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ABSTRACT 

A study was made of f a c t o r s i n f l u e n c i n g h a i r development 
i n 34 heterocystous and 2 non-heterocystous s t r a i n s of R i v u l a r i -
aceae. 

When grown with a high l e v e l of NÔ -N, 33 of the heterocystous 
s t r a i n s l o s t t h e i r heterocysts; 19 became untapered, but 14 
produced tapered trichomes which resembled those of Homoeothrix 
or Ammatoldea. One s t r a i n was unchanged i n morphology. Hair 
development was reduced but not eliminated i n the 3 s t r a i n s with 
long h a i r s i n the heterocystous s t a t e , and was unaffected i n the 
2 s t r a i n s with short h a i r s . When one heterocystous s t r a i n was 
starved of Ng, heterocyst frequency increased, but tapering was 
unaffected and no h a i r s developed. These responses suggested 
that h a i r development and tapering i n heterocystous R i v u l a r i a c e a e 
are not n e c e s s a r i l y d i r e c t l y r e l a t e d phenomena, and that n e i t h e r 
i s l i k e l y to be due s o l e l y to nitrogen d e f i c i e n c y i n the a p i c a l 
c e l l s . 

The influence of phosphate, i r o n , magnesium, calcium, molyb­
denum and sulphate d e f i c i e n c i e s on h a i r development was examined. 
12 of the heterocystous s t r a i n s , and one Homoeothrix showed 
increased h a i r development under phosphate deficiency; 8 of these 
(heterocystous) s t r a i n s also did so under i r o n d e f i c i e n c y , and one 
of the 3 did so under magnesium def i c i e n c y . The other d e f i c i e n c i e s 
had no marked e f f e c t on h a i r formation. Several other morphological 
responses to nutrient d e f i c i e n c i e s are also described. 

Hair development i n d e f i c i e n t c u l t u r e s preceded any degener­
a t i v e changes, and did not appear to be merely a pathological 
symptom. The c e l l s of h a i r s formed under phosphate d e f i c i e n c y 
were found to be capable of polyphosphate s y n t h e s i s , i n d i c a t i n g 
metabolic a c t i v i t y . The p o s s i b i l i t y i s considered that the 
h a i r s of Ri v u l a r i a c e a e may have a functional s i g n i f i c a n c e , perhaps 
i n the uptake of n u t r i e n t s present at a low concentration. 

During the work some s t r a i n s suddenly developed morphological 
abnormalities when grown i n standard medium. Attempts to 
elucidate t h i s phenomenon are described i n the Appendix. 
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1 INTRODUCTION 

1.1 Introductory remarks 
Blue-green algae show a d i v e r s i t y and complexity of structure 

greater than that of other prokaryotic organisms. Many filamentous 
forms show qui t e marked c e l l u l a r d i f f e r e n t i a t i o n , with the p o t e n t i a l 
to develop heterocysts and spores as well as normal vegetative 
c e l l s . I n some blue-green algae a f o u r t h type of c e l l , the h a i r 
c e l l , may be present, at least during c e r t a i n stages of the l i f e 
cycle. 

While many studies have been made of the f a c t o r s i n f l u e n c i n g 
the d i f f e r e n t i a t i o n of heterocysts and spores, there are only 
scattered comments i n the l i t e r a t u r e concerning the e f f e c t s of 
environmental faot o r s on h a i r development; i n f a c t the h a i r c e l l s 
have often been assumed to be merely dead or dying. The aim of 
the present study was to investigate the e f f e c t of d i f f e r e n t 
environmental f a c t o r s on the development of hairs i n blue-green 
algae, w i t h the hope that the r e s u l t s might ind i c a t e the f u n c t i o n , 
i f any, of t h i s rather marked c e l l u l a r d i f f e r e n t i a t i o n . 

The study was confined to the Rivulariaceae, which i s the 
family i n which hairs most often occur ( G e i t l e r , 1 9 3 2 ) . A 
p a r t i c u l a r c h a r a c t e r i s t i c of t h i s f a m i l y i s the tapering of the 
trichomes, which i s observed even i n forms which do not produce 
h a i r s . Since i t seemed possible that there might be a r e l a t i o n ­
ship between tapering and h a i r development, the character 1 of 
tapering was also studied. 

While the ultimate hope was to indicate the possible r o l e of 
hairs i n the natural environment, the problem seemed i n i t i a l l y 
more amenable to study by laboratory experiments, and most of the 
work was done with laboratory cultures. Some experiments were 
however performed w i t h materials from l o c a l f i e l d s i t e s , using 
both crude and un i a l g a l cultures. A wide range of laboratory 
s t r a i n s was used; by taking a broad approach i t was hoped that i t 
would be possible to make generalizations about the biology of 
the f a m i l y . 
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1.2 Maira and tapering i n blue-green algae 
1.21 D i s t r i b u t i o n of occurrence 

Bornet and Flahault (1886a) defined the blue-green a l g a l h a i r 
as 'a series of narrow, elongated c e l l s , containing very l i t t l e 
protoplasm, and incapable of f u r t h e r growth 1, formed at the t i p s 
of the trichomas. Such hairs are most c h a r a c t e r i s t i c of the 
family Rivulariaceae. G e i t l e r ( 1 9 3 2 ) 1 recognizes seven hetero-
cystous genera ( C a l o t h r i x , Piohothrix, Gloeotrichia, I s a o t i s , 
P o l y t h r i x , R i v u l a r i a and Sacoonema) i n t h i s f a m i l y , and f i v e non-
heterocystous genera (Ammatoidea , Amphithrix, Homoeothrix, Lepto-
ohaete and Hapinothrix); he describes the presence of hai r s i n at 
le a s t some species of a l l but two of the genera (Amphithrix and 
Tapinothrix). Kom&rek and Kann (1973) have suggested however that 
Amphithrix and Tapinothrix, and also Leptochaete, are merely growth 
forms of Homoeothrix. 

A c h a r a c t e r i s t i c feature of Rivulariaceae i s the tapering 
of the trichomas from base to apex, even i n forms without h a i r s 
( i n the genus Ammatoidea the trichomes taper towards both ends). 
I n the heterocystous genera the heterocysts are always basal 
( i . e . at the end d i s t a l to the h a i r ) , though additional i n t e r ­
calary heterocysts may also be present. 

Hairs may also be present i n a number of genera not included 
by G e i t l e r i n the Rivulariaceae: 

Loefgren&a (Loefgreniaceae) 
Mastigocoleus (Nostochopsidaceae) Nostochopsis 
Brachytriohia (Mastigocladaceae) 
K y r t u t h n x x ° ' 

( G e i t l e r does not mention the occurrence of hai r s i n K y r t u t h r i x , 
but they are described by Ercegovi6 ( 1 9 3 0 ) ) . A l l these genera 
are heterocystous except Loefgrenia. I n the Mastigocladaceae the 

Gteitler's (1932) scheme of c l a s s i f i c a t i o n of blue-green algae 
i s used throughout t h i s t h e s i s , unless otherwise indicated. 

i This s p e l l i n g , used by West and West (1897) i n t h e i r o r i g i n a l 
d e s c r i p t i o n of the genus, i s used i n preference to 'Bammatoidea' 
( c f . Starmach, 1 9 5 9 ) . 
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heterocysts are i n t e r c a l a r y , and i n the Nostochopsidaceae they are 
terminal, i n t e r d a l a r y or l a t e r a l ( G e i t l e r , 1 9 3 2 ) . Thus unlike 
the s i t u a t i o n i n the Rivulariaceae there i s no obvious and constant 
r e l a t i o n s h i p between the p o s i t i o n of the heterocyst and that of 
the h a i r . 

The end c e l l s of trichomes of Aphanizomenon (Nostocaceae) may 
sometimes be very elongated and vacuolated, much as the h a i r c e l l s 
of Rivulariaceae, but t h i s i s not a constant feature ( G e i t l e r , 
1 9 3 2 ) . The terminal c e l l s at one or both ends of the non-hetero-
cystous Raphidiopsis taper to a f i n e p o i n t , but colourless 
m u l t i c e l l u l a r hairs are not developed ( B o u r r e l l y , 1 9 7 0 ) . 

G e i t l e r ' s (1932) f l o r a includes several genera, not members 
of the Rivulariaceae, i n which the trichomes taper from base to 
apex, but which do not form vacuolated h a i r cells» 

Microchaete (=Ptremyella) (Microchaetaceae) 
T i l d e n i a (Scytonemataceae) 
Leptobasis (Leptobasaceae) 
Sokolovia (Sokoloviaceae) 

Sokolovia i s non-heteroycstous, but the other three genera have 
basal and/or i n t e r c a l a r y heterocysts. The s i m i l a r i t y between 
Calothrix and Microchaete i s very close. The d i s t i n c t i o n between 
the Microchaetaceae and Rivulariaceae i s based c h i e f l y upon the 
absence of hairs i n the former ( G e i t l e r , 1932); there i s no 
obvious c r i t e r i o n by which tapered heterocystous trichomes 
without hairs would be placed i n one family or the other. 

Several of the blue-green algae which show true branching 
have l a t e r a l branches which taper quite markedly, but which, are 
not prolonged i n t o a colourless h a i r : 

Hapalosiphon (Stigonemataceae) 
Westiella 

Mastigocladus (Mastigocladaceae) 
Herpyzonema 
Lithonema 

A tapered filamentous morphology i s also found i n c e r t a i n 
colourless g l i d i n g b a c t e r i a , of the genera Leucothrix and 
T h i o t h r i x . Filaments of these genera are remarkably s i m i l a r to 
those of llomoeothrix, both i n t h e i r o v e r a l l s t r u c t u r e and i n 
t h e i r mode of reproduction (Harold & Stanier, 1955) • 
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Since the Rivulariaceae are the family of blue-green algae 
which show the most marked tendency toward h a i r formation, and are 
also more widespread than the other forms mentioned, the present 
study was confined to members of t h i s f a m i l y . The rest of the 
In t r o d u c t i o n deals with the Rivulariaceae only, though comments 
on genera from other f a m i l i e s are included as seems relevant. 
While h a i r formation i s the topic of primary i n t e r e s t , a f a i r l y 
d e tailed account of other aspects of the biology of the fa m i l y is 
nevertheless given, to provide a background to the study, sinoe 
the l i t e r a t u r e on Rivulariaceae i s rather scattered. The ecology 
of Rivulariaceae was reviewed by Kirkby (1975)» and i s not 
dealt with here. 

1.22 Characteristics of trichomes with h a i r s 
Hair c e l l s d i f f e r c h i e f l y from normal vegetative c e l l s i n 

t h e i r h i g h l y vacuolated condition, and i n t h e i r narrow and 
elongated shape. A loss of normal colour i n the cytoplasm of 
hair- c e l l s has also been described ( G e i t l e r , 1 9 3 2 ) . Hair c e l l s 
lack the granular inclusions of normal vegetative c e l l s , but 
gas vaouoles may be present ( G e i t l e r , 1 9 6 0 ) . The t r a n s i t i o n 
between normal vegetative c e l l s and f u l l y developed h a i r c e l l s 
i n a trichome may sometimes be very abrupt, with narrowing, 
elongation and vacuolation occurring over a very short distance, 
but G e i t l e r 1 s (1932) f i g u r e s give the impression that a gradual 
t r a n s i t i o n i s more common. 

Several authors have demonstrated c y t o l o g i c a l gradients along 
trichomes of Rivulariaceae with h a i r s . . Studies on Gloeotrichia 
species ( P a l l a , 1893: £. pisum; Poljansky & Petruschewsky, 1929« 

G. natans, G. intermedia} von Zastrow, 1953s JG. pisum) showed 
that the 'central Sw"L>st-anc£' of the basal c e l l s was a single 
compact mass, but t h a t i n the h a i r c e l l s i t was i n the form of 
many small granules, or even undetectable. The i d e n t i t y of the 
structures stained i n early cytochemical studies i s not always 
c e r t a i n however, owing to the lack of s p e c i f i c i t y of the s t a i n i n g 
methods used (Fuhs, 1968). Ueda (1971b) estimated the DNA content 
of c e l l s along filaments of Calothrix b r a u n i i , using fluorescence 
microscopy, and found that the DNA content of the hai r c e l l s , and 
of the ' t r a n s i t i o n ' c e l l s immediately below the h a i r , was about 
two to f i v e times less than that of the normal vegetative c e l l s . 

