanbaayg an.»u~ﬂuoua T133 'Jo %) uoriefnueay gi'y 3[qel



73

Fig. 4.3 Mobphological changes of.strains during growth in - Fe medium in

batch culturé Calothrix D253 and Dichothrlx D696 in saline

medlum and Calothrlx 0550 in: freshwater medium

a) 'Hormogonium

b) . Young trlchome eith heteeoeyst

c) Hormogonial release from mature tr1chome with necridium
.'d) 'Mature trichome after ceasing hormogonial release

ei ~Hormogonia1 release after addition of Fe to Fe- limited

culture -



yAl'c)‘
Afd)j

D253 sal 5

e
" b)

b/SOpm

R a:m:crm =

| 4 100pm
CZIDDIIIJHHE*IrnED
100pm_

- D696 sal
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Fig. 4.4 Optical micrograph of strains grown in - Fe medium. Vegetative
cell (VC). hormogonium (Ho), necridium (N), heterocyst (Het),
hair (Hr). degenerated trichome (DT). akinete (Ak) in Anabaena
D697, collapsed heterocyst (C Het). secondary heterocyst (S Het).
sheath (S). gas vacuoles (GV), intra-thylakoidal vacuolation

(IV). cyanophvcin (C), polyphosphate granules (Pp). Scale bar =

10 um
1-5) Calothrix D253 in saline medium
6-7) Dichothrix D696 in saline medium

8-12) Anabaena D697 in saline medium

13-16) Anabaena D697 after polyphosphate staining









78

Fig. 4.5 Optical mibrégraﬁh:df géigﬁﬁglg Déss'grbwh in - Fe medium
. Hormogdnium (Hp).'ﬁecfid;ﬁm fﬁ). brown'shéath (S) intra-
thylakoidal yacuolation (IV). Collapsed heterocyst (Het).
secondary héterocyst (S Het). Scale bar = 10 pm
1-2) Calothrix Déss infsaline medium

3-8) Calothrix D253 in freshwater medium
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4.32 Recovery from Fe-limitation

Addition of Fe f0.4 mé L_l) to Fe-limited cultures (from 4.31) resulted
in marked changes in mdrbhology and cytology (Tables 4.16-4.19, A1.5-1.6).
Where hairs were formed as a résult of Fe-limitation, they were shed within
the first é4‘h. dpparently by lysis of the lowest hair cells. All strains
resembled eaéh otﬁef 1n.fhét Veggtative cells returnéd to their normal
colour, although a few trichoﬁes in the centre of masses of filaments were
slower than the res;; ' fﬁé intra—thylakpidal vacuoles were lost from
vegetative cé119;~§-AsﬁéﬁFé4 h'host basalA(COllapsed) heterocysts were lost.
All strains reSémbiéd gééﬁﬂqfﬂér:in»théttcyanophycin granules reappeared in
the apical a;é? (i,e}:imnédiAfer,belby’where hair fell off). whilst
polyphosphate grénﬁiéﬁ_:emhinéd unchaﬁééd. The next stage of hormogonium
development wasvdistigguishgd in Calothrix D550 by formation of gas-vacuoles
after 24 h. = | |

All strainsbresembled-each other in that their normal colour had returned
between 48 and 72 h. Hofmbgonia production was obvious in all strains.
By this time basal (qollapsed) heterocysts had been lost, leaving the other
heterocyst which was prgsgnt_before addition of Fe (i.e. no new heterocyst).

There was no obvious response of the Fe-limited cultures to addition of

either P or trace elements. This was clear evidence that cultures were Fe-

limited.
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Table 4.16 Dimensions (um) of morphological characters of Calothrix D253

after addition (day'la) of Fe to Fe-limited culture in saline medium.

day vegetative part of trichome ‘hair sheath
length basal apical length width

0 (day i2) 219.5 12.5 5.5 - - 3.5

1 212.5 12.5 5.5 - - 3.5

2 . -219.5. 10.5 5.5 - - 3|

3 5.5 . - - <1

250.5 . 10.5

Tab1¢ 4.17 DimenSibns[{pm)'of morphological characters of Calothrix D550

aftef additionv(dé&”ilfibf‘fe to Fe-11m1ted culture in freshwater medium.

day '  vegetative part of trichome hair " gheath
“length =~ basal apical length width

0.(day 11) 175.5 1.5 3.5 35.5 2.5 <1

1 170.5 7.5 5.5 - - <1

2 o 175.5 7.5 5.5 - - <1

3 205.5 : 7.5 5.5 - - <1
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Fig. 4.6

medium

1)

apicél region of trichome shows intra-thylakoidal

.vacuqles (IV). carboxysomes (Ca). polyphosphate granules

(Pp). sheath (5). x 7000

basal reglon of trichome shows collapsed heterocyst

{C Het) secondary heterocyst (S Het) pore channel (PC),

intra- thylakoid vacuoles (IV) polyphosphate granules

(Pp) envelope (E); sheath (S) lipid bodies {Lb)

‘no. 2 7 were taken at X. 7000 7000 9000 9000 9000 and

4300 respectively
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Fig. 4.7 Electron micrograph of Calothrix D550 24 h after addition of Fe
to Fe-limited culture
1-3) Vegetative cells with thylakoid (T). polyphosphate granules

(Pp). sheath (S). septa (st). 1-3 were all taken at x

7000
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4.4 Morphological and dytolggical chgnges‘ggger P-limitation

4.41 Optical microscopy’

0bserVatibn»on P-limited cultures was made to confirm that the previous
findings (4.3) were not an artifact of interaction between Fe- and P-
limitation.i ‘The results.for the various stagés‘ere.given in Tables 4.20-

4.27, A1.7-1.8, Fig. 4.8-4.9.

Stages{I and II_; iL
| The firéf.édd:ééebq;fgigéééiarejboﬁbiﬁ§d to§othe§ since sfage 111 was
entered quiékIQ égdftﬁﬁgéédf; fﬁeré ﬁdsfﬁo clear time for stage II.

- Marked difféfeﬁééﬁ?ﬁé;é}abQiogé'15 the appearance of.culfures from that in
standard and - Fe mediqmﬂl For instance none éf the strains developed a
secéndary A; ‘ B héterocyst and/or sheath similar to that in
standard and - Fe'medium;?3

| Ahother'mafked difféfénée alsb | concerned the granular content of
the végetative ceils dufing the initial days of growth. For instance
polyphosphate granules @e:e lost qﬁickly from all strains. whilst
cyanophycin‘increased siightly; especlally in the basal area of trichomes.

Sfrains fésembled eaéh‘other by retaining their normal colour in contrast

to - Fe medium. .vPrpduction of hormogonia decreased more rapidly than with
- Fe medium, and apical'VEgetative cells developedvsmgll vacuoles: this was

regarded as the sign of hair formation and therefore the start of stage III.

Stage III

Marked differences wererbvious in the appearance of cultures from that
in standard and - Fe medium. For instance hair length was more pronounced
and hairiness was more frequent. Although percentdge of trichome as hair

varied among the strains. the width of the halr was similar (2.5 pn) in all
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strains, with the exception of Qiggggggig D696 (4.0 um). Another marked

A difference withJQ;ggggggig D696 was that the hair cells were shorter. The
transition region between the vegetative cells and mature hairs varied with
the strain, asAQg;gghglg D550>had_a distinctive zone, while other strains
had either a short zone or none. -All strains resenpled each other in that
the pol§phos§hate granules ﬁere absent, while cianqphyéin granules increased
markedl? in both ba§a1 and apical areas of the frichomes. There were no

_ secondary or integ¢a;ary;héterocysts in any_strain.

Table 4.20 Diméns}oﬁ§ (um) of morphological characters of Calothrix D253 in

low P saline*medihm.A .

day ~  vegetative part of trichome hair sheath
length basal apical ' length width

0 60.5 10.5 5.5 - - <1
2 70.5 10.5 - 5.5 - - <1
4 ©75.5 10.5 5.5 - - <1
6 112.5 10.5 5.5 35.5 2.5 <1
8 130.5 10.5 5.5 35.5 2.5 <1
10 175.5 10.5 5.5 35.5 2.5 <1
i2 215.5 10.5 5.5 75.5 2.5 <1
14 - 250.5 10.5 5.5 75.5 2.5 <1
16 250.5 10.5 5.5 75.5 2.5 <1
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Table 4.21 Dimensions (um) of morphological characters of Calothrix D253 in

low P freshwéter medium.

day ~+ vegetative part of trichome hair sheath
- length - basal apical lengthv width

0 65.5 - 10.5 5.5 - - <1

2 70.5 10.5 5.8 45.5 2.5 <1

4 95.5. - 10.5 5.5 125.5 2.5 <1

6 180.5 = 10.5 5.5 252.5 2.5 <1

8 180.5 ° -'10.5 5.5 305.5 2.5 <1

10 . 1755 ;.. 10.5 . . 5.5 350.5 2.5 <

14 »-._175}5‘ i} 10,5 j 5.5° 475.5 2.5 <1

Table 4.22 Dimensions (um) of morphological characters of Calothrix D550 in

low P freshwater medium.

. day vegetative part of trichome hair sheath
length ‘basal apical length width
0 62.5 1.5 5.5 - - <
2 125.5 7.5 5.5 25.5 2.5 <1
4 110.5 8.5 5.5 225.5 2.5 <1
6 100.5 10.5 5.5 505.5 2.5 <1
8 100.5 10.5 5.5 910.5 2.5 <1
10 80.5 10.5 5.5 950.5 2.5 <1
14 75.5 10.5 5.5 1052.5 2.5 <1
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Table 4.23 Dimensions (um) of morphological characters of Qighothrlg D696

in low P saline medium.

day vegetative part'of trichome hair sheath
length basal apical length width
0 75.5 - 10.5 6.5 - - <1
2 80.5 10.5. 6.5 - - <1
4 100.5 10.5 6.5 - - <1
6 120.5 .~ 11.5 6.5 50.5 4.5 <1
8 119.5 - 11.5 5.5 120.5 4.5 <1
10 149.5 - 12.5 5.5 190.5 4.5 <1
22 .5 b 5 5.5 790.5 4.5 <1

375,

12,
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Fig. 4.8

Morphological changes during growth in low P medium in batch

culture: Calothrix D253 and Dichothrix D696 in saline medium.

Calothrix D253 and gg;ggﬁgig D550 in freshwater medium

a) Hormogonium ‘ v

b) Young tfichome with heterocyst

c) Hormogonial release f;om mature trichome with necridium
d) Mature trichome after ceasing of hormogonial reiease

e) Hormogonial release after_addition of P to P-limited culture
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Fig. 4.9 Optical micrograph of strains grown in low P medium
Heterocyst (Het). hair (Hr). akinete (Ak) and gas vacuoles (GV)

in Anabaena D697. Scale bar = 10 um

1) Calothrix D253 in saline medium
2-4) Calothrix D253 in freshwater
5-6) Dichothrix D696 in saline medium
7) Qg;ggug;g D550 in freshwater

8) Anabaena D697 in saline medium
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4.42 Recovery from P-limitation

Addition of P (1 mg L_l) to P-limited cultures resulted in marked changes
in morphology and cytology (Table 4.28-4.35, A1.9-1.10). Hairs formed as a
result of P—limitatioﬁ were shed within the first 24 h.  All strains
behaved similarly in that polyphosphate granules increased markedly,
particularly'in the basal area, while cvanoﬁhvcin granules decreased
slightly.

Strains resembled each other in that hormogonia were released between 48
- 72 h. with Calothrix D550 showing the quickest response. Consequently.
as growth resumed, cyanophycin granules continued to decrease until lost
from all strains. There was no obvious morphological response in P-limited

cultures of any strain to either the addition of Fe or trace elements.