Two ele c t r o n microscopic studies have described differences 
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between c e l l s i n d i f f e r e n t parts of trichomeB of Rivulariaseae. 
M i l l e r and Lang (1971) found a progressive loss of thylakoid 
i n t e g r i t y with increasing c e l l age i n trichomes of a Gloeotrichia sp. 
There was an increase i n cyanophycin granulation, and a decrease 
i n polyglucoside granulation as the c e l l s aged; i n the oldest 
c e l l s a l l inclusions except l i p i d globules and polyhedral bodies 
were absent. Feldraann and Guglielmi (1973)»working with R i v u l a r i a 
mesenterica, also described a gradual decrease i n the number of 
thylakoids, and a loss of granular inclusions; cyanophycin 
granules were l o s t before alpha and beta granules. Despite these 
differences i n appearance, i t i s not clear from e i t h e r of these 
reports how the 'age' of the c e l l s , or t h e i r p o s i t i o n i n the 
trichome, were i d e n t i f i e d . 

1.23 Hair formation as a d i s t i n c t morphogenetic phenomenon 
Although c e l l vacuolation i s perhaps most s t r i k i n g i n the 

hairs of Rivulariaceae, i t may also occur i n other blue-green 
algae. The development of vacuoles seems to be a f a i r l y common 
response to unfavourable conditions, taking place p a r t i c u l a r l y i n 
older c e l l s (Desikachary, 1959)* The apical c e l l s of subaerial 
species are sometimes vacuolated, perhaps as a r e s u l t of desicc­
a t i o n , since vacuoles are not present i n forms from submerged 
s i t u a t i o n s ( G e i t l e r , 1960). Under some conditions, c e l l s of 
Oscillatoriaceae may develop numerous small vacuoles, g i v i n g the 
cytoplesm an alveolate appearance (keritomie: G e i t l e r (I96O)). 
G e i t l e r (1932; I96O) considered t h a t t h i s was probably a response 
to n u t r i e n t deficiency, since, trichoraes showing the condition 
recover a normal c e l l content f o l l o w i n g t r a n s f e r to n u t r i e n t medium. 
Ueda (1971a) showed that the keritomic vacuoles of O s c i l l a t o r i a 
borneti and Q, pseudogeminata were caused by swelling of the i n t r a -
t h y l a k o i d a l space, and that t h e i r development was accelerated by 
increasing the l i g h t i n t e n s i t y . She suggested that the vacuolation 
of the thylakoids might be r e l a t e d to a reduction i n the chloro­
p h y l l content of the c e l l s . G e i t l e r (1932) pointed out the d i s t i n c t i o n 
between t h i s type of vacuolation, and that seen i n the h a i r s of 
Rivulariaceae. Keritomie occurs as a pathological symptom i n other­
wise normal c e l l s , s t i l l capable of d i v i s i o n , and i t i s r e v e r s i b l e . 
The vacuolation t y p i c a l of Rivulariaceae represents a normal 
stage i n t h e i r developmental cycle, and i s confined to a p a r t i c u l a r 
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part of the trichome; a f t e r a c e r t a i n point the prooess i s 
i r r e v e r s i b l e . Von Zastrow (1953) found vacuolation of other­
wise normal vegetative c e l l s i n trichomes of Anabaena c y l l n d r i o a , 
A. v a r i a b i l i s , Cylindrospermum alatosporum, £. maius, Scytonema 
hofmanni and Gloeotrichia pisum. from very old laboratory cultures 
( i n soil-water medium). Palla (1893) also described t h i s phenom­
enon f o r G, pisum. I n both these cases, the affected Gloeotrichia 
trichomes lacked normal h a i r s , thus h i g h l i g h t i n g the difference 
between normal and pathological vacuolation. 

A paler colour, and a lower l e v e l of granulation, may also be 
observed i n c e l l s at the apices of trichomes other than those of 
Rivulariaceae, i n the absence of any vacuolation or any marked 
change i n c e l l shape. Thurston and Ingram (1971) and Martin and 
Wyatt (1974a) have described the lower granule content and less 
pigmented appearance of the c e l l s i n the l a t e r a l branches of 
Stigonemataceae as compared with c e l l s from the prostrate part of 
the t h a l l us; t h i s may have been due to the meriuteuiatic nature of 
the l a t e r a l branch c e l l s (Thurston & Ingram, 1971). 

Changes i n the shape of c e l l s at the t i p s of the trichomes, 
i n some ways s i m i l a r to those seen i n association with h a i r devel­
opment, are also found i n blue-green algae other than Rivulariaceae. 
The end c e l l s of many Uscillatoriaceae, f o r instance, are qui t e 
markedly narrowed, forming a tapered t i p ( c a l y p t r a ) , though 
usually without vacuolation ( G e i t l e r , I96O). Members of the 
Scytonemataceae qui t e often have s l i g h t l y pointed apices also, 
sometimes w i t h associated p a l i n g and decrease i n granulation i n 
the narrower c e l l s at the apex. Bharadwaja (1934) described how 
the c e l l s i n the older parts of subaerial forms of Scytonema.and 
Tolypothrix may become only h a l f as wide, and many times longer 
than c e l l s i n the growing apical region, p a r t i c u l a r l y when conditions 
are 1 acute 1. 

From the examples described, i t w i l l be clear that the 
various changes i n c e l l morphology associated with the development 
of hairs are thus not unique to hair-forming species. Nevertheless, 
h a i r formation seems to be a quite d i s t i n c t morphogenetic phenom­
enon, i n which these changes take place simultaneously, and i n an 
apparently co-ordinated fashion. 
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1.24 Possible functions of hairs i n blue-green algae 
Despite the rather s t r i k i n g c e l l u l a r d i f f e r e n t i a t i o n 

associated with h a i r development, no p a r t i c u l a r r o l e has been 
demonstrated f o r hairs i n blue-green algae, and the assumption 
has o f t e n been made that the h a i r c e l l s are dead or dying (Fuhs, 
1 9 7 3 ) . The only speculation regarding the f u n c t i o n of h a i r s 
appears to be that of Palla (1893) who suggested (without experi­
mental evidence) that the hairs of Gloeotrichia pisum probably 
had an absorptive r o l e . Fuhs (1973) has also commented tha t the 
hairs of Gloeotrichia, which protrude beyond the gelatinous 
colony, are the part of the trichome least l i k e l y to s u f f e r from 
n u t r i e n t l i m i t a t i o n . 

1.3 Growth and development of Rivulariaceae 
1.31 Trichome growth 

The growth of Rivulariaceae i s t y p i c a l l y meristematic, i . e . 
c e l l d i v i s i o n i s confined to a p a r t i c u l a r part of the trichome, 
though Polyanskii (1928) commented on the absence of a meristem­
a t i c zone i n Calothrix e l e n k i n i i , and Singh (1939) reported the 
same f o r Gloeotrichia ghosei. The meristematic c e l l s are recogniz­
able by t h e i r short, d i s c - l i k e appearance, and by t h e i r pale 
colour and lower content of granules ( G e i t l e r , I 9 6 O ) . 

Most authors have described the meristem of Rivulariaceae as 
occurring i n the region of the trichome j u s t below the h a i r 
( 1 t r i c h o t h a l l i o growth': F r i t s c h ( 1 9 4 5 ) ) « This applies to hetero-
oystous forms (Bornet & Thuret, 1880; Schwendener, 1894} G e i t l e r , 
1932, 1960; Weber, 1933? Desikachary, 1959; Darley, I 9 6 8 ; 

MalmestrOm, 1972) and to the non-heterocystous Homoeothrix 
(Komarek & Kann, 1 9 7 4 ) . The meristem of Ammatoidea. normanii i s 
described as being i n the centre of the trichome, between the two 
tapered ends (Golubic, 1 9 6 6 ) . I n some forms showing t r i c h o -
t h a l l i c growth, the c e l l s i n the meristematic zone are consider­
ably wider, as well as shorter than those at the base of the 
trichome, which may be quite markedly long and narrow (Schwendener, 
1894; Polyanskii, 1930; Friedraann, 1 9 5 6 ) . I n such cases the 
trichomes do not taper uniformly from base to apex, but show a 
spindle-shaped swelling below the h a i r . Schwendener ( I 8 9 4 ) 

commented that t h i s phenomenon appeared to be most marked i n 
forms which form rounded colonies, an an examination of the 



f i g u r e s of Bornet and Thuret (1880), G e i t l e r (1932) and Deei'cachary 
(1959) also gives t h i s impression. G e i t l e r and Ruttner (1935-36; 
p.440) remarked that the development of long t h i n c e l l s i n the 
basal region of R i v u l a r i a angulosa was c h a r a c t e r i s t i c of older 
trichomes, and resulted from the cessation of growth. Even i n 
the absence of hairs the c e l l s of trichomes of Rivulariaceae may 
be shorter than those below, and thus presumably meristematic. 
Lami and Meslin (1959) described t h i s f o r Calothrix chapman!i, 
and Darley (1968) f o r £. p r o l i f e r a and C. pulvinata. 

L o c a l i z a t i o n of c e l l d i v i s i o n i n the basal region of the 
trichomes has also been described, by de Bary (l363a) ( R i v u l a r i a 
angulosa). Palla (1893) (Gloeotrichia pisum) and Fay, Stewart, 
Walsby and Fogg (1968) ( C a l o t h r i x and Gloeotrichia)« among others. 
Polyanskil (1930) and Serbanescu (1966) found that growth of 
G, natans was t r i c h o t h a l l i c i n trichomes without spores, but that 
when spores began to develop the meristematic zone moved to the 
basal region. I n association with t h i s change, the c e l l s below the 
h a i r , which had been broad and disc-shaped, became narrow and 
elongated, while the basal c e l l s became shorter and increased i n 
width. Weber (1933) found t h a t while c e l l d i v i s i o n i n Calothrix 
b r a u n i i was normally located below the h a i r , there was sometimes 
secondary development of meristematic a c t i v i t y i n the basal p a r t 
of the trichoma. This appeared to be an a t y p i c a l phenomenon, 
however, since i t was associated with displacement of the basal 
heterocyst, and outgrowth of the trichome from the basal end of 
the sheath. Desikachary (1945) also observed the secondary 
development of meristematic a c t i v i t y , i n the mid-region of trichomes 
of Gf. r a c i b o r s k i i . apparently i n response to attack by a parasite. 
A very s i m i l a r phenomenon was described by Serbanescu (1966), for 
(J. natans. She a t t r i b u t e d i t to the germination of i n t e r c a l a r y 
heterocyts, though i t i s rather d i f f i c u l t to deduce th i s from her 
f i g u r e s . 

1.32 Spores and heterocysts 
The a b i l i t y to form spores i s a c h a r a c t e r i s t i c feature of 

Gloeotriohia, and several species of Calothrix may also develop 
spores ( G e i t l e r , 1932). Bflcher (1946) described spores i n 
Dichothrix gelatinosa. The spores i n Rivulariaceae normally 
develop next to the basal heterocyst, but i n t e r c a l a r y spores 
have also been described, by Steinecke (1931) i n Z, weberi, by 
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BOoher (1946) i n D. gelatinosa. and by Claus (1957) i n £. andrean-
szkyana. Several authors (de Bary, 1663b; Gomont, 1695; Polyanskil, 
1930; Claassen, 1973) have given f a i r l y d e t a i l e d accounts of the 
development of spores. Hoelofs and Oglesby (1970) noted that i n 
(J. echinulata spores seemed to be produced when the colonies 
reached a p a r t i c u l a r s i z e , even when conditions were apparently 
favourable f o r growth. 

The germination of spores of Gloeotrichia has been desoribed 
by de Bary (1863b), Bornet and Thuret (1880), Palla (1893) and 
Polyanskii (1930); a l l these authors observed the release of a 
long gas-vacuolate hormogonium from the spore case. Desikachary 
(1959) describes the germination of spores of Calothrix javanica. 
Germination of heterocysts of Rivulariaceae has also been observed. 
Steinecke (1931) described t h i s for_C. weberi, and Desikachary 
(1946) f o r G. r a c i b o r s k i i and R i v u l a r i a mangini. Serbanescu (1966) 
reported the germination of i n t e r c a l a r y heterocysts i n G. natanB 
(see p. 22). A very high frequency of heterocyst germination was 
observed by Singh and Tiwari (1970) i n a non-sporulating mutant of 
Gf. ghosei. grown i n the presence of ammonia. 

I n trichomes of Rivulariaceae the most t y p i c a l condition i s 
the possession of a single basal heterooyst, but f u r t h e r basal 
and/or i n t e r c a l a r y heterocysts may also be produced ( G e i t l e r , 1932). 
Weber (1933) described how i n Calothrix fusca as many as seven 
successive basal heterocysts could develop, each time w i t h the 
death of the preceding heterocyst. Darley (1968) observed that i n 
(}. p u lvinata, C!. p r o l i f f e r a , £. scopulorum, £. Crustacea and 
C. p a r i e t i n a , growing i n the f i e l d , i n t e r c a l a r y heterocysts were 
present only i n the oldest parts ( i . e . the basal region) of the 
longer trichomes. When scopulorum and C!. pulvinata were 
grown i n l i q u i d c u lture (Miquel's medium), but not when they were 
grown on s o l i d i f i e d medium, i n t e r c a l a r y heterocysts developed i n 
the basal region of longer trichomes f o l l o w i n g the release of 
hormogonia, when the h a i r s were beginning to re-form. P a l i k 
(I946) also observed th a t the appearance of i n t e r c a l a r y hetero­
cysts followed hormogonium release i n (J. weberi. Darley (1968) 
speculated that the development of i n t e r c a l a r y heterocysts was 
related to depletion of n u t r i e n t s a l t s i n the medium. Terminal 
heterocysts ( i . e . with a single pore: F r i t s c h (1945)) nay also 
develop i n an i n t e r c a l a r y p o s i t i o n , p a r t i c u l a r l y i n association 
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with the production of f a l s e branches. Schwabe (1960) found that 
i n C. desertica heterocysts of t h i s type usually developed i n 
pa i r s , and had a width very l i k e that of the adjacent c e l l s . 

1.33 Trichome development 
Reproduction i n the Rivulariaceae takes place by means of 

hormogonia. These are p a r a l l e l lengths of c e l l s , which show 
g l i d i n g m o t i l i t y , and develop i n the meristeraatic zone at the apex 
of the trichome (flornet & Thuret, 1876, 1880; G e i t l e r , 1932),. The 
hormogonia are released by the production of biconcave separation 
discs ( f r i t s c h , 1945)* Horraogonia may also, be released during 
spore germination (see p. 2 3 ) . The presence of gas vacuoles i n 
the hormogonia, both preceding t h e i r release from the parent 
f i l a m e n t , and during t h e i r motile phase, has been reported f o r 
several species, i n c l u d i n g Calothrix epiphytica (Canabaeus, 1929)* 

Gloaotrichia pisum ( P a l l a , I 8 9 3 ), G. punotulata, R i v u l a r i a b u l l a t a , 
R. hospita (Bornet & Thuret, 1876; l 8 d 0 ), ' R i v u l a r i a 1 (Gloeotrichia) 
angulosa (de Bary, 1863b) * (Although the earlier- authors describe 
the hormogonia as being densely granulated, i t i s clear from t h e i r 
descriptions and fi g u r e s that the structures they observed were i n 
f a c t gas vacuoles.) 

When hormogonia are released from the parent trichome, the 
ha i r s , i f present, are shed (Bornet & Thuret, I076; I 8 8 0 ). This 
occurrs i n Brachytrichia and Mastigocoleus as wel l as i n the 
Rivulariaceae (Desikachary, 1959)• Thus there may be considerable 
v a r i a t i o n i n the frequency of trichomes with h a i r s i n populations of 
Rivulariaceae, depending upon t h e i r stage of growth. MalmestrOm 
(1972) f o r instance, studying a population of Calothrix scopulorum 
on the Swedish west coast, found that hairs were present only between 
June and August, when active growth was taking place. There was a 
decrease-in the number of trichomes with hairs during August, when 
hormogonium release was at i t s maximum. I n some cases, the apical 
h a i r may re-develop f o l l o w i n g the release of hormogonia (Bornet & 
Thuret, I88O5 Darley, I968; Malmestrom, 1972), but several authors 
have mentioned that hairs are present only i n young trichomes, and 
that older trichomes are devoid of hairs ( S e t c h e l l , 1895s H i v u l a r i a 
bornetiana; Steinecke, 1931$ Calothrix weberi; Weber, 1933s fusca, 
_C. b r a u n i i : Starmach, 19661 Homoeothrix Crustacea). This may lead to 
taxonomic confusion; f o r instance G e i t l e r (1928) describes the 
s i m i l a r i t y of I I . varians to a species of Lyngbya, i n the absence of 
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h a i r s , and Steinecke (1931) found that older filaments of 
C. weberi resembled Mioroohaete. 

I t seems l i k e l y that active hormogonium formation i s a 
r e f l e c t i o n of favourable growth conditions. Dutein (1962) mentioned 
that hormogonium production i n a population of Calothrix 
aeruginosa took place during the warm season, and MalmestrBm (1972) 
found t h a t (3. scopulorum stands only developed hormogonia i n the 
summer months. Jones (19°7) found that i n cultures of (J. soopulorum 
the alga was i n a constantly hormogonial condition during the 
exponential phase of growth. No deta i l e d work appears to have 
been done on the f a c t o r s which stimulate the release of hormogonia, 
as opposed to t h e i r i n i t i a l development at the trichorae apex. 
Bornet and Thuret (1676), Borzi (1882) and Darley (1968) have a l l 
described the prompt release of hormogonia by marine Calothrix 
species, placed i n a drop of l i q u i d s h o r t l y a f t e r c o l l e c t i o n from 
the f i e l d . Bornet and Thuret (1876) a t t r i b u t e d t h i s to the 
change of water and the warmer temperature of tne laboratory. 
They suggested that the phase of the t i d e probably had an important 
influence on hormogonium release i n the marine l i t t o r a l forms 
they studied. 

Several authors have followed the development of symmetrical, 
p a r a l l e l hormogonia of Rivulariaceae i n t o tapered trichomes. The 
f o l l o w i n g pattern has been described most often . Shortly a f t e r 
coming to r e s t , the hormogonium develops a heterocyst at one end, 
while the other end becomes pointed. I n forms with h a i r s , these 
are formed by progressive narrowing and elongation of the c e l l s 
at the pointed end (de Bary, 1863b; Bornet & Thuret, I876, 1880; 
Schwendener, 1894; P a l i k , 1946; Darley, 1968). Wyatt, Martin 
and Jackson (1973) noted that i n Fremyella diplosiphon (see p,17)» 
f o l l o w i n g the development of the basal heterocyst and pointed 
apex, the c e l l s next to the heterocyst increased i n width from 
4-5 urn to 8-10 urn as growth progressed. I n some cases, the 
hormogonia become tapered at both ends, and two heterocysts 
d i f f e r e n t i a t e i n the centre; these subsequently separate, y i e l d i n g 
two tapered heterocystous trichomes (Po l y a n s k i i , 1923; G e i t l e r , 
1932; P r i t s c h , 1945; Darley, 1968). I n t h e i r observations on 
the development of material i n c u l t u r e , de Bary (1863b), Polyanskii 
(1928), Weber (1933) and P a l i k (1946) a l l occasionally saw 
trichomes which tapered towards both ends, but which had no 
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central heterocysts, and were considerably longor than horroogonia. 
Palik. (1946) commented on the s i m i l a r i t y between these trichomes 
and those of Ammatoidea, and he suggested that Ammatoidea was 
merely a growth form.of Calothrix. Golubic (1966) has described 
the development of hormogonia i n Ammatoideat they grow at one 
or both ends, and i n the early stages may resemble Homoeothrix; 
both ends subsequently develop a h a i r . This p a t t e r n i s thus 
e s s e n t i a l l y the same as that observed i n the heterocystous forms. 
Schwabe (1960) described what appears to be an unusual p a t t e r n of 
hormogonium development, i n C, desertica. Some of the hormogonia 
developed a heterocyst at each end, and tapered towards the centre 
of the trichome. The two halves l a t e r separated to give normal 
trichomes. Another rather unusual developmental stage has been 
described by Serbanescu (I966) , i n Gloeotrichia natans, and by 
Claasjsen (1973) i n ghosei. Both authors observed the secondary 
development of heterocysts at the apices of tapered, heterocystous 
trichomas. I n G. ghosei the c e l l s adjacent to the new apical 
heterocyst enlarged, and l a t e r developed i n t o a spore, thus g i v i n g 
r i s e to a trichome which tapered towards the centre from both ends. 

1.34 Colony development 
The genera Gloeotrichia, R i v u l a r i a and I s a c t i s , and some 

species of Homoeothrix and Dichothrix, have a col o n i a l growth form. 
Many species of Cal o t h r i x , while not forming d i s t i n c t colaniss, 
grow with the trichomes associated to form a macroscopic t h a l l u s 
which may have a c h a r a c t e r i s t i c appearance (e.g. C. pulvinata; 
Bornet & Thuret (1360)). Bornet and Thuret (1880) and Darley 
(1968) have described how the behaviour of horraogonia f o l l o w i n g 
t h e i r release contributes to the structure of the t h a l l u s . The 
hormogonia of C. pul v i n a t a , f o r instance, tended to attach them­
selves to the parent filam e n t s , g i v i n g a bushy, t u f t e d appearance. 
The development of f a l s e branches i s also an important f a o t o r i n 
colony development. The spherical colonies of R i v u l a r i a and 
Gloeotrichia are produced by successive t i e r s of fa l s e branches 
(Schwendener, I8945 G e i t l e r , 1932). The texture of the sheath, 
whether f i r m or s o f t , may be important i n determining the extent t o 
which displacement of branch filaments can occur ( F r i t s c h , 1945)* 
Darley (I968) found that none of the marine c o l o n i a l Rivulariaceae 
she studied ( R i v u l a r i a spp. and I s a c t i s plana) produced t h e i r 
c h a r a c t e r i s t i c t h a l l i when grown i n c u l t u r e . She a t t r i b u t e d t h i 3 
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to a f a i l u r e of the i n d i v i d u a l sheaths to fuse. Zehnder (1963) 
s i m i l a r l y noted that the s t r a i n of G. echinulata he studied 
produced only small s t e l l a t e clusters i n c u l t u r e , and not the 
colonies t y p i c a l of natural populations. Bornet and Thuret (I876, 
1880) and Darley (1968) noted that the hormogonia of £. scopulorum 
tended to group together i n s t e l l a t e c l u s t e r s before beginning to 
d i f f e r e n t i a t e } de Bary (1863b) and Bornet and Thuret (I876) also 
observed t h i s i n Gloeotrichia. f u r t h e r development of the trichomes 
produced a daughter colony. Nevertheless, a single trichome i s 
capable of g i v i n g r i s e to a colony or t h a l l u s , by successive 
f a l s e branches, as Darley (1968) noted, f o r C. pulvinata. 

Few authors seem to have considered the p o s s i b i l i t y that 
colonies of Rivulariaceae might contain more than a single species, 
though Bornet and Thuret (1880) noted that i t was not uncommon to 
f i n d Calothrix trichomes growing among R i v u l a r i a hospita ooloniesj 
Bornet and Flahault (1886b) and Dutein (1962) also mention the 
presence of Calothrix filaments i n the t h a l l i of R i v u l a r i a spp. 
Forest and Khan (1972) described the presence of C a l o t h r i x - l i k e 
trichomes i n colonies of Gloeotrichia natans and G_. echinulata, 
collected from Conesus Lake, New York State. When the material was 
cultu r e d , the number of C a l o t h r i x - l i k e trichomes increased, 
sometimes replacing the t y p i c a l Gloeotrichia completely. Forest 
and Khan considered t h a t t h i s phenomenon may have been a r e f l e c t i o n 
of the morphological p l a s t i c i t y of a single species, but i t never­
theless seems possible t h a t the colonies they studied were 
g e n e t i c a l l y heterogeneous. I n view of the close association of 
several species of Rivulariaceae that occurs i n c e r t a i n h a b i t a t s , 
such as the marine l i t t o r a l and s u p r a - l i t t o r a l (Dutein, 1962; 
Darley, 1968), and the active dispersion of hormogonia, i t seems 
quite l i k e l y that the formation of 'mixed' colonies could e a s i l y 
occur. 