Table 4.28 Dimensions (um) of morphological characters of Calothrix D253

after addition (day 8) of P to P-limited culture in saline medium.

day vegetative part of trichome hair sheath
length basal apical length width

0 (day 8) 175.5 10.5 5.5 - - <1

1 ' 74.5 10.5 5.5 - - <1

2 75.5 10.5 5.5 - - <1

3 80.5 10.5 5.5 - - <1

4 85.5 10.5 5.5 - - <1
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Table 4.29 Dimensions (pm) of morphological characters of Calothrix D253

after addition (day 8) of P to P-limited culture in freshwater medium.

day vegetative part of trichome hair sheath
length basal apical length width

0 (day 8) 175.5 10.5 5.5 455.5 2.5 <1

1 76.5 10.5 5.5 - - <1

2 72.5 10.5 5.5 - - <1

3 82.5 10.5 5.5 - - <1

4 95.5 10.5 5.5 - - <1

Table 4.30 Dimensions (um) of morphological characters of Calothrix D550

after additibn (day 8) of P to P-limited culture in freshwater medium.

day vegetative part of trichome hair sheath
length basal apical length width

0 (day 8) 28.5 10.5 5.5 9i0.5 2.5 <1

1 100.5 10.5 5.5 - - <1

2 110.5 10.5 5.5 - - <1

3 119.5 10.5 5.5° - - <1

4 120.5 10.5 5.5 - - <i

Table 4.31 Dimensions (um) of morphological characters of Dichothrix D696

after addition (day 8) of P to P-limited culture in saline medium.

day vegetative part of trichome hair sheath
length basal apical length width

0 (day 8) 119.5 11.5 5.5 121.5 4.5 <1

1 119.5 11.5 5.5 - - <1

2 121.5 11.5 5.5 - - <1

3 129.5 11.5 5.5 - - <1

4 130.5 i11.5 5.5 - - <1
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Morphological and cytological changeé in Aﬁabaena D697 (Fig. A2.1-2.10)
Rivulariaceae, dufing growth in standard, - Fe and low P media. In all
media the fifst indication of akinete‘formation‘was considered as the start
of stage III for Aggggggg D697. Although there were many similarities
between the changes in Anabaena D697 with those in Rivulariaceae in all
media. marked differences‘were also present,. For instance the changes in
polyphosphaté granules; intrathylakoidal vacuolation and colour were similar
to those of all_Rivulariaceae. Cyanophycin granules increased in - Fe
mediuﬁ (i.e. opposite to Rivulariaceae). Comparison between the responses
of Anabaena D697 in three media revealed that akinetes formed 8n one or
either side of heterocyst. However the overall frequency of akinetes was
higher under P- than Fe-limitation. Heterocyst frequency (with no account
for the fallen heterocysts) showed a marked increase (12.5 %) in - Fe
medium. but not with low P medium (i.e. akinetes and heterocysts show an
opposite response to hutrient limitation). The addition of Fe and P to
their respective element-limited cuitures led to recovery of growth., but
with a marked difference in that a few heterocysts (1 %) became blue in

response to Fe addition.

Blue heterocyst formation in response to addition of Fe
In Anabaena D697 examples of heterocysts turning blue (Fig. A2.3-2.4)
started to appear 24 h after Fe addition and reached 1 % within the first 72

h, after which they were diluted as growth resumed. No change in the



108

Ultrastructure of Anabaena D697 (Fig. A2.2-2.3)

Ultrastructure of heterocyst of D697 was examined before and after Fe
addition. The addition of Fe le. d to a rapid change in the thylakoid
membranes, particularly in the heterocyst, where they became re-arranged in
a uniform compact manner. and the intra-thylakoidal vacuolation was lost.

Neither carboxysomes nor phycobilisomes were found in any heterocyst.

4.5 1Influence of NaCl on hair formation by Calothrix D253

calothrix D253 does not form hairs under Fe-limitation in saline medium.

but forms long hairs in freshwater medium (4.3). Furthermore. under P-
limitation the same strain forms only a few (0.5 %) short hairs in saline
medium, whilst in freshwater medium hairiness reaches 90 % and most of these
are long hairs (4.4). A detailed study was made therefore on hair
formation in saline and freshwater media under Fe- and P-limitation to
determine the degree of hairiness at a range of NaCl concentrations.
Investigations were mainly restricted to P-limitation (Tables 4.36-4.39).
Calothrix D253 was subcultured in - Fe and low P media. including AD
medium as a comparison with previous studies (Sinclair & Whitton. 1977).
Under Fe-limitation there was no hair formation at 2.85 g L} Na. whilst 10
% hairiness was found at 0.045 g [._1 Na. In contrast with P-limitation.
less than 0.5 % hairiness was found at 2.85 g L_l Na. whilst 90 % hairiness

1 Na. There was an inverse relationship between

was observed at 0.045 g L~
NaCl concentration and hairiness and hair length in saline and freshwater
medium. Addition of Fe and P to the respective element-limited cultures
led to recovery from limitation, with release of horrogonia (see 4.32.

4.42). Hair formed in response to the respective element-limitation, but

only at low NaCl concentrations.
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Influence of seawater on hair formation by Calothrix D253

This experiment was carried out under P-linitation. The alga was
subcultured into 30 % seawater (enriched with Fe and trace elements).
Seawater had a similar effect to NaCl with fornation of less than 0.5 %

hairiness and short hairs.

Influence of upshift and downshift of NaCl on hair formation by P-limited
Calothrix D253 | |

The influence of up~- and downshift of NaCl concentration on hair
formation was tested ih filtrates of old media on two growth stages (days 4.
14). Algal_material which had recently formed hairs was chosen from the
freshwater medium and transferred to saline medium. Non-hairy naterial
from saline medium was transferred to freshwater medium.

In the case of the downshift, 20 % hairiness was found after 24 h,
whereas with the upshift the only obvious change tias that a few hairs were
shed and floated in the medium. After four days. there was no change with
downshift, whereas in the upshift further changes had occurred, including
loss of hairs. This provides further evidence of the influence of NaCl on
hair formation under P-limitation.

| In the 14-day experiment 60 % hairiness was found after downshift for 24
h. whereas after the upshift the only obvious change was that a few hairs
were shed and floated in tﬁe medium. After four days, there was no change
in the downshift, whereas after the upshift further changes had occurred.

including shedding of all the hairs. No obvious change occurred when non-

hairy material was transferred to fresh saline mediuvm with no added P.
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Is the influence of NaCl due to Naf or C1~ ?

In order to test this possibility, normal Cl concentration was maintained
by replacing Na with K in saline medium. The residual Na associated with
other chemicals added as stock solution was 0.045 g L—l. Only a few hairs

started to form, but the alga became unhealthy and died, indicating the

toxicity of K.

Does an increase in K* modify the effect of NaCl ?

It became clear that NaCl has a negative influence on hair formation
by gglggggig D253, but it is not clear yet whether it is due to an osmotic
effect, toxicity of Na, or other factors (example; interaction of Na with
Fe- and P-limitation). Three experiments were carried out:

(a) The influence of an increase (by altering Na concentration) and decrease
(by altering K concentration) in Na : K molar ratio on hair formation was
tested in low P saline and freshwater media.

The results revealed a strong negative correlation between increase in Na
concentration (Na : K ratio) and hairiness and hair length in saline (r = -
1 0.91 and - 0.97) and freshwater media (r = - 0.91 and - 0.97). In contrast
there was no correlation between hairiness and hair length and increase in K
concentration (decrease in Na : K), but the alga became unhealthy and died
at more than_o.339 g L—1 K, indicating fhat possibly Na is the key factor
involved in suppressing hair formation. There was neither an obvious
increase in cell size nor plasmolysis.

(b) An experiment was carried out in low P saline medium with equimolar Na
(2.85 g L'l) and K concentrations. Thére was no hair formation. but the
alga started to became unhealthy and died, indicating that K was toxic and

did not anfagonize Na. This suggests that the negative influence of Na on

hair formation is not due to toxicity.
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(c) Another experiment was carried out on alkaline phosphatase activity by
non hairy (grown in saline medium) and hairy (grown in freshwater medium) P-
limited cultﬁres. NQ detectable activity by the non hairy., but activity
induced when assayed in freshwater medium. In contrast with hairy.

activity was high, but reduced (30 %) when assayed in saline medium.

Influence of upshift and downshift of NaCl on hair formation by Fe-limited

Calothrix D253

Downshift of old culture of - Fe version of saline medium to similar
version of freshwater medium led to synchronized development of hairs in few

(5 -~ 10 %) of trichomes. A reciprocal upshift from freshwater to saline

meidum led to loss of hairs.

4.6 Summary
Comparison of growth under Fe- and P-limitation has shown that in general

all Rivulariaceae responded similarly to a particular limitation (Tables

4.40-4.43).
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Table 4.40 Comparison of morphological and cytological response to addition

of Fe or P to respective limited cultures of Calothrix D253 in saline

medium. Character present (+), absent (-).

character Fe~limitation P-limitation

Fe addition P addition

before after before after
hairiness - - <0.5 -
length of hair - - 75.5 -
trichome as hair - - 24 -
secondary heterocyst + - - -
polyphosphate granules + + - +
cyanophycin granules - + + -
thick sheath + - - -
hormogonium production - + - +
colour pale normal normal normal

Table 4.41 Comparison of the morphological and cytological responses before

and after additions of Fe or P to respective limited culture of Calothrix

D253 in freshwater medium. Character present (+), absent (-).
character Fe-limitation P-limitation
before after before after
hairiness 10 - 20 -
length of hair 75.5 - 475.5 -
trichome as hair 34 - 73 -
secondary heterocyst + - - ~
polyphosphate granules + + - +
cyanophycin granules - + + -
thick sheath + - : - -
hormogonia production - + - +

colour pale normal normal normal
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Table 4.42 Comparison of the morphological and cytological changes in
responses before and after additions of Fe and P to respective limited
culture of Calothrix D550 in freshwater medium. Character present (+),

absent (-).

character Fe-limitation P-limitation
Fe addition P addition
before after before after
hairiness 20 - 90 -
length of hair 35.5 - 910.5 -
trichome as hair 17 - 90 -
secondary heterocyst + - - -
polyphosphate granules + + - +
cyanophycin granules - + + -

thick sheath - - - _
hormogonia production ~ + - +
colour colourless normal normal normal

Table 4.43 Comparison of the morphological changes in responses before and

after additions of Fe and P to respective limited culture of Dichothrix D696

in saline medium. Character present (+). absent (-).
character : Fe-limitation P-limitation
Fe addition P addition
before after before after
hairiness 20 - 80 -
length of hair 60.5 ' - 790.5 -
trichome as hair 17 - 69 -
secondary heterocyst + - - -
polyphosphate granules + + - +
cyanophycin granules - + + -
thick sheath + - - -

hormogonia production - + - +
colour yvellowish normal normal normal
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5 CHANGES IN Fe CONCENTRATION DURING GROWTH IN BATCH CULTURE

5.1 changes during growth in saline medium

(i) Use of normal-Fe : EDTA ratio

Once mdnphologicﬁl and cytological changes in response to Fe-limitation
had been identified (4.2), the next step was fo investigate the range of Fe
contents. This-would enable'physiological. morphological and cytological
resposes to.be related to particulér stages of Fe—limitatibn.

As it was not clear whether growth in standard medium was limited by Fe

1y,

or P (4.1), two concentrations of P, high (10 mg L'l) and low (0.05 mg L
were tested (in saline medium).' The normal concentration of Fe (0.4 mg
L‘l) was used. It seemed probable that with the high P concentration
growth would ultimately to become Fe-limited:; this was subsequently
confirmed (see below). The inoculum was prebared as in 2.561 and
experiment was conducted under standard conditions (2.44). gg;gggéig D253.
Dichothrix D696 and Anabaena D697 were tested. The experiments were
concluded before yields had reached a plateau (Fig. 5.1).

The Fe associated with the alga had reached a maximum value by 24 h in

high and low P medium (Fig. 5.1). The values decreased subsequently.

approaching a constant level after about three weeks of growth:

~strain Fe associated with alga (% dry weight) at various growth stages

high P low P % Fe removed
inoculum max. min. inoculum max. min.
D253 0.14 .1.62 0.13 0.34 1.94 0.17 90 - 95
D696 0.16 1.72 0.14 0.38 2.05 0.20 90 - 95

D697 0.09 1.65 0.06 0.26 1.99 0.10 90 - 95
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Figure 5.1 Changes in Fe concentration during gfowth of three strains in
high (left co]umni and low (right coiumn) P saline medium at
normal ratio of Fe : EDTA. Arrows (a-e) indicate time at
which the key morphological changes were first observed:

a} apical vacuolation

b; hair

c¢) hormogonia production ceases
d) secondary heterocvst

e) akinete

(W) yield (mg 1 hH

(@) algal Fe composition (% dry weight)

- -;—17}
{ O) total Fe in algae (mg L |

{ A) Fe concentration in medium (mg L™h
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Virtually all the Fe originally present in the medium was associated with
the alga by 24 h (Fig. 5.1); tdtalﬂ%glgzus showed no change throughout the
remaining period of growth. In practice analysis of the medium showed
values of about 0.02 mg L1 e (5 % total Fe) throughout the remaining
period of growth (Fig.ls.l).

Morphological changes (Fig. 5.1) were recorded when character first
appeared, which took place before any degenerative events were apparent.
few (< 0.5 % ) short (35 - 75 pm) hairs formed at low P (see also Chapter
4). In Dichothrix D696 hairs started to form at day 6 and increased in
number almost linearly at low P medium. In Anabaena D697 akinetes began to
form from day 8 and 4 and increased in number linearly in high and low P
medium respectively throughout the growth period. Some lysis was noticed
in Anabaena D697 by the fourth week, but not in Calothrix D253 or Dichothrix
D696 under either condition. | Secondary heterocysts were formed in
Calothrix D253 and Dichothrix D696 by the third week of growth in high P,
but not in low P medium. A brown sheath was also formed in Calothrix D253,
but not in other strains.
Two further treatments were carried out:
(a) Part of each culture was inoculatgd into fresh medium (complete, - Fe, -
P. - trace elements);
(b) Addition of elements (Fe, P, trace elehentsi to the rest of culture.
.Possible changes were monitored for 6 days; Rapid response in morphology
and growth after being transferred to normal medium was taken as evidence
that the culture had been limited by the element in question. Moreover,
where recovery resulted from the addition of one element, this confirmed

that the culture had ultimately been limited by that element. The results

showed that the presumed Fe-limited cultures
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recovered and resumed normal growth after being transfered to complete, - P
and - trace elements media, but‘failed to recover or grow after being
transferred to - Fe medium. Thus, according to the standard criteria for
limitation (2.562), it was concluded that growth in the high P medium had
led eventually to Fe-limitation.

0l1d, but relatively healthy cultures of all three strains grown in high P
medium respondedArapidly to the addition of Fe, whereas neither P nor trace
elements caused any obvious response. Cultures from the low P medium
resumed normal growth after being transferred to normal, - Fe and - trace
elements media, but neither recovery did not occur after transfer to - P
medium. In other words, growth in low P medium had led eventually to P-
limitation. This was re-confirmed by results showing that cultures of
three strains, grown in low P medium ., responded rapidly and recovered in

the addition of P, whilst neither the addition of Fe nor trace elements had

any effect.

(1i) Use of low Fe : EDTA ratio

The changes in Fe content are similar under both Fe- and P-limitation.
indicated that increase in Fe precipitation may enhance Fe content in f-
limited cultures (i). As the apparent solubility of Fe in culture medium
decraesed with time (3.1), lower ratios of Fe : EDTA are necessary to keep
the Fe in solution. Therefore, changes in Fe concentration at a lower
ratio of Fe : EDTA were also measured as a compafison with (1). In
addition to strains used in (i), a freshwater strain, Calothrix D550 was
included. The experiment was conducted as described in (i) with the except
that Fe : EDTA was used at a ratio of 1 : 2.88.(3.1).

Growth of Calothrix D253 and Calothrix D550 é&s similar (Fig. 5.2) and

had not reached a stable plateau although they may have not reached the
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maximum possible yield in neither high nor low F'medium; whereas the growth
the period. , Under both limitation the yield was higher than that at normal
Fe : EDTA ratio (i). o

The Fe content of the algae rapidly increased (Fig. 5.2) and reached its
maximum at 24 h of growth in high P medium. Thé ﬁaximum then decreased
throughout the period and attained a constant level after about three weeks

of growth:

strain Fe content (% dry weight) at various growth stages
inoculum max. min. % of Fe removed

Calothrix D253 0.18 1.43 0.084 75

Calothrix D550 0.085 1.12 0.070 65

Dichothrix D696  0.085 1.11 0.094 63

Anabaena D697 0.10 1.20 0.068 63
Conversely, in low P medium there was no rapid increase (Fig. 5.2) in the
content of Fe which remained almost constant for the first few days and then

started to decrease towards the end of the period ranging from:

strain Fe content (% dry weight) at various growth stages

inoculum max. min. % Fe removed
Calothrix D253. 0.28 - 0.38 0.11 51
calothrix D550 0.23 ' 0.27 0.10 18
Dichothrix D696 0.36 . 0.37 ' 0.14 50
Anabaena D697 6.2 0.35 0.10 37

In contrast with (i), it appears that the peak of Fe at low Fe : EDTA
ratio in high P medium is lower (13 - 47 %) than that at normal ratio.
Whereas in low P medium, there is no peak of Fe at low Fe : EDTA ratio

similar to that at normal ratio.
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Figure 5.2 Changes in Fe concentration during growfh of four strains in
| high (left column) and low (right column) P saline medium at
low ratio of Fe : EDTA. Arrows (a-e) indicate time at
which the key morphdl&gical changes were fifstnqbserved:
a) apical vacuolation |
b) hair
ci hormogonia production ceases
d)y secondary heterocyst
g) akinete |

(@) vield (mgL™h)

(@) algal Fe composition (% dry weight)

( O) total Fe in algae (mé>£‘i)

: . ! N N ._ o _1-
A A.) Fe Foncent§atlon 1n‘med1um (mg L )
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In Calothrix D550 and Anabaena D697 in high P medium the concentration

of Fe in the medium decreased markedly (Fig. 5.2) at 24 h and continued to
decrease until about the third week; when it started to fluctuate; there was
no similar fluctuation in the Fe concentration with Calothrix D253 and
Dichothrix §G96. Conversely, in low P medium, the concentration of Fe with
all four strains decreased gradually until the fﬁird week when, in the case
Following thé increase in Fe content in high P medium the total Fe in algae
increased to form a plateau although, towards the end of the period. it
began to decline again (Fig. 5.2). In high P medium the percentage of the
Fe removed by algae increased sharply at fhe beginning and declined later.
whereas in low P medium, it increased gradually and then fluctuated up and
down towards the end of growth. The Fe in the medium under both conditions
remained fully soluble (Fig. 5.2) for the first week and thereafter about 80
% soluble.

The onset of morphological features is indicated in Fig. 5.2. The
results with low P medium were similar to those with saline medium in 4.4.
in spite of the different Fe : EDTA ratio. The use of high P medium led to
similarities»with - Fe medium (4.3) in that secondary heterocysts were
formed in Rivulariaceae, but no hairs were formed and in Calothrix D253. the
sheaths were thicker. Lysis was obvious by day 12 in Calothrix D550 and
éggggggg D697, being more severe in high P medium.

Additioné were carried out as in (i). Cultures of Calothrix D253 and
Dichothrix D696 grown in high P medium resumed normal growth after supplying
(by transfer of inoculum or addition of missing component) the normal, - P
and - trace elements media, but not after being transferred to - Fe medium.
In Calothrix D550 and Anabaena D697 renewed growth took place only in normal

medium, but only slight growth in - Fe, - P and - trace elements media.
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Thus, according td the criteria for determining limitation (2.562), growth
of Ca;othrix D253 and Dichothrix D696 in hiéh P medium led eventually to Fe-
limitation, but the results were not clear-cut for Calothrix D550 and
Anabaena D697.

| In low P:medium all four strains recovered normal growth similar to that
iﬁ (i). Tﬁese results therefore fulfil the criteria for limitation (2.562)
and demonstrate that growth of the four strains in low P medium had led

eventually to P-limitation.

5.2 Changes during growth in freshwater medium

The brackish alga Calothrix D253 showed a markedly different morphology
in'freshwater, compared with saline medium (4.2, 4.3, 4.5). Therefore
studies were extended to investigate its physiological behaviour. with
respect to Fe, in freshwater medium during growth in batch culture.
Calothrix D550 was also used as an example of a freshwater alga. The
experiment was conducted as described in (i), with the exception that low (1
: 1.92) Fe : EDTA ratio was used (3.1). Fe remained fully soluble in the
control (uninoculated medium) for the first week and continued to be greater
than 90 % for theAremainder of the period (Fig. 5.3). Other results are

shown in Fig. 5.3 and summarized below:

High P medium

strain Fe content (% dry weight) at various growth stages
inoculum max. min. ' % of Fe removed

Calothrix D253 0.16 1.3 0.08 63

Calothrix D550 0.082 1.8 0.06 70
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Figure 5.3 . Changes 1n,Fe ﬁoncéntration during growth of two gtraihs in
high (left column) and low (right column) ? freshwater mgdium
at low ratio of Fe :.EDTA. Arrows (a-e) indicate time at
which the_kev morphological changes were observed:

a) apical vacuolation

b} hair

c) hqrmdgonia production ceases
d) sepsndary heterocyst

e) akinete

(m)) vield 1

(mg L
(@) algal Fe composition (é‘é dry weigt}t)_

( O) total Fe in algae (mg A

<«

{ A) Fe concentration in medium (mg Lll)
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Low P medium

strain Fe content (% dry weight) at various growth stages
inoculum max. min. % of Fe removed

calothrix D253 0.24 0.32  0.10 13

Calothrix D550 0.13 0.25 0.12 217

These'fesults may be compared with those in 5.1. The reasons for the

fluctuations in total Fe incorporated at various stages during culture (Fig.
5.3) may be due to lysis, at least in older cultures (see Chapter 9).
Morphological changes were similar to those described in 5.2, with the
exception that hairs were formed in Calothrix D253 in low P medium.
Additions were again carried out as in 5.1 and the results were similar to

those described in 5.2. -

5.3 Minimum_Fe content in algae during growth with no added Fe

Although the minimum Fe content had been determined in batch culture
leadlng.to marked Fe-limitation, the minimum content was also measured after
an inoculum had been transferred to - Fe medium.

Inocula from exponential cultures were put 1n fresh high P (10 mg L—l)
medium including EDTA but not Fe, and then incubated as in 2.44. After
about.lo - 12 days, when the cultures still look relatively healthy, samples

were analyzed for Fe:

strain Fe (% dty welight)
Calothrix D253 0.16
Calothrix D550 0.052
Calothrix D704 0.057
Dichothrix D696 0.12

Anabaena D697 0.02
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6  ACCUMULATION OF Fe DURING FIRST 24 h AFTER SUBCULTURE

6.1 Influence of Fe and Fe : EDTA on_Fe accumulation in saline medium

Study in batch culture, with a sampling programme at day intervéls
(Chapter 5) showed that the maximum value of Fe associated with algae was
reached by day 1. More detailed studies of the first 24-h pefiod were
plénned. The influence of Fe and EDTA on removal of Fe from the medium by
Fe- and P-limited cultures was tested with four éxperiments in saline
medium. Iron and P-limited inocula were preparéd as in 2.561; the former
wés grown in medium modified from that used invChapter 5 by the omission of
Fe and reduction of EDTA (2.561). Low-P (0.05 mg L™ 1) medium was used for
P-limited material. The inoculum was homogeniéed, washed and suspended in
médium minus FeEDTA. The alga was allowed to equilibrate for 30 min before
Fe addition. The apparent solubility of Fe duping the experiment was

determined in a control (- alga) flask.