1 . 4 Morphological v a r i a t i o n i n blue-green algae 
1 . 41 Rivulariaceae 

I t w i l l be apparent from the preceding section that species 
of Rivulariaceae may e x h i b i t a wide range of morphological forms 
as a r e s u l t of t h e i r rather complex l i f e cycle (see, f o r instance, 
Polyanskil (1930); G e i t l e r & Ruttner (1935-36; p. 476); Serbanescu 
(1966)). I n a d d i t i o n to t h i s inherent v a r i a b i l i t y , some forms 
may also show morphological v a r i a t i o n not apparently d i r e c t l y 
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r e l a t e d to the developmental cycle. Such v a r i a t i o n has been 
observed i n both f i e l d and laboratory studies. 

Several authors have reported a reduction i n h a i r develop­
ment or a complete loss of hairs i n species of Calothrix when 
exposed to frequent drying. Golubic and Marcenko (1965) f o r 
example commented that under such conditions ( i n the spray zone 
of the sea shore) p a r i e t i n a had the appearance of Tolypothrix. 
Darley (1967} 196b), studying marine l i t t o r a l forms, found that 
C. scopulorum. growing i n exposed s i t u a t i o n s , had no h a i r s , whereas 
C. Crustacea, which was cont i n u a l l y submerged, had long h a i r s . On 
the basis of t h e i r behaviour i n c u l t u r e , Darley concluded that 
these two species were i d e n t i c a l ; i n l i q u i d medium, both showed 
extensive h a i r development, but on agar or s i l i c a gel neither 
produced h a i r s . MalmestrBm (1972) s i m i l a r l y found that i n a 
population of _C. scopulorum oni a rocky shore, the number of trichomes 
with hairs was lower i n the upper part of the Calothrix zone, 
where the alga was exposed more frequently. Kirkby (1975) reported 
an e f f e c t of chemical environment on h a i r development i n colonies 
of R i v u l a r i a grown i n crude laboratory c u l t u r e , i n a modified 
version of Allen and Arnon's (1955) medium. Hairs formed a 
higher percentage of the t o t a l trichome length when the i n i t i a l 
phosphate l e v e l was r e l a t i v e l y low (1.55-15*5 nig 1~* ̂ O.-P) than 
at higher l e v e l s (up to 31 mg 1 PO^-P). 

Starmach (1968), i n a study of the morphological forms of 
Homoeothrix fused, found that trichomes of t h i s species were longest 
i n f u l l y submerged s i t u a t i o n s , and shortest i n the splash zone, 
where they were subject to periodic drying. Khan (1969) also 
reported e f f e c t s of exposure on trichome length, i n Calothrix 
p i l o s a and £. scopulorum from a l i t t o r a l rock pool environment. 
Filaments of C. p i l o s a growing subaerially on s i l t , and exposed to 
di r e c t s u n l i g h t , were shorter than those from crevices, shaded from 
the d i r e c t sun. Trichomes of t h i s species growing at the air-water 
i n t e r f a c e were narrower than those from the subaerial h a b i t a t . 
Trichomes of £. scopulorum growing at the air-water boundary had 
a greater diameter than those from submerged s i t u a t i o n s . 

Variations i n the character of the sheath of Rivulariaceae 
have been reported several times. A t h i n , colourless sheath seems 
to be c h a r a c t e r i s t i c of filaments which are growing a c t i v e l y , 
whereas i n conditions unfavourable f o r growth, the sheath may 
become t h i c k and brown pigmented, as Bornet and Thuret (lddO) 
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observed f o r C a l o t h r i x scopulorum. Weber ( 1 9 3 3 ) remarked that 
yellow-brown pigmentation of the sheaths was p a r t i c u l a r l y notice­
able i n older filaments of C. b r a u n i i , and G e i t l e r (1934) found an 
increase i n sheath thickness with i n c r e a s i n g trichome age i n 
cul t u r e s of a Diohothrix sp. i s o l a t e d from the l i c h e n Plac.ynt.hium. 
Kirkby ( 1 9 7 5 ) tested f o r c o r r e l a t i o n s between aspects of the 
morphology of Calot h r i x species, according to G e i t l e r 1 s ( 1 9 3 2 ) 
d e s c r i p t i o n s . She found a s l i g h t tendency f o r species described as 
having yellow brown sheaths to possess h a i r s a l s o . Darley (1968) 
observed that algae growing i n exposed s i t u a t i o n s had t h i c k e r 
sheaths than forms from submerged h a b i t a t s , and that the sheaths 
were more often pigmented. Golubic (1966) found that Ammatoidea 
normanii filaments had yellow brown sheaths i n places exposed to 
l i g h t (see also Section I . 4 2 ) . 

V a r i a t i o n s i n the s i z e and shape of c e l l s , and i n the growth 
form of trichomes, have also been described. BBcher ( 1 9 4 6 ) noted 
that the c e l l s of Dichothrix ge l a t i n o s a were much shorter during 
periods of a c t i v e growth than at other times, and Darley ( I 9 6 d ) 

found the same i n Calothrix p a r i e t i n a . Pearson and isingsbury ( I 9 6 6 ) 

observed considerable v a r i a t i o n i n the s i z e and shape of vegetative 
c e l l s , and i n the s i z e and l o c a t i o n of heterocysts, i n trichomes of 
(J. membranacea cultured i n a v a r i e t y of media. These v a r i a t i o n s 
did not seem to be correlated with the conditions of cu l t u r e . 
Schwabs ( 1 9 6 0 ) found that i n c u l t u r e s of C. d e s e r t i c a , the second­
a r i l y developed ' i n t e r c a l a r y ' heterocysts were extremely v a r i a b l e i n 
length. Weber ( 1933) commented on the extreme v a r i a b i l i t y i n 
form and s i z e of the heterocysts i n samples of fusca from the 
f i e l d , and Claus ( 1 9 5 7 ) noticed the same i n G l o e o t r i c h i a andrean-
szkyana. Pearson and Kingsbury ( I 9 6 6 ) found that £. membranacea 
sometimes grew as h e l i c a l l y twisted 'ropes' i n cult u r e , and 
Lange (,1970b; 1975) observed a s i m i l a r phenomenon i n G. eohinulata, 
grown i n the medium No. 11 of Zehnder and Gorham ( 1 9 6 0 ) . H e l i c a l l y 
c o i l e d strands were formed only by non-polar (probably hormogonial) 
trichomes, when the culture reached a c e r t a i n c r i t i c a l density. 
C o i l i n g of trichoraes i n s i d e the sheath, causing i r r e g u l a r bulging 
of the filament was described by Weber ( 1933) f o r C. fusca and 
£. b r a u n i i , and s i m i l a r observations were made by Darley (1968) 

f o r jC. scopulorum, and by Golubic ( 1 9 6 6 ) f o r Ammatoidea normanii. 
This seems to occur when the rate of trichQme growth exceeds that of 
sheath s y n t h e s i s (Darley, 1 9 6 8 ), or when the presence of ' i n t e r -

http://Plac.ynt.hium
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c a l a r y ' (terminal) heterocysts prevents the extension of the growing 
trichoma (Weber, 1933) . I n her B t u d i e s of colonies of 0 . natans, 
Serbanescu (1966) observed, side by side with normal filaments, 
ones-in which the c e l l s i n the basal region had a markedly undulating 
p r o f i l e , and i n which the trichomes themselves were also curved. 

The l i c h e n genera L i c h i n a , C a l o t r i c h o p s i s and Porocyphus 
contain a Calothrix phycobiont, and Dichothrix i s the phycobiont 
i n Flacynthium (Ahmadjian, 1967). As i s the case with many l i c h e n -
ized algae (Ahmadjian, I 9 6 7 ), the a l g a l trichomes have sometimes 
been observed to have an a t y p i c a l morphology. G e i t l e r (1934) and 
de Puymaly (1949) described the resemblance of the phycobiont of 
Placynthium nigrum to a species of Wostoci although, heterocysts 
were present, there was no b a s a l - a p i c a l d i f f e r e n t i a t i o n of the 
trichomas, and growth was not l o c a l i z e d i n a meristem, When the 
alga was cultured i n the fr e e l i v i n g s t a t e , however, i t showed 
meristematic growth, and grew as normal tapered trichomes, with 
basal heterocysts and ap i c a l h a i r s . Henesen (1969) found that the 
phycobiont of L i c h i n a rosulans consisted of short, contorted 
chains, and basal heterocysts were r a r e l y observed. I n L. poly-
carpa, basal heterocysts were v i s i b l e , but no tapering of the t i p s 
of the trichoraes was seen (Henssen, 1973)* I n L. w i l l e y i and 
L. tasmanica, however, the phycobionts retained a normal tapered 
morphology. Welsh (1965) observed Calothrix trichomes i n a 
preserved sample of an un i d e n t i f i e d l i c h e n species; he noted the 
frequent absence of heterocysts, giving a resemblance to a 
Homoeothrix sp., but h a i r s were present on some of the trichoraes. 

A number of reports i n d i c a t e quite marked e f f e c t s of combined 
nitrogen on the morphology of heterocystous R i v u l a r i a c e a e . 
Pearson and Kingsbury (1966) grew Ca l o t h r i x membranacea i n a v a r i e t y 
of media containing combined nitrogen, and found that the trichomes 
often lacked heterocysts and showed no attenuation, with a p o s i t i v e 
c o r r e l a t i o n between these characters. Fay, Stewart, Walsby and 
Fogg (1968) mentioned that when cultured i n the presence of ammonia, 
filaments of Calothrix and G l o e o t r i c h i a , which normally have basal 
heterocysts and a p i c a l h a i r s , became 'of uniform appearance through­
out', and were u n r e s t r i c t e d i n length. On the b a s i s of the r e s u l t s 
described i n t h i s paper, they suggested that the development of 
h a i r s i n Rivulariaceae might be due to depletion of nitrogenous 
substances i n the c e l l s most d i s t a l to the basal heterocyst 
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( c f . Stewart, 1972) . I n a l a t e r p u b l i c a t i o n (Fogg, Stewart, Fay & 
Walsby, 1973) these workers mention that G l o e o t r i c h i a grown on 
high l e v e l s of combined nitrogen resembles Homoeothrix or Lepto-
chaete, which implies that the trichomes lacked heterocysts, but 
were s t i l l tapered. 

Kirkby (1975) studied the e f f e c t s of combined nitrogen on. the 
morphology of three s t r a i n s of Cal o t h r i x . I n medium without added 
combined nitrogen, a l l three s t r a i n s , _C. brevissima, £. scopulorum 
and £. v i g u i e r i , were tapered, but none of them had h a i r s . Kirkby 
grew Z, brevissima and £. v i g u i e r i i n the presence of NH^-N, and 
found an almost t o t a l l o s s of heterocysts i n both s t r a i n s . Most of 
the trichomes of C, brevissima, and some of the trichomes of 
C, v i g u i e r i became p a r a l l e l , but many of the trichomes of £. v i g u i e r i 
tapered towards both ends, and resembled Ammatoidea. S i m i l a r 
r e s u l t s were obtained when C. v i g u i e r i was grown i n the presence of 
NÔ -N. £. scopulorum, grown i n medium with NÔ -N also l o s t i t s 
heterocysts; some trichomes became p a r a l l e l , but others had a 
tapered morphology, though i n t h i s case they tapered from base to 
apex only, Sohwabe (1960) , while not s p e c i f i c a l l y studying the 
morphological e f f e c t s of combined nitrogen, observed rather s i m i l a r 
responses i n jC. d e s e r t i c a , grown i n tapwater with urine as nitrogen 
source. The alga did not develop heterocysts i n the e a r l y phases 
of c u l t u r e , and strongly resembled Homoeothrix. Schwabe also 
depicts ( l o c . c i t . , F i g . 2) trichomes without heterocysts which 
appear untapered, and resemble Plectonema; he does not, however, 
mention t h i s i n the text. 