(i) Use of normal Fe : EDTA

Preliminary studies indicated that accumglation of Fe from a 0.4 mg L1
medium was not detectable (using AAS) before 3 h, but an asymptotic value
was rgached,by 10 min after increasing the Fe to 4.0 mg L_l. Therefore, a
comparative study of Fe accumulation by Fe- andbé—limited'cultures of
Calothrix D253, Qiggg;gglg D696 and Anabaena D697 was made at both Fe
concentrations (0.4, 4.0 mg L 1. Using 6.4 mg L™! medium, the final Fe
content was similar in Fe- and P-limited cultures for all three strains at
18-h period, but no asympote was ﬁppfoached, In contrast with 4.0 mg L'1

Fe, asympotes were approached after two min (Fig. 6.1 b-c). The apparent
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Fig. 6.1

Accumulation of Fe by Fe- and P-limited cultures of Calothrix
D253 (), Dichothrix D696 (A ), Anabaena D697 (0O) and apparent

solubility of Fe (<) using normal Fe : EDTA in saline medium

1

a) With 0.4 mg L ° Fe by Fe-limited cultures over 24-h period

1

b) With 0.4 mg L'~ Fe by P-limited cultures over 24-h period

1

c) With 4.0 mg L™ * Fe by Fe-limited cultures over 10-min period

d) With 4.0 mg L_1 Fe by P-limited cultures over 10-min period
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so;ubility of Fe as shown by:the control.(- alga)'flaskg was 25 % for Fe 0.4
mg L1 re ét 24 h and 97 % for 4.0 mg L1 at 10 min.

A comparison of removal of Fe by the strains with ghe control showed that
in 0.4 mg L_1 removal wés sihilar to the control at 24 h, but was greater in
4.0vmg L_1 after 10 min. There was no difference in removal of Fe by Fe-
and P-limited cultures with 0.4 mg Lfl by 24 h, but with 4.0 mg 1! by 10
min. |
(ii) Use of low Fe : EDTA

‘ A further experiment was carried out with Calothrix D253 and Anabaena
D697 using a reduced Fe : EDTA ratio to keep Fe in solution. In Fe-
limited cultures there was no asﬁmbtote over 24 h using 0.4 mg L_l. but
asymptote was approached after z.min using 4.0 mg L-l. In contrast with P-
limited cultures, there was about 60 % reduction in Fe accumulation. In
contfast with Fe confent at normal Fe : EDTA, the final Fe content of Fe-
limited cultures was 50 % lower at the reduced ratio (using 0.4 mg L"l) (
Fig. 6.2 a). but the same for Fe-limited cultures and less than 60 % for P-
limited cultures (using 4.6 ﬁg L'l) (Fig. 6.2 b-c). Using low Fe : EDTA
ratio, Fé precipitate did not occur at normal (0.4 mg L'l) or at high (4.0
mg L_l) Fe; therefore it is assumed that Fe removed by the two strains is

firmly attached and not.precipitated around the algae.

(iii) Influence of Fe concentration on accumulation

In view of the differing results (i) with normal (0.4 mg L'l) and high
(4.0 mg L—l) Fe, a more detailed experiment ﬁas performed on Calothrix D253
using Fe—limited CUifure., Apcumulation by'Fe-limited Calothrix D253 was
tested ih Fe concentrgtions over the range 0.4 - 4.0 mg L1 with a constant

EDTA concentration. An asympote was approched at about 1.7 mg [.'1 Fe (Fig.

6.3).
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Fig. 6.2

Accumulation of Fe by Fe- and P-limited cultures of Calothrix
D253 (QO). Anabaena D697 (O ) and apparent solubility of Fe (<)

using low Fe : EDTA in saline medium

1

a) With 0.4 mg L'~ Fe by Fe-limited cultures over 24-h period

1

b) With 4.0 mg L™~ Fe by Fe-limited cultures over 10-min period

1

¢) With 4.0 mg L'~ Fe by P-limited cultures over 10-min period
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Fig. 6.3 (a) Influence of Fe concentration (0.4 - 4.0 mg L_l) on Fe
accumulation by Fe-limited culture of Calothrix D253 ((QO) in
saline medium for 10 min, with constant EDTA (20.0 mg L_l)

(b) Double reciprocal plot of the data in (a), where V = rate of

Fe accumulation (mg Fe g dry wt™! min™1)
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(iv) Influence of EDTA concentration on Fe accumulation

Accumulation was the same (Table 6.1) at different EDTA concentrations.
The apparent‘solubility of Fe in fﬁe control was 97 -~ 102 %, indicating that
accumulation was independent of Fe precipitation and also that high EDTA

concentrations had no influence on accumulation.

Table 6.1 Influence of EDTA concentration on Fe accumulation by Fe-limited

Calothrix D253 using high Fe (4.0 mg L°1).

EDTA (mg L™ 1) algal Fe (% dry weight)
20 8.84
40 8.28
60 8.88
100 9.29

With normal Fe : EDTA ratio, the apparent solubility of Fe decreased with

1 Fe over 24 h may therefore

time; Fe associated with the alga with 0.4 mg L~
include some precipitate. As no precipitate was observed with controls
under fhe other conditions, it is assumed that the Fe associated with the

alga did not include precipitate.

6.2 Influence of physical and chemical factors on Fe accumulation in saline

medium

‘In view of the results in 6.1 it was not clear which factors were
involved 1ﬁ thé removal of Fe from the medium. The influence of physical
and chemical factors on Fe accumulation by Fe-limited cultures was therefore
investigated. The inoculum was prepared as described in 6.1. and

accumulation was carried out using 4.0 mg L_1 Fe with the low Fe : EDTA
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ratio over 10 min in saline medium. The apparent solubility of Fe during

the experiment was determined in a control (- alga) flask.

(i) Influence of temperature
Accumulation of Fe by Calothrix D253 and Anabaena D697 was investigated
at three temperatures (0, 10, 32° C). Accumulatibn increased with

increased temperature (Fig. 6.4).

(ii) ;nfluence of light

The rapid'accumulafion over the first 10 min (6.1) led to the question
whether or not accumulation is largely passive during this period. The
influence of light was therefore investigated for three strains (D253, D696,
0697); no influence was found (Fig. 6.5)..

A further experiment was carried out using Calothrix D253 to see whether
preéincubation in'the dark may give different results. In this experiment
the inoculum was incubated in dark for 24 h before the addition of Fe. The
results (data not shown) were similar to those without dark pre~incubation,
again suggesting that no role for energy on Fe accumulation during the first

10 min. .

{iii) Influence of pH

The literature showed that_pH plays a key role in Fe speciation and
therefore may affect accumulation (1.22, 1.42). Accumulation of Fe by
Calothrix D253 was investigated over the range of pH 6 - 10. The results

(Table 6.2) showed accumulation was increased from pH 7.0 upwards. During
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Fig. 6.4 Influence of temperature on accumulation of Fe by Fe-limited

1

cultures of two strains in saline medium using 4.0 mg L - Fe

over 10-min period: 0 °C (Q), 10 °C (A), 32 °C (O)




Fe(% dry weighi)

7 D697
05 -
0 ¢ C
) ! - ' l
0 5 10

{ime (min)

142



143

Fig. 6.5 Influence of light/dark incubation on accumulation of Fe by Fe-

limited cultures of three strains in saline medium using 4.0 mg

th Fe over 10-min period: light (Q), dark (@)
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the experiment the apparent solubility of Fe was more than 97 % at pH 8 and

below, but decreased above pH 8.

Table 6.2 Influence of pH on accumulation of Fe by Fe-limited Calothrix

D253; using high Fe (4.0 mg L),
pH algél Fe (% dry weight)
6 6.6
7 6.4
8 8.0
9 10.0
10 17.1

{iv) ‘Influence of salinity
Salinity affects the speciation and possibly Fe accumulation (1.41).
Accumulation by Calothrix D253 was studied over the range 0.05 - 9.3 /00

salinity (at pH 7.8). There was little, if any, effect (Table 6.3).

Table 6.3 Influence of salinity on accumulation of Fe by Fe-limited

calothrix D253: using high Fe (4.0 mg L7))
0/oo algal Fe (% dry weight)
0.05 6.8
1.9 4.7
3.7 5.7
5.7 . 5.1
7.4 5.1
‘9.8 5.1

6.3 Influence of metabolic inhibitors on Fe accumulation_in saline medium

The next.step was to investigate the possible role of inhibitors: three
strains (D253, D696, D697) were used for this purpose. CCcCP (8 uM) and

2,4-DNP (50 uM) were chosen as inhibitors of photo- and oxidative
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phosphorylation. respectively (9.62). The inhibitors did not cause any
shift in pH. Fe-limited cultures wefe inécuiated in medium containing one
of the inhibitors and incubated for 60 min prior to the addition of Fe for
10 min. Both inhibitors were tested in dark and light. Accumulation was

similar (Fig. 6.6 a-e) under all circumstances.

6.4 Production of siderophores in saline and freshwater media

6.41 Biological assay for chelating activity

A biological test for production of chelating agent(s) (2.7) was carried
oqt on five strains (Calothrix D253, Calothrix D550, Calothrix D603,
absence of both Fe and EDTA. None of the strains were able to grow (Table
6.4) in saline mediuﬁ, but in freshwater medium fhree strains (D603, D550,

' D697) showed obvious initial growth and two (D253, D696) did not. The
former three strains eventually ceased growth, p:esumably as a result of Fe-
limitation.

The influence of EDTA on growth of three strains (D253, 9696; D697) was
also investigated in media in absence of Fe (Table 6.4). All three strains
grew initially when sufficiént EDTA was present.. In addition. when EDTA
was added to cultures previously subcultured to EDTA-free medium for six
déys,'slow recovery occurred by about day four. The cultures, which were
pale yellow and highly vacuolated before addition of EDTA, showed obvious

recovery.
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Fig. 6.6 Influence of 2,4-DNP (a-c) and CCCP (e-f) on accumulation of
Fe by Fe-limited cultures of three strains in saline medium using

4.0 mg L™l Fe over 10-min period: light (O), dark (@)
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6:42 Chemical assay for siderophores
(i) Férric perchldrate assay
Following the above results_the study was extended to look for chemical
evidence for production of siderophore by the three strains. ‘Absqpbance
of Fé;bih&ihg-ﬁroﬁéf€35§>6? sidéfopﬁdre were recorded uéing ;erchlorate
assay at 490 nm (Goldman et al., 1983: Clarke et al.. 1987) although no

peak was found for culture filtrates in - Fe and + Fe medium:

strain absorbance (490 nm)

- Fe + Fe medium
Calothrix D550 0.04 <0.001
Calothrix D833 0.08 <0.001
Anabaena D697 0.12 <0.001

(ii) Absorétion spectrum assay

Followig the above results the next step was to charachterize the type of
siderophore. The'absorption spectrum for Fe-siderophore complex was
detérmined as described in 2.7 and the results are given in Fig. 6.7. The
Fé—siderophore complex'df all three strains showed é similar pattern with
the maximum peak at 320 nm. The spectrum does not fit that of the

siderophore produced by the marine coccoid blue-green alga Agmenellum

quadruplicatum strain PR-8 (Armstrong & Van Baalen, 1979) though it is
fairly similar between 300 - 350 nm. The spectrum was completely different

to thaf produced by Pseudomonas fluorescens (Meyer & Abdallah, 1978) and

that of Fe{IIl)-ferribactin and Fe(I11)-pyoverdine produced by P.
fluorescens, but was very similar to the purple compound (un known chelating

material) produced by the same species (Phislon & Llinas, 1981).
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Fig. 6.7 Absorption spectra of Fe(III)-siderophore complex for Calothrix
D550 (). Calothrix D603 (O ) and Anabaena D697 (A) grown in

freshwater medium in absence of Fe and EDTA
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(i1i) Siderophore-mediated Fe transport sysfem in téz Célothrix strains
An experiment was carried out on tow strains (D550, D603) to see whether

the siderophoreUEZed by algae in transport of Fe. Calothrix D550 and

Calothrix D603 were grown in absencé of EDTA with different concentrations

of Fe in freshwater medium in batch culture. Both strains were grew

normaly and healthy with growth being more rapid in Calothrix D603.
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7 INTERACTION BETWEEN Fe- AND P-LIMITATION

7.1 Changes in P concentration during growth in saline medium

The possibility has been raised (1.34) that P avéilability may be a
problem under conditions of Fe-limitation. The regults presented earlier
(Chapters 4, 5) did not indicate any such interaction. However a further
experiﬁent was plannéd to investigate éhanges in P in cultures grown to Fe-
and P-limitation. The experiment was carried out in saline medium under
conditions which led eventually to Fe- or P-limitation as in 5.1-ii, using
four étrains (D253, D550, D696, D697). The inoculum was prepared as in
2.561 and fhe experiment was carried out under standard conditions (2.44).
The medium used with normal Fe f0.4 mg L_l) contained high P (10 mg L'l) in
order to lead to Fe-limitation, but low P (0.05 mg L'l)_to led to P-
limitaﬁion. In both cases low Fe : EDTA was used, as Fe precipitation does
not occur (see 3.1, 5.1-ii). It is therefore assumed that the P removed by
the algae was not due.to precipitation associated around algae.