Wyatt, Martin and Jackson (1973) , working with s t r a i n s of 
Fremyella (Microchaete) diplosiphon ( c f . Section 1.21} p . 1 7 ) , 

obtained r e s u l t s rather s i m i l a r to those described above f o r 
R i v u l a r i a c e a e . F. diplosiphon IUCC 590 had terminal heterocysts 
and tapered trichomes when grown i n ASM-1 (Gorham, McLachlan, 
Hammer & Kim, I964) without combined nitrogen, but i n ASM-1 contain­
ing n i t r a t e , few heterocysts developed, and the taper was 'almost 
immeasurable 1. F. diplosiphon IUCC 48I also grew as long, untapered 
f i l a m e n t s . i n the presence of n i t r a t e , and heterocysts r a r e l y occurred. 
I n the absence of combined nitrogen, t h i s s t r a i n developed hetero­
c y s t s , but the o v e r a l l appearance of the trichomes was unhealthy, 
apparently due to the i n a b i l i t y of the alga to f i x atmospheric 
nitrogen. 
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1.42 Other blue-green algae 
I t w i l l be c l e a r from the preceding s e c t i o n that Rivulariaoeae 

may ex h i b i t s t r i k i n g v a r i a t i o n s i n morphology. ThiB must be viewed, 
however, i n the context of the extreme morphological p l a s t i c i t y 
of blue-green algae as a group. There are numerous reports of 
morphological v a r i a t i o n s i n members oi other f a m i l i e s , both as 
a r e s u l t of complex l i f e c y c l e s , and i n response to environmental 
conditions. Demeter (1956) , Geitler. ( 1 9 5 7 ), L a z a r o f f and Vishniac 
(1961) , S t e i n (1963) , Gorham, McLachlan, Hammer and Kim ( 1964) , 

Suba-Claus (1965) , Pearson and Kingsbury ( I 9 6 6 ), Pringsheim (1966) , 

Evans, Foulds and Carr (1976) and J e e j i - B a i (1976) have a l l 
described examples of such v a r i a t i o n . I n many cases, the observations 
made have been purely empirical, with no suggestion as to the 
underlying mechanisms involved i n the morphological changes, or 
any possible adaptive s i g n i f i c a n c e they may have, but some work 
has been done i n t h i s d i r e c t i o n . 

Fuhs (1958; 1968) f o r instance, has made d e t a i l e d c y t o l o g i c a l 
studies of the development of the tapered c a l y p t r a following trichome 
breakage i n O e c i l l a t o r i a amoena. The narrow c e l l s at the t i p of the 
trichome contain fewer chromatin elements than the c e l l s of normal 
width, and Fuhs has speculated that the progressive narrowing of 
these c e l l s might be r e l a t e d to i n h i b i t i o n of r e p l i c a t i o n of the 
nuclear equivalents i n the new end c e l l s produced when the trichomes 
fragment. Shukovsky and Halfen (1976) suggested however that i n 
0. princeps the changes i n c e l l shape during c a l y p t r a development 
were probably due to meohanical and/or osmotic s t r e s s e s . The 
transverse w a l l s of c e l l s i n the a p i c a l region of trichomes of 
t h i s species became thickened following triohome breakage, and 
Shukovsky and Halfen suggested that the c a l y p t r a might thus provide 
mechanical protection for c e l l s f u r t h e r down the trichome. They 
also speculated that by preventing the t r a n s f e r of solutes between 
the c e l l s , the thickening of the w a l l s might be p a r t l y responsible 
fo r the breakdown of normal c e l l s t r u c t u r e , and the l o s s of chloro­
ph y l l that were observed i n the terminal region. 

Ingram and Van Baalen (1970) i s o l a t e d septate and non-septate 
filamentous mutants of the normally coccoid blue-green alga 
Agmenellum quadruplioatum ( S t r a i n BGl) following treatment with 
N-methyl-N.'-nitro-N-nitroguanidine (NTG). Morphologically i d e n t i c a l 
forms could be produced by treatment with sublethal concentrations 
of chloramphenicol or p e n i c i l l i n G (Ingram, Thurston & Van Baalen, 1972) . 
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The metabolic c h a r a c t e r i s t i c s of the morphological v a r i a n t s were 
very s i m i l a r to those of the parent s t r a i n s , suggesting that 
the control of c e l l shape was independent of gross metabolic processes 
(Ingram, Thurston & Van Baalen, 1 9 7 2 ) . S i m i l a r filamentous forms 
were induced i n Anacystis nidulans by potassium s t a r v a t i o n (Ingram 
& Thurston, 1976 )• Ingram and h i s collaborators have suggested 
that the p h y s i c a l properties of the plasma membrane may be involved 
i n the regulation of c e l l d i v i s i o n , and thus of c e l l shape, i n 
these organisms (Ingram & F i s h e r , 1 9 7 3 a , 1973b; Ingram & Thurston, 
1 9 7 6 ) . 

Many studies of morphological v a r i a t i o n have been concerned 
with the d i f f e r e n t i a t i o n of heterocysts and spores. For recent 
reviews on heterocysts, see Tyagi ( 1 9 7 5 ) , Fay ( 1 9 7 3 ) , Fogg, Stewart, 
Fay and Walsby ( 1 9 7 3 ) , Wilcox, Mitchison and Smith ( 1 9 7 5 ) . The 
d i f f e r e n t i a t i o n of heterocysts may be p a r t l y or completely 
i n h i b i t e d i n the presence of a s s i m i l a b l e souroes of combined nitrogen* 
Differences have been found between nitrogen sources as to the 
extent of suppression of heterocyst development produced! MĤ -N 
usua l l y has the most pronounced e f f e c t (see Tyagi, 1975)* Under 
nitrogen s t a r v a t i o n , induoed by incubation i n an atmosphere without 
Ŵ , increases i n the frequency of heterocysts have been observed, 
i n Anabaena sp. (Neilson, Rippka & Kunisawa, 1 9 7 1 ) * A. flos-aquae 
(Mickelson, Davis & Tisoher, 1967) and A. c y l i n d r i o a (de Vasconoelos 
& Fay, I 9 7 4 ) . These changes i n heterocyst frequency i n response 
to the a v a i l a b i l i t y of nitrogen are presumably r e l a t e d to the 
generally accepted r o l e of these c e l l s as the main s i t e of nitrogen 
f i x i n g a c t i v i t y i n a e r o b i c a l l y grown filamentous blue-green algae 
(Stewart, 1 9 7 3 b ) . Variations i n the s i z e of heterocysts have 
also been observed. Canabaeus (1929) found an increase i n the 
s i z e of heterocysts of Anabaena spp. following the addition of 
NaCl, though above a c e r t a i n concentration the e f f e c t was reversed. 
Heterocyst s i z e also increased i n c u l t u r e s incubated anaerobically 
i n the dark. Tyagi ( 1 9 7 4 ) found that i n filaments of A. doliolum 
grown i n the absence of molybdenum and tungsten the heterocysts 
were l a r g e r than i n filaments grown i n the presence of these 
elements; there was a s l i g h t and progressive increase i n heterooyst 
s i z e with i n c r e a s i n g concentration of e i t h e r element. 

The p r e c i s e f a c t o r s leading to the development of spores 
(akinetes) are not known, though a d e f i c i e n c y of mineral s a l t s 
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was suggested by G e i t l e r ( I 9 6 O ) . More s p e c i f i c a l l y , low phosphate 
concentration has beiin found to stimulate sporulation i n Anabaena 
c y l i n d r i c a (Wolk, 1965) and Aphanizomenon flos-aquae ( G e n t i l e & 
Maloney, 19&9)• Some species appear to produce spores when the 
tricho.nes have reached a c e r t a i n s i z e ( F r i t s c h , 1945; P« B 0 9 ) . 

Changes i n the character of the sheath i n response to 
environmental conditions have been described f o r many blue-green 
algae. Sheath thickness may increase i n response to d e s i c c a t i o n 
(Golubic & Marcenko, 19&5) > a n c* changes i n sheath thickness i n 
response to the composition of the growth medium have also been 
observed ( F o e r s t e r , 1 9 6 4 ) . I n addition to polysaccharides l o c a l ­
ized i n a sheath, blue-green algae may also r e l e a s e these materials 
into t h e i r surroundings. I t seems l i k e l y that i n some cases at 
l e a s t , there i s no sharp d i s t i n c t i o n between sheath material and 
dissolved e x t r a c e l l u l a r polysaccharides, and that the l a t t e r 
derive from the sloughing off of sheath material (Bishop, Adams 
& Hughes, 1954; Martin & Wyatt, 1 9 7 4 b ) . Sangar and Dugan ( 1972) 

found that production of soluble e x t r a c e l l u l a r polysaccharide by 
Anacystis nidulans c u l t u r e s with a range of nitrogen souroes was 
greater i n the media where l e a s t growth occurred. They suggested 
that under conditions unfavourable f o r growth, f i x e d carbon 
dioxide may be chanelled into e x t r a c e l l u l a r polysaccharide producti 
rather than into c e l l material. The sheath may become more 
deeply pigmented at higher l i g h t i n t e n s i t i e s ( F r i t s c h , 1945» Jaag, 
1 9 4 5 ) t presumably as a protection against excessive l i g h t (Golubic 
& Marcenko, 1 9 6 5 ) . E x t r a c e l l u l a r pigments may possibly serve a 
function other than protection from high l i g h t i n t e n s i t y , since 
Walsby ( 1 9 7 4 ) has shown that the brown pigment-peptide complex 
released i n t o the c u l t u r e medium by Anabaena c y l i n d r i c a forms a 
strong complex with i r o n . Though no r e l a t i o n s h i p with i r o n 
uptake was demonstrated, i t seems l i k e l y that such complex form­
ation might well a f f e c t the a v a i l a b i l i t y of i r o n to the alga. 

1 .5 Hairs and s i m i l a r structures i n other organisms 
1.51 Hairs i n other a l g a l phyla 

Colourless h a i r s , often s u p e r f i c i a l l y very s i m i l a r to those 
of blue-green algae, are also found i n members of the Chlorophyta, 
Phaeophyta and Bhodophyta. While the only speculation as to a 
possible (absorptive) function f o r the h a i r s of Rivulariaceae 
appears to be that of P a l l a ( I 8 9 3 ) (Section 1 . 2 4 ; p.2 1 ) , several 
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authors have suggested r o l e s f o r the h a i r s of members of these 
eukaryotic phyla, sometimes based on experimental observations. 

Qhlorophyta 
I n the Chlorophyta, the development of h a i r s i s most marked 

among the Chaetophorales. The h a i r s of Chaetophoraceae c o n s i s t 
of one to several c e l l s , but i n the Coleochaetaceae the c o l o u r l e s s 
'hairs* (setae) are a c t u a l l y outgrowths of a pigmented vegetative 
c e l l ( K r i t s c h , 1935 ; McBride, 1 9 7 4 ) . Several authors have noted 
that h a i r development of various Chaetophorales was more extensive 
i n low concentrations of n i t r a t e than at higher concentrations 
(Uspenskaya, 1930: Draparnaldia glomerata; Suomalainen, 1933: 

I). glomerata< Uspenskaya, .1936: Stigeoclonium tenue; Abbas & 
Godward, 1963* J3« amoenum and D. plumosa; Tupa, 1 9 7 4 « Aphanochaeta, 
spp.; Y a r i s h , 1976: Bolbocoleon p i l i f e r u m , Entocladia v i r i d i s , 
E. f l u s t r a e ) . Y a r i s h (1976) also found that B. p i l i f e r u m . 
E. v i r i d i s . E. f l u s t r a e and E. ramulosa produced more h a i r s when 
the phosphate concentration was lowered. J.P.C. Harding and 
B.A. Whitton (personal communication) s i m i l a r l y found a very marked 
increase i n h a i r development i n _S. tenue i n c u l t u r e s d e f i c i e n t i n 
phosphate and n i t r a t e , but not i n ones d e f i c i e n t i n sulphate. 
Nielsen ( 1 9 6 9 ) observed that Pheophila dendroides and P. tenuis 
developed h a i r s when they were t r a n s f e r r e d from a r t i f i c i a l sea-
water to natural seawater d i l u t e d to 3% s a l i n i t y . Moestrup ( 1 9 6 9 ) 

s i m i l a r l y found that B. pil i f e r u m produced many h a i r s when 
cultured i n natural seawater d i l u t e d to 0 . 2 - 0 . 3 % s a l i n i t y , but did 
not produce h a i r s i n an enriched seawater medium. The observation 
of Godward (1942) that h a i r s were more abundant i n old c u l t u r e s 
of j5 . amoenum also seems l i k e l y to be r e l a t e d to depletion of 
nut r i e n t s . Tupa (1974) quotes the findings of Cholnoky (1929) 

and Vischer ( 1933) that Stigeoclonium plants from running water 
had fewer h a i r s than those from standing water. T h i s , too could 
be r e l a t e d to the higher rate of nutrient replenishment i n the 
former s i t u a t i o n s . Uspenskaya ( 1 9 3 0 ) and Suomalainen ( 1 9 3 3 ) 

found that h a i r development i n D. plumosa was increased by 
inc r e a s i n g the carbon dioxide concentration. T h i s could perhaps 
have r e s u l t e d from a promotion of growth, causing more rapid uptake 
of other n u t r i e n t s from the medium. 