The P contént increased rapidly and reached a maximum at 24 h in high P
medium (Fig. 7.1). The maximum then debreaSed rapidly and attained a

constant level by the end of the growth period:

strain P content (% dry weight) at various stages

inoculum max. min. % of P removed
Calothrix D253 0.46 -1.92 0.26 20
Calothrix D550 1.1 2.67 - 0.96 66
Dichothrix D696 0.84 1.23 , 0.76 32
Anabaena D697 0.62 1.82 ‘ 0.46 60
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Figure 7.1 Changés in P concentration during growth of four strains in
saline medium with high P and low P at low ratio of Fe : EDTA.
Arrows (a-e) indicate time at which the key morphological
.changes were first obsérved:
a) aplcal vacuolation
b) hair
c) hormogoﬂia production ceases
d) secondary hetefocyst
e) akinete
(m) vield (mg L™
( ‘ ) algal P composition .(% dry weight)
(O) total P in algae (yo L-if -

(-A) P concentration in medium'i(mg ™4
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Conversely, in low P medium there was only a small increase in P content

(Fig. 7.1), which was followed by a rapid decrease:

strain : P content (% dry weight) at various stages
inoculum max. ‘min. % of P removed

Calothrix - D253 0.16 0.35 0.06 100

Calothrix D550 0.16 0.59 0.03 96

Dichothrix D696 0.19 0.47 0.086 100

Anabaena D697 0.23 0.82 0.06 98

The total P removed by the algae in high P medium increased in all strains
throughout the growth period, whereas in low P medium total P removed had

reached a plateau by the middle of the first week.

7.2 Changes in P concentration during growth in freshwater medium

h A cpmparative experiment was carried out in freshwater medium (see 35.2),
but only with Calothrix D253 and Calothrix D550 as described in 7.1. In
high P medium the P content increased rapidly (Fig. 7.2), with a maximum at
24 (D253) and 48 h (D550). The value then decreased rapidly and attained a

constant level by the end of the growth period:

strain ' P content (% dry weight) at various growth stages
inocﬁidm max. ain. % of P removed
Calothrix D253 1.4 2.3 0.39 16
i.3 4.1 1.00 68

calothrix D550
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Figure 7.2 Changes inAP concentration during érowth of twéistrains in
freshwater'medium with high P and low Piaf low ratio of Fe :
EDTA;. Arrows (a-e) indicate time at which the key
morphological changes were first observed:

a) gpical,Vacuolation

b) hair

c) hormogonia production ceases

d) sécoﬁda;y héterdéyst

e) akinete

(m) 'yiezld'(mg‘ L™y

(@) algal P c.omposition (% dry .v,-;ejghf__) .
(A) total P in algae (pg L;l)' -

( C) ) P concentration in medium (pg 71)
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Conversely, in low P medium there was only a small increase in P content

{Fig. 7.2), which was followed by a rapid decrease:

strain P content (% dfy weight) at various stages
inoculum max. min. % of P removed

Calothrix D253 0.49 ' 0.71 . 0.10 100

Calothrix D550 0.45 0.98 0.16 97

The total P removed by the algae in high P medium increased in all strains
throughouf the growth period, whereas in low P medium total P removed
réached a pigteau by the middle of the first week.

Morphological changes were described in 5.2. Thé use of limitation
criteria (5.2) showed that growth in the high P medium had led eventually to
Fe%liﬁitation. whilst low P medium led to P-limitation. The results in
Chapter 5 énd 7.1 suggest that the Fe : P ratio may be used as an indicator

for Fe- or P-limitation:

Fe : P ratio at end of growth period

strain saline medium freshwater medium
high P low P _ high P low P
Calothrix D253 0.25 2.5 0.2 1.5
Calothrix D550 0.1. 3.5 0.025 0.75
Dichothrix D696 0.1 2.4 : - -
Anabaena ‘D697 0.0 0.75 - -

®

7.3 Possible role of polyphosphate granules in Fe accumulation in saline

and freshwater media

Formation of polyphosphate granules was chosen as a visual indicator of P
status. The aim of the first experiment was to see whether Fe is required

in polyphosphate formation. Two saline medium were used for Calothrix
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D253, Dichothrix D696, Anabaena D697 (30 % ASPGM(—N))-ana Calothrix D704
(100 % ASPGM(—N)), ﬁhilst freshwater medium was used for Calothrix D550
(Chu-10D{-N)).  Cultures from late exponential growth were subcultured into
- Fe and - P medium for two days before high P (10 mg L™!) was added. The
granules were obvious in all strains within five min and increased at 120
min, suggesting no need for Fe in uptake of P or polyphosphate formation.

A fﬁrthep experiment was carried out to see if Fe uptake increased as
polyphosphate granules formed. 10 mg L'1 P was added to the P-limited
cultures of Calothrix D253, Calothrix D550, Dichothrix D696 ana Anabaena
D697 in saline and to Calothrix D253 and Calothrix D550 in freshwater
medium: There was no change in Fe concentration despite polyphosphate

formation.

The experiment was repeated for the P-limited cultures of Calothrix D253
and Anabaena D697, but 1p freshly prepared medium with high P (10 mg L'l).
As befofe. there was no rapid accumulation, suggesting that polyphosphate
granules did not enhance accumulation of Fe. These results suggest that

neither is Fe essential for polyphosphate formation nor is the latter

essential for uptake of Fe.



162

- 8 INFLUENCE OF Fe-LIMITATION ON NITROGENASE ACTIVITY

8.1 Changes in nitrogenase activity during growth in batch culture in

saline and freshwater media

The formétion of secondary heterocysts in Rivulariaceae (4.21) in
response to Fe-limitation suggests this change may reflect a change in
ability to fix nitrogen. As Fe is a major component of nitrogenase, an
experiment was planned, therefore, to investigate changes in nitrogenase
acfivity dufing growth undef conditions which eventually lead to Fe-
limitation. The experiment was carried out in medium with normal (0.4 mg
L’li and a low Fe : EDTA ratio, high-P (10 mg L'l) (see 5.2). The inoculum
was preparea‘as in 2.561 and experiment was carried outvunder standard
conditions (2.44). Calqthrix D253 was grown in saline and freshwater
medié. Anabaena D697 in saline medium and Calothrix D550 in freshwater
medium. |

In all cases nitrogenase activity increased gradually (Fig. 8.1) to
reach maximum values and then decreased subsequently. The peak of
nitrogenase activity came three to five days after the peak of Fe in the

tow Rivulariaceae, but was reached at the same time as the Fe peak in

Anabaena D697. The maximum and minimum values during the experiments were:
strain medium . nitrogenase activity
(nmol CZH4 mg d wt ! min™l)
max. . . min.
Calothrix D253 saline 2.5 0.47
Calothrix D253 freshwater 3.0 0.61
Calothrix D550 freshwater 4.8 0.26
4.7 0.92

Anabaena D697 saline
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Figure 8.1 influence of Fe status on r_xifrogenase activity by algae during
growth in medium leadiné td Fe-limitation: Calothrix D253,
Aéﬁb,éggg 0697 in saline. Calothrix D253 and Calothrix D550 in
freéﬁwateri | ' | |
( O ) nitrogenase'activ;ty

(@ ). algal Fe composition
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8.2 Influence of Fe addition on nitrogenase activity by Fe-limited cultures

in saline.and fresﬁwater'media

This was teéted on Fe-limited cultupes of Calothrix D253 and Anabaena D697
in saline medium and Calothrix D550 in freshwater medium as described in
2.561'(omission of Fe and reduction of EDTA). Before Fe addition
nitrogenase activity increased gradually (Fig. 8.2) to reach the maximum on
day 4 with all cultures (Fig. 8.2), and then initially decreased sharply,
$ubsequent1y'approaching a constant rate by day 10. Iron addition on day
10v1edAto alrapidvincrease (deteétable within one h) in nitrogenase activity

(Fig. 8}2), which reached_a maximum within 24 h and then decreased again:

strain medium nitrogenase activity

(nmol C,H, mg d wt™! min"1)

before Fe addition after Fe addition

max. min. . max. min.
Calothrix D253 saline 2.10 0.92 3.43 0.53
Calothrix D550 freshwater 3.00 0.49 3.10 0.37

Anabaena D697 saline 3.20 1.30 3.40 1.80

The experiment was repeated by resuspending the culture‘of Caldthrix D253
in freshly prepared medium rather than adding Fe to the old culture. A Fe-
limited culture (prepared as above) was homogenized, washed and aliquots
were inoculafed into saline medium minus FeEDTA. The alga was allowed to
equilibrate'for'SO min'beforg Fe addition. A linear increase (y = 0.169x -
0.31; r = 0.997) in nitrdgenaéé activity with time was found (Fig. 8.3) and
no decline after 24 h as before, suggéstiné that limitation of some other

element might have been developing in the previous experiment.
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Figure 8.2 Influence of addition of Fe on nitrogenase activity by algae

during growth in - Fe saline (D697) and freshwater (D253, D550)

medium
( O ) nitrogenase activity
( m ) frequency of heterocyst without Fe being added

(O) frequency of heterocyst after Fe being added
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8.3 - Influence of inhibitor of protein syntﬁ%is on_nitrogenase activity in

saline and freshwater media

It was not clear whether the rapid increase in nitrogenase activity
(Fig. 8.2).was due to activation of the process by Fe or to synthesis of
certain proteins. Therefore, the influence of an inhibitor
{chloramphenicol, 25 mg Lml) for protein synthesis was tested on
nitrogenase activity. A Fe-limited culture of Calothrix D253 was prepared
as in 8.2, and the experiment was carried out in saline medium.

Chloramphenicol addition (30 min before Fe addition) prevented any
increase in nitrogenase activity (Fig. 8.3), presumably by inhibiting the

synthesis of nitrogenase.

168
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Figure 8.3

Influence of of chloramphenicol addition (prior to Fe) on
nitrogenase activity by Fe-limited culture of Calothrix D253
growh in saline medium. Chloramphenicol was added to a final

concentration of 25 ng I..—1 whére indicated by the arrow

-{ O ) nitrogenase activity in absence of inhibitor

( &) nitrogenase activity in presence of inhibitor
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9 DISCUSSION

9.1 Morphological and cytological response to Fe-limitation

All Rivulariaceae strains responded markedly to increasing Fe deficiency
(4.3); Hormogonia production. which occurred vigorously during early
stages of growth. started to decrease as nutrient depletion led to Fe-
limitation (4.3). A similar response was shown to P-deficiency (4.4). as
D550 (Livingstone & Whitton, 1983).

Another morphological feature as a response to increasing Fe-limitation
is the development of intra-thylakoidal vacuoles in otherwise quite typical
vegetative cells, features easy to see with the light microscope (4.3),
though requiring the electron microscope for confirmation (4.3). This is
similar tp previous results (Sinclair & Whitton, 1977: Douglas et al.. 1986)
and has been proposed as to be a pathological response since cells were able
to regain their original appearance upon restoration of the element in
question (Ueda, 1971). Such vacuolation varied among strains, but was most
pronounced in Calothrix D550. Possible explanations for the vacuolation
may be to condense vegetative material, decrease the demand for Fe. or due
to a reduction in membrane synthesis.

An early~effect of Fe-limitation was a decrease in content of cyanophyéin
granules, perhaps because Fe-limitation led to a decrease in nitrogenase
activity (Chapter 8, 9.8). However Anabaeha D697 showed the opposite
response. with increased formation of cyanophycin granules. This may be
associated with the fact that increasing Fe—limitation leads to increased
heterocyst frequency in Anabaena, in contrast to the response shown by

Calothrix (see below). This fits with results in Chapter 8 where Anabaena
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D697 maintained a relatively high rﬁte of nitrogenase activity for longer
than Rivulariaceae strains.

Another marked response to Fe-limitation was the formation of a new
heterocyst apical to the original one (4.3), similar to that reported by
Sinclair & Whitton (1977), Wood (1984) and Douglas et al. (1986) for various

Calothrix strains. Increasing Fe deficiency led to repeated replacement of

the heterocyst, with a series of collapsed heterocysts basal to it.
Douglas et al. suggested that this successive formation of heterocysts may
be associated with a switch to molecular components with reduced demand of
Fe. The previous heterocysts presumably become non-functional. possibly by
loss of the ability to synthesize nitrogenase or its destruction.
Ultrastructure of the heterocyst was also markedly affected by Fe-
limitation. Comparison of the collapsed and secondary heterocysts in
a marked decrease in the granulation and membrane content of the heterocyst.
One possible explanation is that Fe acts as a structural component of
membranes or plays a key role in their synthesis.
All Rivulariaceae strains produced hairs under conditions of P-limitation
‘and Fe—limitation (4.3, 4.4), although Calothrix D253 did so only in
freshwater médium (see below). However other strains have been reported by’
Sinclair & Whitton (;977), which form hairs as a response to P-limitation,
but not Fe—limitatioh. Hgirs formed as a response to Fe-limitation were
less frequent and mﬁch shorter than those formed in.response to P-
limitation. Similar data were recorded for Calothrix D253 (Whitton et al..

1973) and Calothrix D550 (Douglas et al., 1986) and for the marine C.

Increased hair formation under nutrient limitation suggests a role in the

absorption of particular nutrient(s) in question (Palla. 1893; Sinclair &
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Whitton, 1977). either by facilitating the paésage of nutrients through the
large surface of hairs, or by carrying thg necessary binding sites along
their length. Whatever the physiological role of hairs under Fe- or P-
limitation, it is clear they are not required when the element in question
is unlimited.

One of the most striking observations on hair formation was the influence
of salinity in Calothrix D253. Hairs did not form in saline medium with
either Fe- or P-limitation. Downshift of cultures from saline to -
freshwater medium led to development of synchronized hairs from the apical
region of most trichomes. This phenomenon may be accounted for one of the
following:

(a) switch of materials from hair-formation to osmoregulatory product;
(b) interaction of Na with Fe and/or P metabolism.

Fe-deficiency led to the development of a brown pigmented sheath by
Calothrix D253 (4.3), a morphoiogical effect similar to that reported for
four (D184, D251, D253, D266) of the 13 Calothrix strains studied by
Sinclair & Whitton (1977). All the strains studied by the latter authors
showed sheafhs which became thicker as a response to Fe-deficiency, but only
tﬁo strains (D253, D696) did so in the present study. Sheath material of
Calothrix D550 has been reported (Weckesser et al., 1988) to bind Fe the .
most effectively of any heavy metal tested.

A pale appearance of all strains ﬁas another marked response to Fe-
limitation, whilst normal colour was observed under P-limitation (4.3, 4.4).
This chlorotic effect is likely to be dﬁe to a reduction in chlorophyll
synthesis (1.3); see also Douglas gg al. (1986). A striking response
during recovery of Fe-limited cultures as a result of Fe addition (but not

other nutrients) is the rapid formation of a few blue heterocysts in
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vegetative cells. There are reports which refer to a similar colour change

in response to combined N by Tiwari (1978) in Nostochopsis lobatus and

Whitton et al. (1986) for heterocysts of Calofhrig D603. In the present
study heterocysts at an early stage of differentiation may begin to

dedifferentiate to normal vegetative cells.

‘9.2 Comparison of Fe content in algae grown in batch culture

"The algal strains responded to nqtrignt limitations not only by
morphologiqal and cytological changes, but also by physiological responses.
The similarities between the changes in Fe content by all strains suggest a’
parallel physiological response for storage of Fe. All strains reach a
maximum Fe content by 24 h during growth in batch culture in medium designed
eVentually to lead to Fe-limitation (Chapter 5).

v The maximum Fe content for any strain (1.43 % and 1.80 % dry weight in
éaline and freshwater media, respectively) in the present study is less than
that (4.59 % dry weight) reported by Hayward (1969) for the diatom

Phaeodactylum tricornutum and that (3.45 % dry weight) reported by Knauss &

Porter (1954) for the green alga Chlorella. The minimum value (0.07 % and
0.06 % dry weight in saline and freshwater media, respectively) in

relatively healthy culture found in the present study agrees with that (0.06

% dry weight) for Synechocqoccus sp. (Entsch et al., 1983).

Overall the results provide evidence which'clearly illustrates the great
flexibility in capacity of .blue-green algae during growth in saline and
freshwater media to accumulate Fe. Accordingly, based on the definition of
"overplus" by‘Voelz et al. (1966) and Weinberg'(lgjs). it is suggested that
the results (6.1) indicate that an "iron overplus" phenomenon similar to
that for P occurs in the strains studied here. The physiological and

ecological importance of Fe in blue-green algae underlines the usefulness of
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“iron overplus" by storage of Fe during periods of excess and utilization
when it scarce. This gives the blue-green algae the ability to compete
successfully with other groups of algae in the natural environment.

Iron limitation was achieved in two different ways, by using either - Fe
medium (4.3). or a medium with low Fe (Chapter 5) and allowing the alga to
remove this Fe progressively during growth. The strains were grown in low
Fe (0.4 mg 171), high EDTA (X 3 in saline. X 2 in freshwater) and high P (10
mg 1 -1) and growth continued in batch culture. This led to an important
difference in the morphological changes to those observed when the alga was
subcultured directly to - Fe medium. No hairs were formed with any strain,
although the other morphological features noted in - Fe medium (4.3) still
occurred. A possible explanation is the higher EDTA concentration in the
batch culture experiment than in the - Fe medium.

Secondary heterocysts were formed long before the Fe concentration in
cultures haq reached the mimimum value. During growth in batch culture
leading to Fe-limitation., the Fe contents when secondary heterocysts were
first observed were: 0;31 % (D253), 0.32 % (D696) dry weight in saline

medium and 0.40 % (D253), 0.18 % (D550) dry weight in freshwater medium.

9f3 Is there any interaction between Fe-_and p-limitation ?

It has been suggested (Douglas et al., 1986; Whitton, 1987) that hair
formation as a response to Fe-deficiency may result from an interaction of
Fe and P in some cell process leading to P deficiency, despite a high P
concentration in medium. Differences in morphological, cytological and
physiological responses to either Fe- or P-limitation, which may help to
consider possible interaction, may be summarized as follows:

(a) In Fe-limitation (- Fe medium), hairs are present at high cellular P

(e.g. 4.7 % dry weight for D550) and external P (8.79 mg L_l). whilst they
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were present with P at 0.97 % dry weight under P-liﬁitation (low P medium).
This indicafes that neither cellular nor external P stopped hair formation
in response to Fe-limitation and therefore the hairs were a clear response
to Fe-limitation. This might underline the possible functional
siginficance of hairs in response to Fe-limitation.

(b) The formation and presence of polyphosphate granules in all strains
under Fe-limitation suggests that Fe is not needed in uptake of P. The
formation of polyphosphate granules by P-limited cultures had no influence
on Fe accumulation, suggesting that cellular P is not needed in Fe uptake.
The gradual.decrease (with time) of polyphosphate granules in Fe-limited
culture indicates that P is being supplied to the cell. If interaction
does occur. it might occur at the level of DNA synthesis. as Fe-deficiency

reduces DNA synthesis in Neurospora 6rassa {Landner, 1972).

(c) Recovery of cultures from each limitation was a clear response to the
addition of the element in question (Chapters 4 and 5). Nonetheless. a
possibility is that addition of Fe to Fe-limited cultures led to uptake of
Fe and subsequently released the "lock" on availability of cellular P, which
would then lead to hairs being shed.

(d) Phosphorus content in Fe-limited cultures is much higher (420 %) than
that in P—limited culture, suggesting a negligible chance that the Fe-
limited cultures were also P-limited.

(e) The Fe : P ratio may be used as indicator of the type of limitation.
decreasing under Fe-limitation, but increasing under P-limitation. This
suggests that under the latter demand was for P whilst under the former it
was for Fe.

(f) The lack of formation of hairs by Calothrix D253 in saline medium, but
not in freshwater medium, in response to either Fe- or P-limitation,

conclusively shows that neither low cellular Fe nor P is a unique "trigger"
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for hair formation but, in fact, other external factor (NaCl) is involved.
The fast rate at which hairs were induced once NaCl is removed suggests the
possibility that there is a specific signal for initiation of hair
formation. |

According to the above, it appears superficially that there is no
interaction between Fe- and P¥11m1tation. but neither biochemical nor

molecular interaction can be excluded.

9.4 Siderophore production

None of the five strains tested were able to grow in saline medium in
the absence of FeEDTA; howéver in freshwater media three strains (Calothrix
D550, Calothrix D603, Anabaena D697) were able to grow in absence of FeEDTA
and produced a siderophore (6.4). In the case of Calothrix D550 and D603,
the presence of a siderophore was shown clearly by the experiment (6.42) on
prolonged growth .in the presence of Fe, but absence of EDTA. Inhibition of
growth of Calothrix D253 and Dichothrix D696 is presumably due to these
strains possessing little, if any, ability to form a siderophore. This
cannot expléin the absence of growth of some strains in freshwater, but not
marine medium. The inability of the two strains to grow in either medium
may perhaps be due to mutation through prolonged subculturing in the
presence of EDTA. It must be stressed, however, that growth in the
laboratory, particularly in batqh culture, is different to that in the

natural environment, in which alga might obtain Fe by other ways than use of

siderophore.
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Excretion of siderophore under Fe stress indicates a high degree of
cellular regulation over Fe-assimilatory mechanisms and Fe-dependent
pathways. Indeed, regulation of the aerobactin operon has been

characterized on plasmid ColV-K30 of E. coli (Bagg & Neilands, 1987).

9.5 Influence of algal Fe status on nitrogenase activity

Wurtsbaugh and Horne (1983) reported that rates of nitrogenase activity
in blue—gréen algal populations were stimulated by up to 500 % above control

levels by Fe additions in laboratory and in situ. In the present study.

addition of Fe at day 10 (8.2) led to a rapid increase in nitrogenase
activity of Calothrix D253 (X 19), Calothrix D550 (X 21), Anabaena D697 (X
7. This may be gxplainedéée addition leading to rapid synthesis of either
nitrogenase or other Fe-contqining molecules required in the fixation
process. Chloramﬁﬁenicol prevented any stimulation of nitrogenase activity
in response to Fe addition to Fe-limited culture, suggesting inhibition of
protein synthesis. |

During growth in batch culture in medium designed to lead eventually to
Fe-limitation, there was first a rapid increase in nitrogenase activity,
followed by a sharp deqrease in activity (8.1). The‘peaks of nitrogenase
activity (in Rivulariaceae) came approximately three to five days after the
peak of Fe content had dropped to 0.6 % (D253) or 0.3 % (D550) dry weight.
The rate of nitrogenase activity has been reported to be positively
correlated with Fe availability (Elder & Horne, 1977). This correlation

could be expressed, in the present study, using the ratio between the rate
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of increase-in activity and the rate of decrease in Fe content, which was
approximately constant (1.67) between days one and four.