E f f e c t s of l i g h t i n t e n s i t y on h a i r development have also been 
observed. Suomalainen ( 1933) found that Draparnaldia glomerata 
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produced more h a i r s at higher l i g h t i n t e n s i t i e s , but Uspenskaya 
(1936) found that an increase i n l i g h t i n t e n s i t y suppressed 
h a i r development i n Stigeoclonium tenue. Y a r i s h (1976) observed 
that Ectochaete ramulosa and Ochlochaete h y s t r t x produced more 
h a i r s at higher l i g h t i n t e n s i t i e s , but that i n flolbocoleon 
p i l i f e r u m h a i r s were more abundant at lower l i g h t i n t e n s i t i e s ; a l l 
three species showed an increase i n the extent of growth with 
i n c r e a s i n g l i g h t i n t e n s i t y . 

Tupa (1974) suggested that the h a i r s of Aphanochaete might 
be an adaptation f a c i l i t a t i n g the uptake of nitrogen compounds 
from the surrounding medium, by i n c r e a s i n g the surface area of 
the c e l l s . Cook (1970) speculated that the h a i r s of Draparnaldia 
champlainensis might f a c i l i t a t e the exchange of materials with 
the e x t e r i o r , since they were not enclosed by mucilage. MaBride 
(1974) observed apparently high Golgi a c t i v i t y i n the seta-bearing 
c e l l s of Coloeochaete scutata, and suggested that the setae 
might have a secretory r o l e . 

I n the Oedogoniales, c o l o u r l e s s u n i c e l l u l a r h a i r s are 
c h a r a c t e r i s t i c of the genus Bulboohaete ( F r i t s c h , 1935). F r a s e r 
and Gunning (1974) have described the u l t r a s t r u c t u r e of these 
h a i r c e l l s , which were found to have a highly developed Golgi 
apparatus. F r a s e r and Gunning suggested that the h a i r s might 
function i n the s e c r e t i o n of mucilage, and i t s subsequent export 
through pores i n the h a i r c e l l w a l l s . 

H a i r s are produced by some members of the Siphonales. I n 
Acetabularia, successive whorls of branching h a i r s develop before 
the reproductive cap appears. These h a i r s are not completely 
c o l o u r l e s s , but the cytoplasmic contents are pr o g r e s s i v e l y reduced 
with i n c r e a s i n g distance from the main a x i s (Gibor, 1973a). 
Adamich, Gibor and Sweeney (1975) found that the whorls of h a i r s 
of A. mediterranea were longer under low n i t r a t e concentrations, 
and that nitrogen depletion i n h i b i t e d the a b s c i s s i o n of the 
whorls, which normally precedes the development of the f e r t i l e 
cap. These workers suggested that the s t e r i l e whorls may have an 
absorptive r o l e , since they g r e a t l y Increase the surface area of 
the plant. Gibor (1973a) c a l c u l a t e d that the surface area of a 
sin g l e whorl of h a i r s i n A. mediterranea was almost as great as 
that of the main a x i s . Head and Carpenter (1975) found that 
plants of Codium f r a g i l e c o l l e c t e d from s i t e s with a low l e v e l 



of combined nitrogen were l i g h t green, and covered with whitish 
h a i r s , but plants from high nitrogen s i t e s were dark green and 
did not have h a i r s . When plants from one low nitrogen s i t e were 
tra n s f e r r e d to enriched seawater without added combined nitrogen, 
they became p a l e r green and retained t h e i r h a i r s ; i n the same 
medium with n i t r a t e or ammonium added the p l a n t s l o s t t h e i r h a i r s 
and became dark green. The behaviour of t h i s Codium was thus 
rather s i m i l a r to that of the Acetabularia studied by Gibor and 
h i s c o l l a b o r a t o r s . 

Phaeophyta 
F r i t s c h (1945) recognises nine orders of Phaeophyta, and 

describes the occurrence of h a i r s i n some genera from each of these. 
Both c o l o u r l e s s h a i r s and 'assimilatory h a i r s ' (containing chloro-
p l a s t s ) may be present. F r i t s c h notes that the degree of devel­
opment of the h a i r s ( i n the Ectocarpales) can be very v a r i a b l e , 
but that l i t t l e i s known about the f a c t o r s determining t h i s v a r i a t i o n . 
He quotes the speculation of Berthold (1882) that since h a i r s tend 
to be bett e r developed i n well-illuminated s i t u a t i o n s , they may 
function as a l i g h t screen. Other authors (Oltmanns, 1923; 

W i l l e , 1897; Sauvageau, ld96* see F r i t s c h , 1945) suggested that 
the h a i r s had a r o l e i n the absorption of n u t r i e n t s , or i n gas 
exchange. F r i t s c h (1945) also held t h i s view; he speculated that 
the frequent a s s o c i a t i o n of groups of h a i r s with the reproductive 
organs might be r e l a t e d to a p a r t i c u l a r need of these organs f o r 
nu t r i e n t s . More r e c e n t l y , Bring and Luning (1974) have shown 
that h a i r formation (and also two-dimensional growth) i n Scyto-
sipfaon lomentaria (Ectocarpales) can be induced by blue l i g h t . 
The e f f e c t was shown to be a s p e c i f i c morphogenetic one, occurring 
independently of photosynthesis and growth. 

Rhodophyta 
Hairs are produced by members of the F l o r i d e a e ( F r i t s c h , 1945)* 

though not a l l the genera show t h i s character. As i n the oase of 
the h a i r s of Phaeophyta, a role i n protection against excessive 
l i g h t has been suggested (Berthold, 1682; Oltmanns, 1933)* 
K y l i n (1917) germinated spores of i)umontia f i l i f o r m i s i n seawater 
with and without the addition of 2fa KNO^. I n the medium without 
added n i t r a t e , the germlings developed h a i r s , but they were not 
produced i n the ni t r a t e - c o n t a i n i n g medium. K y l i n also found that 
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i f germlings of Stilophora rhizoides and Asperococcus bullosus 
were l e f t f o r ten days without a change of nutrient s o l u t i o n , 
they developed h a i r s ; i f the s o l u t i o n was changed d a i l y the 
germlings showed greater development but did not form h a i r s . 
K y l i n (1917) speculated that h a i r s perhaps had a role i n the 
absorption of n u t r i e n t s , e s p e c i a l l y nitrogen and phosphorus 
compounds. He suggested that Berthold's ( I 8 8 g ) observation that 
h a i r s were more abundant i n w e l l - i l l u m i n a t e d s i t e s could be due 
to the more rapid u t i l i z a t i o n of n u t r i e n t s under these conditions, 
rather than to a d i r e c t e f f e c t of l i g h t . Oltraanns (1933) and 
Rosenvinge (1903) also suggested that the h a i r s of Rhodophyta had 
an absorptive r o l e . F r i t s c h (1945) noted that the prevalence of 
h a i r s i n the e a r l y part of the growing season, and t h e i r r e s t r i c t i o n 
to the growing parts of the p l a n t s , were compatible with such a 
r o l e . 

No recent p h y s i o l o g i c a l work appears to have been done on the 
h a i r s of Rhodophyta, but at l e a s t two d e s c r i p t i o n s of the u l t r a -
s t r u c t u r e of h a i r s have been published. Chamberlain (1974) 
noted the elaborate plugged pore at the base of the u n i c e l l u l a r 
h a i r s of Ceramiurn rubruro, and also the high Golgi a c t i v i t y . 
Duckett, Buchanan, Peel and Martin (1974), studying ffemalion 
helminthoides, also observed many Golgi v e s i c l e s i n the h a i r c e l l s , 
and commented on the unique s t r u c t u r e of the p i t connections 
between the h a i r mother c e l l and the h a i r . 

The s i m i l a r i t y i n structure and behaviour between h a i r s from 
these d i f f e r e n t phyla of eukaryotic algae i s rather s t r i k i n g . 
The response most often observed i n studies of hair-forming algae 
seems to be an increase i n h a i r development under conditions of 
nutrient d e f i c i e n c y , leading to speculations that these s t r u c t u r e s , 
with t h e i r high surface area to volume r a t i o , may function i n 
the absorption of n u t r i e n t s present i n low concentration. Tupa 
(1974) incubated Aphanochaete magna on s l i d e s i n d i f f e r e n t f i e l d 
s i t u a t i o n s ( l a k e , pond and r i v e r ) and i n the laboratory, and 
found that the greatest h a i r development (and the poorest growth) 
occurred i n the lake water. She suggested that t h i s might i n d i c a t e 
that the lake waters were poorest i n nitrogen content. Head and 
Carpenter (1975) found that Codium plants from s i t e s low i n 
combined nitrogen had many h a i r s , while those from nitrogen-rich 
s i t e s did not have h a i r s . These observations suggest that the 
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extent of h a i r development i n p a r t i c u l a r algae might have p o t e n t i a l 
as an i n d i c a t o r of the nutrient status of natural environments. 
Such a bioassay could have p a r t i c u l a r value i f the i n c r e a s e s i n 
h a i r development occurred only i n response to s p e c i f i c n u t r i e n t 
d e f i c i e n c i e s . 

Despite the r e l a t i v e l y numerous reports of e f f e c t s of nutrient 
depletion on h a i r development i n eukaryotic algae, l i t t l e s i m i l a r 
work appears to have been done with blue-green algae, apart from 
that of Kirkby (1975) (see Section 1.41; p. 28). The e f f e c t s of 
various mineral d e f i c i e n c i e s on members of the R i v u l a r i a c e a e were 
therefore examined, to determine whether h a i r development would 
increase under nutrient deficiency; these experiments are described 
i n Chapters 4, 5 and 6. 

1.52 B a c t e r i a l prosthecae 
Hairs are not found i n b a c t e r i a , but some forms possess 

c e l l u l a r p r o j e c t i o n s (prosthecae: Staley, 1966) which, l i k e h a i r s , 
increase the surface area to volume ratio, of the organisms. 
Experiments on the prosthecae of the Caulobacteriaoeae show some 
i n t e r e s t i n g p a r a l l e l s with those described above f o r the h a i r s of 
various a l g a l phyla, and i t seems worthwhile to mention these hexta. 
Members of the caulobacter group have a dimorphic l i f e c y c l e i n 
which a s e s s i l e prosthecate c e l l produces a motile swarmer c e l l . 
T h i s i s broadly analogous with, the l i f e c y c l e of Rivulariaoeae, i n 
which non-motile triohomes r e l e a s e hormogonia. I n the genus 
Caulobaoter, the holdfaBt of the s e s s i l e c e l l i s at the base of 
the prosthecum, which i s thus c a l l e d a ' s t a l k 1 ; i n A s t i o c a c a u l i s 
spp., the holdfast and prosthecum are not associated (Poindexter, 
1964). 

Caulobacteriaceae c h a r a c t e r i s t i c a l l y grow i n environments 
very low i n organic n u t r i e n t s , and may be unable to grow i n 
r i c h media (Larson & Pate, 1975). Larson and Pate (1975) found 
that i n a s t r a i n of A s t i c c a o a u l i s biprosthecum normal growth 
could occur only i f nutrient concentrations were low. The growth 
rate could be increased to a c e r t a i n extent by i n c r e a s i n g the 
concentration of n u t r i e n t s , but beyond a c e r t a i n point the growth 
rate was sharply reduced, and the c e l l s developed an abnormal 
morphology. This response apparently r e s u l t e d from the l o s s of 
co-ordination, at high metabolic r a t e s , of the obligate sequence 
of morphogenetic events i n the complex growth c y c l e . 
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Pate and Ordal ( I 9 6 5 ) speculated that prosthecae might a s s i s t 
nutrient uptake by i n c r e a s i n g the area of membrane i n contact 
with the environment. The observation by Schmidt and S t a n i e r 
( 1 9 6 6 ) , that i n t h e i r natural environment, caulobacters often 
have s t a l k s as long as 20 um, whereas i n r i c h laboratory media the 
s t a l k s are t y p i c a l l y only 2-3 um long, provides c i r c u m s t a n t i a l 
evidence i n support of t h i s hypothesis. Schmidt and S t a n i e r 
(1966) found that Caulobacter crescentus produced long s t a l k s when 
grown i n medium with a low concentration ( < 2 x 10~^ M) of 
inorganic phosphate, with an inverse c o r r e l a t i o n between s t a l k 
length and phosphate concentration. I n low phosphate medium, 
the s t a l k elongation response occurred before any detectable 
e f f e c t s on c e l l d i v i s i o n were seen. Schmidt and Stanier concluded 
that phosphate l i m i t a t i o n de-repressed the synthesis of wall 
material at the s i t e of s t a l k formation, but did not a f f e c t the 
regulation of wall synthesis leading to c e l l d i v i s i o n ; c e s s a t i o n 
of c e l l d i v i s i o n apparently occurred only when the net synthesis 
of c e l l material had ceased as a r e s u l t of extreme phosphate 
st a r v a t i o n . Schmidt ( 1 9 6 8 ) i s o l a t e d mutants of £. creBcentus 
which produced long s t a l k s even i n phosphate-rich medium; i n some 
of these mutants, s t a l k length could be reduced by f u r t h e r i n c r e a s i n g 
the phosphate concentration (to 10 M). 

Some clues as to possible mechanisms underlying the s t a l k 
elongation response in.'Caulobacter crescentus were obtained by 
Schmidt and Samuelson ( 1 9 7 2 ) . They found that the long-stalked 
mutants had lower endogenous l e v e l s of ATP and OTP than wild-type 
s t r a i n s , and that exogenous nucleoside triphosphates (ATP, GTP, 
CTP and UTP) i n h i b i t e d s t a l k elongation i n these mutants. 
Exogenously supplied c y c l i c GMP (but not c y c l i c AMP) was found 
to cause s t a l k elongation i n both mutant and wild-type s t r a i n s . 
These r e s u l t s suggested that i n t r a c e l l u l a r l e v e l s of nucleotides 
probably play an important role i n the regulation of s t a l k devel­
opment. 

Jordan, Porter and Pate ( 1974) compared the a c t i v i t y of 
various enzymes i n i s o l a t e d prosthecae and i n the main c e l l body 
of A s t i c c a o a u l i s biprosthecum. A l l the enzymes assayed were 
present i n the main body of the c e l l , but the prosthecae contained 
only some of the enzymes. Jordan, Porter and Pate (1974) 

suggested that t h i s might i n d i c a t e that the prosthecae were 
s p e c i a l i z e d biochemically as well as morphologically. I n view of 
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the r e s u l t s obtained with Caulobacter by Schmidt and S t a n i e r 
(1966), i t i s of i n t e r e s t that a l k a l i n e phosphatase was one of the 
enzymes shown by Porter and Pate (1974) to be present i n the 
prostheoae of Astiooaoaulis biproetheoum. However, Larson and 
Pate (1975) found that the length of the prosthecae i n t h i s s t r a i n 
of A s t i c c a c a u l i s was not affected by v a r i a t i o n s i n the concentration 
of phosphate. Further evidence i n support of a s p e c i a l i z e d 
nutrient absorptive r o l e f o r prosthecae was found by Porter and 
Pate (1975) 1 who showed that i s o l a t e d prosthecae of A. biprosthecum 
were capable of r e s p i r a t i o n - l i n k e d a c t i v e transport of glucose and 
amino a c i d s , but they did not metabolize these solutes f u r t h e r , due 
to the absence of complete c a t a b o l i c pathways. 

1.6 Mineral n u t r i t i o n and e f f e c t s of mineral def i c i e n c y i n 
blue-green algae 

1.61 General comments 
Since the reports reviewed i n Section 1.5 indicated that 

nutrient d e f i c i e n c y may increase the development of h a i r s i n 
eukaryotic algae, and the length of prosthecae i n b a c t e r i a , 
experiments were performed to see whether h a i r development i n 
R i v u l a r i a c e a e would respond s i m i l a r l y to d e f i c i e n c y of mineral 
n u t r i e n t s . A b r i e f account of relevant aspects of the mineral 
n u t r i t i o n of blue-green algae, i n p a r t i c u l a r t h e i r response to 
mineral d e f i c i e n c i e s , i s therefore given. O'Kelley (1968; 1974)* 
Wolk (1973) and Healey (1973b) have r e c e n t l y reviewed the inorganic 
n u t r i t i o n of algae, and only a few comments are necessary here. 
The account w i l l be r e s t r i c t e d to the elements which were var i e d 
experimentally i n the present study, namely nitrogen, phosphorus, 
iro n , magnesium, calcium, molybdenum and sulphur. Since r e l a t i v e l y 
few reports have dealt s p e c i f i c a l l y with morphological e f f e c t s 
of mineral d e f i c i e n c y on blue-green algae, r e s u l t s obtained with 
other organisms w i l l be mentioned as seems relevant. 

Healey (1973b) has pointed out that c e r t a i n responses of 
algae (not s p e c i f i c a l l y blue-green algae) to n u t r i e n t d e f i c i e n c y 
are of f a i r l y general occurrence, and may not be s p e c i f i c to 
p a r t i c u l a r elements. He mentions the following: 

decrease i n the content of photosynthetic pigments; 
accumulation of carbon storage compounds, usu a l l y carbohydrate; 
decrease i n protein; 
decrease i n n u c l e i c a c i d s , RM us u a l l y before J)NA; 
increase i n c e l l s i z e . 
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Tempest (1974) and Ellwood (1975) have indicated the marked changes 
i n the composition of microbial c e l l walls that may occur i n 
response to d i f f e r e n t nutrient l i m i t a t i o n s ; such modifications 
may cause morphological changes (Tempest, 1974). Filamentation 
of normally u n i c e l l u l a r b a c t e r i a may occur i n response to mineral 
deficiency; t h i s has been described f o r E s c h e r i c h i a c o l i under 
magnesium (Brock, 1962) and i r o n (Ratledge & hinder, I964) 
d e f i c i e n c i e s , and f o r L a c t o b a c i l l u s b i f i d u s under calcium d e f i c i e n c y 
(Kojima, Suda, l i o t t a , Hamada & Suganuma, 1970). S l a t e r and 
Schaechter (1974) have pointed out, however, that many conditions 
may lead to filamentation i n b a c t e r i a , as a r e s u l t of c e l l d i v i s i o n 
being more s e n s i t i v e to i n h i b i t i o n than o v e r a l l growth. 

1.62 Nitrogen 
The most obvious response of blue-green algae to nitrogen 

d e f i c i e n c y i s a marked yellowing of the c e l l s , due to a decrease 
i n the content of the nitrogen-containing pigments phycocyanin 
and chlorophyll, and retention of carotenoids (Fogg, Stewart, 
Fay & Walsby, 1973). Loss of phycocyanin under nitrogen s t a r v a t i o n 
has been observed i n both non-heterocystous ( A l l e n & Smith, I969) 
and heterocystous s t r a i n s (Neilson, Rippka & Kunisawa, 1971; 
de Vasconcelos & Fay, 1974)* I n Anabaena sp. (Neilson, Rippka & 
Kunisawa, 1971) and i n A. c y l i n d r i c a (de Vasconcelos & Fay, 1974) 
nitrogen s t a r v a t i o n also l e d to an increase i n the frequency of 
heterocysts and i n the a c t i v i t y of nitrogenase.(cf. Section 1.42; 
P.33). I n A. c y l i n d r i o a de Vasconcelos and Fay also observed a 
gradual disappearance of cyanophycin granules and polyhedral 
bodies, and the development of i n t r a t h y l a k o i d a l v e s i c l e a i n hetero­
c y s t s and vegetative c e l l s . Within 25 h of the addition of. 
ammonia to nitrogen d e f i c i e n t c u l t u r e s , the alga had f u l l y recovered, 
and the c e l l s had synthesized numerous cyanophycin granules. 

Many blue-green algae are able to f i x atmospheric nitrogen; 
the majority of these are heterocystous (Fogg, Stewart, Fay & 
Walsby, 1973)* R e l a t i v e l y r e c e n t l y , nitrogenase a c t i v i t y has 
also been demonstrated i n several non-heterocystous blue-green 
algae. Some of these (e.g. Flectonema boryanum) require micro-
aerophildc conditions f o r nitrogen f i x a t i o n , but at l e a s t one 
s t r a i n of Gloeocapsa shows nitrogenase a c t i v i t y i n a i r (Fogg, 
1974). Carpenter and P r i c e (1976) have r e c e n t l y presented evidence 
that i n the non-heterocystous Trichodesmium, i t s c o l o n i a l growth 
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habit may have a protective e f f e c t on nitrogenase, enabling 
a c t i v i t y to be maintained under e x t e r n a l l y aerobic conditions* 
They suggest that nitrogen f i x a t i o n may be confined to c e r t a i n 
c e l l s at the centre of the colony, which were found not to 

14 
incorporate COg, implying that they did not evolve oxygen. 
1 . 6 3 Phosphorus 

Phosphorus has a c e n t r a l r o l e i n metabolism, as a component 
of n u c l e i c acids, l i p i d s and carbohydrates, and through i t s 
involvement i n high energy t r a n s f e r reactions. The r a t i o of 
phosphorus to other elements tends to be considerably higher i n 
l i v i n g organisms than i n the external environment (Hutchinson, 
1 9 5 7 ), and i t s a v a i l a b i l i t y has often been implicated as a 
f a c t o r l i m i t i n g the growth of algae (Kuhl, 1 9 6 2 ), p a r t i c u l a r l y 
n i t r o g e n - f i x i n g forms (Stewart & Alexander, 1 9 7 1 ) . 

Algae vary i n t h e i r requirements f o r and tolerance of phosphate; 
some require l e s s than 20 ug 1~^ P f o r optimum growth, and are 
i n h i b i t e d by higher concentrations (see Fogg, 1 9 7 3 ) . A l l e n (19.63) 

grew a marine Calot h r i x i n a range of phosphate concentrations, 
and observed appreciable growth with 0 . 0 0 1 mM PO^ (£. 0 . 0 3 nig l"""'' 
PO^-P). The y i e l d increased with i n c r e a s i n g phosphate concentration 
up to 0 . 3 3 mM P 0 4 (_c. 10 mg l " 1 PO^P) , but 1 mM PO^ ( c . 31 mg l " 1 

PO^-P) had an i n h i b i t o r y e f f e c t on growth. Fogg (1969) commented 
that even low concentrations of inorganic phosphate i n a r t i f i c i a l 
media were i n h i b i t o r y to Gloeotriohia. 

Phosphate uptake may be influenced by the l e v e l s of other 
ions. Stimulation of phosphate uptake i n various micro-organisms 
has been reported f o r Na, K, Ca and Mg (see Healey, 1 9 7 3 a ) . I n 
Anabaena flos-aquae, Healey ( 1 9 7 3 a ) the requirement f o r Mg f o r 
maximum r a t e s of phosphate uptake increased as the phosphate 
concentration decreased. Birch ( 1 9 7 3 ) found that a Zygnema sp. 
(Chlorophyta, Conjugales) absorbed no phosphate i n the absence of 
ir o n . 