In Anabaena D697 there were two marked differences from Rivulariaceae
strains:
(a) Peak of nitrogenése activity reached soon after the Fe peak and
continued for three days, by which time the fe content had dropped to 0.2 %
dry weight; this may be associated with the fact that increasing Fe-
limitation leads to increased heterocyst frequency in Anabaena. in contrast
to the response shown by Calothrix.
(b) Although the minimum nitrogenase activity was similar to that in
Rivulariaceae strains the minimum Fe content in the latter was lower:
apparently the latter may be more efficient in using Fe.
The peak of activity in Calothrix D253 in saline medium extended longer and
came two days earlier than in freshwater medium, but both ended at the same
day, coresponding tb a similar Fe content. This suggests that nitrogenase
activity became Fe-limited at the same time, although accelerated
differently at different salinities. Conversely, Niven et al. (1987)

showed that nitrogenase activity by freshwater Anabaena variabilis was

inhibited within 30 min of exposure to NaCl (50, 100, 200 mM), but recovered
within 24 h, possibly because the rapid need for ATP in Na efflux led to a

shortage of ATP and, subsequently, to a reduction in nitrogenase activity.

9.6 Concluding remarks

The overall observations in this study show that Fe-limitation has a
marked influence on morphology, cytology and physiology of Rivulariaceae
strains, though differing in several important ways from that in Anabaena

D697. The successive replacement of heterocysts in Rivulariaceae strains
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contrasts with the increase in frequency of heferoé&sts in Anabaena D697.
though both are strategies to survive Fe-limitation. |

The lack of formation of hairs by Calothrix D253 in saline medium in
contrast to freshwater medium in response to Fe- or P-limitation shows that
neither low cellular Fe nor P is an unique "trigger" for hair formation. but
anothef extgrnal factor (NaCl) is involved. The fast rate at which hairs
werelinduced once NaCl is removed suggests the probability that there is a
specific signal for initiation of hair formation.

The increase in Fe content of algae during growth in batch culture in
med ium d_esigned eventually to lead to Fe-limitation providég evidence__ yvhich
clearly illustrates the great flexibility in capacity of blue-green algae
during growth in saline and freshwater media to accumulate Fe. The
ipcrease in Fe content greatly exceeded that found during exponential
growth, indicating that an "iron overplus" phenomenon similar to that for P
occurs in the strains studied here.

The comparison of all responses under Fe- and P-limitation indicates
superficially that the two limitations do not interact, but neither
biochemical nor molecular interaction can be excluded. The changes in
Fe : P ratio in algae during growth in batch culture may be used as an
indicator for the type of limitation.

Production of siderophore in response to Ee—limitation by three
different strains from three different environments suggests that
siderophore secretion may be widespread and thﬁt there is a high degree of
cellular regulation over Fe-assimilatory mechanisms and Fe-dependent
pathways.

The rapid increase in nitrogenase activity as a result of addition of Fe

to Fe-limited culture, underlining the importance of Fe in Nz-fixation.
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SUMMARY

1. Five Rivulariaceae strains (Calothrix D253, Calothrix D550, Calothrix
D603, Dichothrix D696, Calothrix D704) were used for various types of

study:

Calothrix Calothrix Calothrix Dichothrix Calothrix

culture no D253 D550 D803 D696 D704

source

marine - - - -
brackish + - - + -
freshwater - : + + - -

whether study conducted on strain

morphology + + + + +
cytology + + - + +
E.M. - + - - -
Fe content + + + -
siderophore + + + -
nitrogenase + + - -

Calothrix D253 was the key strain used in all experiments. Anabaena D697

was also included for various types_of comparison with the Rivulariaceace.

2. A study was made on morphological and.cytological features after
subculture into batch gulture usiné three versions of saline and freshwater
media (standard, - Fe, low P). The - Fe and low P media were designed
specifically to ensure that growth towards the end of batch culture was
limited by Fe and P. respectively. 1In genefa] the response of all the
'Rivulariaceae was similar for any one particular medium, but there were

marked differences between media.

3. In - Fe medium trichomes were characterized (on moving from base to apex)
by: formation of a series of new heterocysts apical to the original
heterocyst, intra-thylakoidal vacuolation in vegetative cells, pale

appearance, absence of cyanophycin granules, presence of polyphosphate
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granulés and a hiéh frequency-of trichomés wifh hairs (except Calothrix D253
in saline medium: see below), bﬁt'with these hairs only short. A brown
sheath was formed in one strain (Calothrix D253) (4.3). In terms of a time
sequence the first morphological indication of Fe-deficiency was the
development of intra~thylakoidal vacuoles in vegetative cells, followed by

formation of hairs.

4. Iron limitation was also achieved in a different manner, by using a
‘medium with low Fe and allowing the alga to remove this Fe progressively
during growth: the strains were grown in low Fe (0.4 mg 1_1). high EDTA (X 3
in saline. X 2 in freshwater) and high P (10 mg 1 _1) and growth continued
in batch culture. This led to an important difference in the
morphological changes to those observed when the'alga was subcultured
directly to - Fe medium. No hairé were formed with any strain, although

the other morphological features noted in (3) still occurred.

5. In low P medium, the following features were noted: no extra heterocysts,
presence of cyanophycin granules and absence of polyphosphate granules, no
obvious colour change and both a high frequency of hairiness and with long

hairs (4.4);

6. In Calothrix D253 (but nét other strains) hairs did not form in saline
medium in either - Fe or low P medium; this effect was demonstrated using
seawater or additional NaCl as the source of salinity. Downshift from old
éultures in a - Fe, low P version of saline medium to a similar version of
freshwater medium lgd to synchronized development of hairs in the apical
region of most trichomes. This is in marked contrast to hair formation

under normal circumstances, where many stages are present at the same time.
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A reciprocal upshift-froﬁ freshwater to'Saline medium led to loss of hairs,

whether formed as a response to Fe- or P-limitation (4.5).

7. The addftion of Fe and P (but<nqt other nutrients) led to recovery of
growth in fhe fespedtive limited culturesl :Recovgry from Fe-limitation
included (in temporal sequence): loss of the collabsed heterocysts, colour
restoration, loss of vacuolation, loss of hairs, appearance of cyanophycin
‘granules and, finally, differentiation and release of hormogonia. Electron
migroscopy‘of Calothrix D550 confirmed that the vacuoles in Fe-limited
vegetative cells are intra-thylakoidal and thgt addition of Fe leads to the

.thylakoids recovering their normal shape within 24 h.

8. Recovery from P-limitation included (in temporal sequence): rapid
increase in polyphosphate granules, decrease in cyanophycin granules, loss

of hairs and differentiation and release of hormogonia.

9. Changes in Fe content were studied during growth in batch culture in
three strains (Calothfix D253, Calothrix D550, Dichothrix D696) using saline
énd freshwater versions of a medium designed to avoid precipitation of Fe:
low Fe (0.4 nmg 1—1) and high EDTA (X 3 in saline, X 2 in freshwater); it was
shown thaf less than 2 % of‘Fe was removed by a GF/C filter. Use of this
medium led eventdally td,Fe limitation. The maximum Fe content was reached
by 24 h (1.42 % and 1.80 % dry weight 1n'sa11ne and freshwater medium,
respectively); at fhé end of batch culfure'grbwth, it had dropped to 0.07

and 0,06 % dry weightvin'saline.and freshwater medium, respectively (5.2).
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10; In low P medlum; the Fe content‘ranged withih-nafrow limits (0.38 - 0.10
% dry weight for saiine and 0.38 ~ 0.10 % dry weight for freshwater)

throughout the growth period (5.1, 5.2).

11. During growth in batch culture leading to Fe-limitation, Fe contents
when secondary heterocysts were first observed were: 0.31 % {D253), 0.32 %
(D550), 0.32 % (D696) dry Weight'ih saline and 0.40 % (D253), 0.18 % (D550)

dry weight in freshwater medium.

12. The rapid formation of polyphosphate granules by P-limited cultures had

no influence on accumulation of Fe.

13. The P content increased in all strains on subculture to low Fe medium
réaching a maximum by 24 h, But subsequently decreased markedly. The P
contents when hairs were first observed during growth leading to P-
limitation (in low P medium) were: 0.80 (D550), 0.30 (D698) % dry weight in

saline and 0.30 (D253), 0.97 (D550) % dry weight in freshwater medium.

14, The Fe : P ratior(by:weight) decreased with time under conditions
leading to Fé deficiency,'whilst it increased in conditions leading to P
deficiency (low P medium).- The meaﬁ ratio for the strains was 0.11 at the
time hairs were startiné:to form in.— Fe mediﬁm. In the case of secondary
héterocysts; it was 0.075 when they started to form.in - Fe medium and 0.79
and 0.25 in saling and freshwater média. respectively, when they started to
form in low Fe medium.

When hairs were formed in low P medium as a result of P-limitétion. the

mean Fe : P ratio was 1.8 and 1.5 in saline and freshwater media,

respectively.
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15. The main~differences from the Rivulariaceae shown by Anabaena D697 in
both (- Fe, low Fe) ﬁedia leading to Fe limitation were the absence of
secondary heterocysts adjacent to the origiﬁal heterocyst, increase in
annophycin granules and development of akinetes. Similarities were
increase in infrd—thylakoidal vacuolatibn, presence of polyphosphate
grahules.and pale cdléur; Addit;on'ﬁf Fe to Fe~deficient material led to
the development of é blue colour inc 1 % of heterocysts, a feature not
ébserved with any Rivuiariaceae tested; none of the strains showed blue
.hetefocysts on addition of P to P—deficient cultureL Electron microscopy
confirmed tﬁe loss 6f intra-thylakoidal vacuolation on addition of Fe to
Fe-deficient Anabaenﬁ. |

16. The production of siderophores by five strains (Calothrix D253,
Calothrix D550, Calothhixleos. Dichothrix D696, Anabaena D697) was
tested by a:spectrbphometric method in saline and freshwater media. Three
'strains (Céiothrix'Dsso. Qalotﬂrix D603, Anabaena DE97) produced a

_éiderophore; but only in freshwater.

17. Iﬁfluence of Fe stayus‘on nitrogenase activity was tested for three
strains (Calothrix D253, Calothrix D550, -Anabaena D697) in saline and
freéhwater media in batch_éuiture. In Rivulafiaceae strains, peaks of
nitrogenase-activiﬁy came approximately three to five days after the peak of
Fe content, by which stgge_tbeAFe cqntent had dropped to: 0.6 % (D253),

0.3 $ (D550) drvagight.:..ln contrast, with Anabaena peak of nitrogenase
acfivity was reached sodh'after the Fe éeakAand continued for three days, by
thich stage the Fe content had dropped to 0.2 % (D697) dry weight.
Addition.of Fe to;fe—limited cultures ofVD253 led to a rapid increase in

nitrogenase activity, detectable within one hour and reaching a maximum

within 24 h, However nitrogenase activity showed no change when
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chloramphenicol was added 30 min prior to the addition of Fe to Fe-limited

cultures.
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APPENDIX 1. DATA ON Calothrix D704 DURING GROWTH IN STANDARD, - Fe, LOwW P

MEDIUM.
This appendix presents the data on Calothrix D704, which refers to the

text in 4.2; 4.3, 4.4. Definition of the characters are given in 2.9.

Table A1.1 Dimensions (um) of morphological characters of Calothrix D704 in

standard 100 % ASPGM"N) medium (4.2).

day_ vegetative part of:trichome hair sheath
length basal apical length width

0 30.5 12.5 2.5 - - <1

2 45.5 12.5 2.5 - - <1

4 98.5 12.5 2.5 - - <1

6 98.5 12.5 2.5 50.5 1.5 <1

8 102.5 12.5 2.5 152.5 2.5 <1

i0 110.5 12.5 2.5 349.5 2.5 <1

14 5 12.5 2.5 380.5 2.5 <1

125.
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Table A1.3 Dimensions (um) of morphological characters'of Calothrix D704 in

- Fe medium (100 % ASPSM(-N)) (4.3).

day vegetative part of trichome hair sheath
'length basal apical ' length width

0 30.5 12.5 4.5 - - <1

2 45.5 12.5 4.5 - - <1

4 52.5 12.5 4.5 75.5 1.5 <1

6 50.5 12.5 4.5 120.5 1.5 <1

8. 51.5 12.5 4.5 170.5 1.5 <1

10 53.5 12.5 4.5 172.5 1.5 <1

14 50.5 12.5 4.5 175.5 1.5 <1
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Table A1.5 Dimensions (um) of morphological characters of Calothrix D704

after addition (day 11) of Fe to Fe-limited cultures in 100 % ASPGM(-N)

medium.
day vegetative part of trichome hair sheath
length  basal apical length width
0 (day 11) 50.5 12.5 2.5 175.5 2.5 <1
1 45.5 12.5 2.5 - - <1
2 55.5 12.5 2.5 - - <1
3 52.5 12.5 2.5 - - <1
5 2.5 - - <1

55.5 12.5
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Table A1.7 Dimensions (um) of morphological characters of Calothrix D704 in

low P medium (100 % ASPGM(—N)) (4.4).

day vegetative part of trichome hair sheath
length basal apical length width
0 30.5 12.5 4.5 - - <1
2 35.5 12.5 4.5 - - <1
4 80.5 12.5 3.5 30.5 2.5 <1
6 80.5 12.5 3.5 250.5 2.5 <1
8 80.5 12.5 3.5 320.5 2.5 <1
10 100.5 12.5 3.5 370.5 2.5 <1
14 100.5 12.5 3.5 450.5 2.5 <1



193

6L 06 - - ot 09 .- - 91
6L 06 - . - o1 09 - - LA
6L 06 -~ - o1 09 - - et
6L o8 - s> o1 09 - - ot
08 ov - (124 ot 09 - - 8
9L 0¢ - ot o1 ov - o1 9
Le ot - oc¢ o1 - 0¢ - o2 14
- + - 09 o1 02 o1 ov (4
- - - 08 -~ ot ot 08 0

Jrey se uor3onpoad 7Tedrde Teseq Tedrde 1eseq

SWOYJTJI} SsS3urITRy UOoTleRiOnOBA EBTUOSOWJIOY urdAydoueAd ajeydsoydAtod Aep

‘untpau (N-)k%dsv % oot

d MOT uTr p0LQ ur sadueyd yedrSofoydiow jo (%) Adusnbaaj pue (s1rjoad 1120 j0 %) uorjeinueds g-'IvV aiqel



194

Table A1.9 Dimensions (um) of morphological characters of Calothrix D704

after addition (day 8) of P to P-limited cultures in 100 % ASPSM(-N) medium.

day vegetativé part of trichome hair sheath
length basal apical length width

0 (day 8) 80.5 12.5 2.5 320.5 2.5 <1

1 s 80.5 12.5 2.5 - - <1

2 80.5 12.5 2.5 - - <1

3 80.5 12.5 2.5 - - <1

4

85.5 12.5 2.5 - - <1
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Table Al.11 Comparison of the morphological changes in responses before and

after addition of Fe and P to respective Fe- and P- limited cultures of

Calothrix D704 in saline (100 % ASPGM(—N)) medium.

character

hairiness

length of hair
trichome as hair
secondary heterocyst
polyphosphate granules
cyanophycin granules
thick sheath
hormogonia production
colour

Fe-limitation
Fe addition
before after

60 -
175.5 -
79 -
60 -

- +
pale normal

P-limitation

P addition
before
80

370.5
79

after

normal
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Fig. Al.1 Morphological changes of Calothrix D704 grown in saline

medium (100 % ASPGM(—N))

(i) standard medium
a) Hormogonium
b) Young trichome with heterocyst
c) Hormogonial release from mature trichome with necridium

d) Mature trichome after ceasing hormogonial release

{ii) - Fe medium
a) Hormogonium
b} Young trichome with heterocyst
c) Hormogoniél release from mature trichome with necridium
d) Mature trichome after ceasing hormogonial release
e) Hormogonial release after addition qf Fe to Fe-limited

culture

(iii) low P medium
a) Hormogonium
b) Young trichome with heterocyst
c) Hormogonial release from mature trichome with necridium
d) Mature trichome after ceasing hormogonial release

e) Hormogonial release after addition of P to Pflimited culture
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APPENDIX 2. DATA ON Anabaena D697 DURING GROWTH IN STANDARD. - Fe. LOW P

MEDIUM.

This appendix presents the data on Anabaena D697, which refers to the

text in 4.2, 4.3, 4.4. Definition of the characters are given in 2.9.

Table A2.1 Dimensions (um) of morphological characters of Anabaena D697 in

standard saline medium (4.2).

day vegetative cell

length width

0 5.5 7.5
2 5.5 7.5
4 5.5 8.5
6 5.5 8.5
8 5.5 8.5
10 5.5 8.5
12 5.5 8.5
16 5.5 8.5
20 5.5 8.5

heterocyst
length width
10.5 10.5
12.5 12.5
12.5 12.5
12.5 12.5
12.5 12.5
12.5 12.5
12.5 12.5
12.5 12.5
12.5 12.5

akinete sheath

length width

15.5 12.5 -
15.5 12.5 -
15.5 12.5 -
15.5 12.5 3.5
20.5 19.5 7.5
20.5 20.5 7.5
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Table A2.3 Dimensions (um) of morphological characters of Anabaena D697 in

- Fe saline medium (4.3).

day

ey '
O oM E MO

vegetative cell

length width

IO m
[S e RS IS NS I S |

O 0o -3
GO n

~

heteroéyst

length width
9.5 10.5
9.5 10.5
9.5 10.5
10.5 12.5
10.5 18.5
10.5 13.5
10.5 13.5

akinete sheath
length width

15.5 12.5 -~
15.5 12.5 -
22.5 16.5 2.5
25.5 17.5 6.5
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Table A2.5 Dimensions (um) of morphological characters of Anabaena D697 in

low P saline medium (4.4).

day vegetative cell heterocyst akinete sheath
length width length width length width

0 6.5 7.5 8.5 9.5 - - -

2 6.5 7.5 10.5 12.5 - - -

4 7.5 9.5 10.5 12.5 - - -

6 7.5 9.5 10.5 12.5 15.5 12.5 -

8 7.5 9.5 10.5 12.5 15.5 12.5 -
10 8.5 9.5 10.5 12.5 18.5 12.5 <1
12 8.5 9.5 10.5 12.5 17.5 12.5 2.5
14 8.5 9.5 10.5 12.5 17.5 15.5 5.5
20 8.5 9.5 10.5 12.5 30.5 15.5 5.5
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Table A2.7 Dimensions (um) of morphological characters of Anabaena D697

after addition (day 12) of Fe to Fe-limited cultures in saline medium.

day

0
1
2
3
4

(day 12)

length width

6.
6.
6.
6.
6.

[ < IS e e |

L JEK JE R JeC
oo aaa

vegetative cell

heterocyst

length width

1
1

(M

Saaan

[ B IS NS NS ]

akinete sheath
length width

15.5 12.5 4.5
15.5 12.5 4.5
12.5 12.5 4.5
10.5 9.5 -
10.5 9.5 -
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Table A2.10 Comparison of the morphological changes in responses before and
after addition of Fe and P to respective‘Fe- and P- limited cultures of

Anabaena D697 in saline medium.

Fe-limitation P-limitation
Fe addition P addition
character before after before after
polyphosphate granules + + -
cyanophycin granules + - +
sheath . + - . -
colour . pale normal normal normal
akinetes + + + +

blue heterocyst - + - -
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Fig. A2.1 Morphological changes of Anabaena D697 grown in saline medium

(i) standard medium
a) Young filament
b) Mature filament

c) Mature filament with:akinete

(ii}) - Fe medium
a) Young filament
b) Mature filament with vacuolation

c) Mature filament with akinete

{iii) low P medium
a) Young filament
b) Mature filament

c) Mature filament with akinete
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Fig. A2.2

Electron micrograph of Anabaena D697 grown in - Fe saline

medium

1-2) Heterocyst with thylakoid (T). intra-thylakoid vacuoles

(IV), pore channel (PC)

3,5, 7-10) Vegetative cell with thylakoid (T), intra-thylakoid
vacuoles (IV), polyphosphate granules (Pp),
carboxysomes (Ca), gas vacuole (GV), cyanophycin (C)

6) Akinete with thick sheath (S), cyanophycin (C)

1-10) were taken at x 5500: 9000: 7000: 7000; 7000:

7000: 11700: 19500; 9000; and 33000 respectively
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Fig. A2.3 Optical micfograph of blue heteroccyst (1-8) of Anabaena D697
after éddition of Fe to Fe-limited culture in saline medium
Blue heterocyst (B Het), vegetative cell'(VC). gas vacuoles

(GV) and the unrecognized granules (UG)
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Fig. A2.4

culture in saline medium

1-12) Vegetative cell (VG), thylakoid (T), polyphosphate
(Pp), carboxysomes (Ca), gas vacuole (GV), cyanophycin
pool (CP), lipid bodies (Lb)

Heterocyst (Het), cyanophycin pool (CP),

pore channel (PC), plasma membrane (PM). cell wall

(CW). no 1-12 were taken at x 9000: 11700:; 11700: 9000:
7000; 11700: 15200:; 9000; 5500; 9000: 9000; and 9000

respectively

Fe-
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APPENDfX 3. CULTURE COLLECTION RECORDS
This appendix presents the data recorded for each strain. used in the
present study, on the Durham Culture Collection database.v The record are

presented in the standard fbrmat for output from the database.

D0ZS3 CALOTHRIX VIGUIERI FREMY

Strain ' Repeat isolates:!

Country tfound: Date: Flnder: Details ot site:
cusa ' .

Culture sourcet Date: Sender: lsolated by:
CCAP 1410/6 30705774

Axenic on 02/05/84 and clonal on 00/0&6/74 by

Growth: temp 25 light medium AD P(1) Fe(0.4)

D0O5S50 CALOTHRIX PARIETINA THURET

Strain Repeat isolates:

Country {found: Date: Finder: Details ot site:
ENGLAND 00/711/79 D.LIVINGSTONE 0020-45

Culture source: Date: Sender: lsolated by:

. : D.LIVINGSTONE
Axenic on 22/08/80 and clonal aon 22/08/80 by D.LIVUNGSTONE

Growth: temp 25 |ight 100 medium AD P(1) Fe(0.4)
'500503 ILCALOTHRIX ILSP. 1C
Strainl 7 Repeat isolates{DD&D4

Cauntery found: Date: Finder: Details at site:
[BANGLADESH aC JEH.D.CATLING JLAGRAKHOLA DUWR stem
Culture saurce: Date: Sender: Isaolated by:
L Jjroo/no/senll JLJ.W.SIMON
Axenic anl00/05/821 and clanal on [00/05/821 by[J.W.SIMON
Growth: temel32] Vight{[100 J mediumlCHU 10D -N oH 7.0 + HEPES
Liauid nitragen [06B11[1&/07/86 JLCRYOPRES. 10% DMSO.
[D6B21C16/07/86 1LCRYOPRES. 10% DMSO.
[06B31[10/06/83 JLCRYOPRES. NO,

DO&96 DICHOTHRIX SP.

Strain Repeat isolates:

Country found: Date: - Finder: Details of site:
SEYCHELLES 05/08/784 B.A.WHITTON ALLDABRA

Culture source: Date: Sender: ~ lsolated by:

[.A.M.MAHASNEH

Axenic on 28/10/84 and clanal on 28/10/84 by 1.A.M.MAHASNEH
Growth: temp 32 light 100 medium CHU 10D / 70% SEAWATER
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