Many algae, including blue-green algae, have been shown to 
possess adaptations enabling them to make the best use of a v a i l a b l e 
phosphorus. One such adaptation i s the a b i l i t y to store phosphorus 
i n excess of immediate needs, as polyphosphate granules. Poly­
phosphate may also accumulate under conditions of nutrient 
imbalance, unfavourable f o r growth (Harold, 1 9 6 6 ). Harold ( I 9 6 3 ) 
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found that i n phosphate-sufficient Aerobacter aerogenes, poly­
phosphate accumulated when n u c l e i c acid synthesis ceased as a 
r e s u l t of nutrient deficiency. Phosphorus d e f i c i e n t algae show 
rapid ( w i t h i n minutes) and extensive polyphosphate s y n t h e s i s 
following the addition of phosphate (the 'polyphosphate overplus' 
phenomenon: Jensen & Sicko, 1 9 7 4 ) . I n Phormidium luridum, almost 
every c e l l contained a large polyphosphate granule two hours 
a f t e r the addition of phosphate to a phosphate starved c u l t u r e 
(Jensen & Sicko, 1 9 7 4 ) . Polyphosphate synthesis i n C h l o r e l l a 
was found to be stimulated by, but not dependent upon l i g h t ; the 
stimulation was prevented by i n h i b i t o r s of phoitophosphorylation 
(Fogg, 1973; Kuhl, 1 9 7 4 ) . The u t i l i z a t i o n of stored polyphosphate 
may enable algae to continue growth i n the absence of detectable 
phosphorus i n the culture medium (Rhee, 1972; Healey, 1 9 7 3 a ) . 
Under severe phosphate de f i c i e n c y , however, the polyphosphate 
granules disappear (Stewart & Alexander, 1971; Jensen & Sicko, 1 9 7 4 ) . 
Algae show more rapid i n i t i a l uptake of phosphate under phosphorus 
de f i c i e n c y than i n phosphorus s u f f i c i e n t conditions (see Healey, 
1 9 7 3 a ) . A c t i v i t y of surface phosphatases has been shown to 
increase under phosphorus d e f i c i e n c y i n many algae (Fogg, 1 9 7 3 ) . 

Various c y t o l o g i c a l changes i n addition to l o s s of polyphos­
phate granules have been observed i n phosphate d e f i c i e n t blue-
green algae. Yellowing of the c e l l s was observed by Stewart and 
Alexander (1971) and by I h l e n f e l d t and Gibson ( 1 9 7 5 ) . The l a t t e r 
workers found that i n phosphate d e f i c i e n t Anacystis nidulans, the 
pbycocyanin l e v e l f e l l , and the carotenoid l e v e l increased, but 
the chlorophyll l e v e l was not af f e c t e d ( a l l pigment l e v e l s as 
per mg p r o t e i n ) . Healey ( 1973a) found that i n Anabaena flos-aquae 
the chlorophyll content (per mg dry weight) f e l l under phosphate 
de f i c i e n c y . I n an el e c t r o n microscope study, Jensen and Sicko 
(1974) found an increase i n the number of cyanophycin granules 
i n phosphate starved Pleotonama boryanum. 

Morphological changes i n response to phosphorus concentration 
have been observed i n many micro-organisms. The find i n g of 
Kirkby ( 1 9 7 5 ) that h a i r length i n R i v u l a r i a was greater at 
r e l a t i v e l y low phosphate concentrations was mentioned i n Section 
1 . 4 1 . I n some oases, a s p e c i f i c morphogenetic r o l e has been 
suggested f o r phosphate. The induction of sporulation i n blue-
green algae by phosphate d e f i c i e n c y was mentioned i n Section 1 . 4 2 . 
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L i e n and Knutsen (1973) demonstrated t h a t phosphate had a key 
r o l e i n the c o n t r o l o f c e l l d i v i s i o n i n Chiamydomonas r e i n h a r d t i t 

and Shubert and T r a i n o r (1974) found t h a t phosphate was the o n l y 
n u t r i e n t t h a t induced the f o r m a t i o n o f u n i c e l l s i n Scenedesmus 
c u l t u r e d i n a d i l u t e i n o r g a n i c s a l t s medium (see a l s o E l l i o t & 
Conway, 1975)* Gezelius (1974) mentions the involvement o f 
i n o r g a n i c phosphate i n morphogenesis o f the slime mould D i c t y o -
s t e l i u m discoideum. The e f f e c t s o f phosphate c o n c e n t r a t i o n on 
the l e n g t h of b a c t e r i a l prosthecae were mentioned i n S e c t i o n 1 .52 . 
Jensen and Sicko (1974) found t h a t i n phosphate d e f i c i e n t Plectonema 
boryanum t many c e l l s were about t h r e e times l o n g e r than those i n 
c o n t r o l trichomes. Abnormally s h o r t c e l l s were a l s o observed, 
sugg e s t i n g some derangement o f the d i v i s i o n process. Healey 
(1973a) observed a decrease i n h e t e r o c y s t frequency i n Anabaena 
flos-aquae as i t entered phosphorus d e f i c i e n c y , and i n s e v e r e l y 
phosphate l i m i t e d t r i c h o m e s , no h e t e r o c y s t s were d e t e c t a b l e (a h i g h 
frequency o f h e t e r o c y s t s was pr e s e n t i n phosphate s u f f i c i e n t 
c u l t u r e s , even though the medium i n i t i a l l y c o n t a i n e d 1.5 mM NO^-H). 
Phosphorus l i m i t a t i o n has been found t o have marked e f f e c t s on 
the composition o f m i c r o b i a l ( b a c t e r i a l and yeast) c e l l w a l l s , 
phosphorylated polymers being r e p l a c e d by molecules o f a d i f f e r e n t 
type ( E l l w o o d , 1975) ; such changeB i n composition may l e a d t o 
q u i t e pronounced changes i n c e l l morphology ( F o r s b e r g , Wyrick, 
Ward & Rogers, 1973; Tempest, 1974)• 

Several o f the responses described above have been used as 
assays f o r phosphorus l i m i t a t i o n i n f i e l d p o p u l a t i o n s . The 
presence o f polyphosphate g r a n u l e s , f o r i n s t a n c e , i m p l i e s phosphate 
s u f f i c i e n c y ( S t e w a r t , 1 9 7 1 / 7 2 ) . F i t z g e r a l d and Nelson (1966) 

estimated s u r p l u s s t o r e d phosphorus i n algae by a 60 min b o i l i n g 
water e x t r a c t i o n t e c h n i q u e , and also used the e x t e n t o f a l k a l i n e 
phosphatase a c t i v i t y as an assay forphosphorus d e f i c i e n c y . 
Stewart and Alexander (1.971) observed a marked s t i m u l a t i o n o f 
acetylene r e d u c i n g a c t i v i t y f o l l o w i n g the a d d i t i o n o f phosphate 
t o phosphorus s t a r v e d blue-green algae; t h i s response has been 
used t o est i m a t e the a v a i l a b i l i t y o f phosphorus i n Wisconsin 
l a k e s ( S t e w a r t , F i t z g e r a l d & B u r r i s , 1970) . l i e a l e y (1973b) ancL 
Fogg (1973) have discussed these and o t h e r p o s s i b l e bioassay 
techniques. 
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1.64 I r o n 
I r o n i s a component o f cytochromes and f e r r e d o x i n , which are 

i n v o l v e d i n numerous e l e c t r o n t r a n s f e r pathways, and i s a l s o a 
c o - f a c t o r i n o t h e r enzyme r e a c t i o n s • ( H e a l e y , 1 9 7 3 b ) . I r o n d e f i c ­
iency may t h e r e f o r e be expeoted t o have d i v e r s e e f f e c t s . Under 
aerob i c c o n d i t i o n s , the s o l u b i l i t y o f i n o r g a n i c f e r r i c i r o n i s 
ver y low i n non-acid waters (Hutchinson, 1 9 5 7 ) . A v a i l a b i l i t y o f 
i r o n has been i m p l i c a t e d as a f a c t o r l i m i t i n g a l g a l p r o d u c t i v i t y , 
p a r t i o u l a r l y i n waters o f hi g h pH (Schelske, 1962; A l l e n , 1 9 7 2 ) . 

I r o n l i m i t a t i o n i s l i k e l y t o be more common among n i t r o g e n f i x i n g 
forms, since i r o n i s a component o f ni t r o g e n a s e ( D a l t o n & Morten-
son, 1 9 7 2 ) . An inc r e a s e d i r o n demand under n i t r o g e n f i x i n g 
c o n d i t i o n s has been r e p o r t e d f o r Nostoc muscorum (Carnahan & 
C a s t l e , 195^» E y s t e r , 1972) and f o r Anabaena flos-aquae (Murphy, 
Lean & Nalewajko, 1 9 7 6 ) . 

An i r o n requirement f o r c h l o r o p h y l l s y n t h e s i s has been 
demonstrated i n e u k a r y o t i c algae and h i g h e r p l a n t s ; i t i s not 
c e r t a i n whether i r o n i s necessary f o r p o r p h y r i n s y n t h e s i s , o r 
whether i r o n d e f i c i e n c y d i s t u r b s the development o f c h l o r o p l a s t 
l a m e l l a e as a r e s u l t o f reduced p r o t e i n s y n t h e s i s ( S q u i s t , 1971)• 

Boresch (1921) observed c h l o r o s i s of Phormidium r e t z i i as a r e s u l t 
o f i r o n d e f i c i e n c y . The c u l t u r e s changed from dark o l i v e green 
t o v i o l e t , and f i n a l l y became r e d d i s h brown i n c o l o u r . The 
normal c o l o u r c o u l d be r e s t o r e d by the a d d i t i o n of i r o n s a l t s , 
p r o v i d e d s u f f i c i e n t n i t r a t e was s t i l l p r esent i n the medium. 
Boresch found t h a t under i r o n d e f i c i e n c y t h e r e was a decrease i n 
the l e v e l s o f both c h l o r p h y l l and o f w a t e r - s o l u b l e r e d pigment 
(presumably p h y c o e r y t h r i n ) , but t h a t the c h l o r o p h y l l was a f f e c t e d 
e a r l i e r , thus g i v i n g the v i o l e t c o l o u r of c u l t u r e s a t an i n t e r ­
mediate stage o f d e f i c i e n c y . These changed i n p i g m e n t a t i o n 
c o n t r a s t e d w i t h those seen i n n i t r o g e n d e f i c i e n t c u l t u r e s , i n 
which c h l o r o p h y l l and p h y c o e r y t h r i n decreased a t the same time. 
(5quist ( 1 9 7 1 ; 1974) observed a r e d u c t i o n i n the c h l o r o p h y l l and 
phycocyanin content o f Anac y s t i s n i d u l a n s under i r o n d e f i c i e n c y , 
and also a s h i f t i n the main red a b s o r p t i o n peak o f c h l o r o p h y l l a 
from 679 t o 673 nm, prob a b l y due t o an a l t e r e d r a t i o o f d i f f e r e n t 
forms o f t h e pigment. I n hi g h e r p l a n t s , changes i n the appearance 
o f c h l o r o p l a s t t h y l a k o i d s have been observed i n a s s o c i a t i o n w i t h 
i r o n c h l o r o s i s . I n c h l o r o p l a s t s o f Tr a d e s c a n t i a and maize, fewer 
grana developed, and i n t r a t h y l a k o i d a l v e s i c l e s were formed; 
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e v e n t u a l l y the c h l o r o p l a s t s degenerated c o m p l e t e l y (Lampreoht, 1961 
s t o c k i n g , 1975) . 

Mi my b a c t e r i a and f u n g i have been ehown t o release s p e c i f i c 
i r o n c h e l a t i n g molecules under i r o n dei'ioiency (Lanki'ord, 1973) . 

These compounds presumably enable the organisms t o m o b i l i z e f o r 
t h e i r own use whatever i r o n i s present i n the environment. E x t r a ­
c e l l u l a r p r o d u c t s o f blue-green algae have also been found t o 
i n t e r a c t w i t h i r o n . Fogg (1952) found t h a t p r o d u c t i o n o f e x t r a ­
c e l l u l a r n i t r o g e n ( m a i n l y p o l y p e p t i d e ) by Anabaena c y l i n d r i c a 
i n c r e a s e d under d e f i c i e n c y o f c e r t a i n m i n e r a l n u t r i e n t s ( p a r t i c ­
u l a r l y i r o n ) and was l e s s i n a c h e l a t e d than i n a non-chelated 
medium. The p o l y p e p t i d e was shown t o be capable o f c h e l a t i n g 
i r o n (Fogg & Westlake, 1955)» a n<* i t was suggested t h a t such 
e x t r a c e l l u l a r m a t e r i a l might w e l l i n f l u e n c e the a v a i l a b i l i t y o f 
i r o n and o t h e r metals t o the algae (Fogg, 1952; Fogg St Westlake, 
1955)* Walsby (1974) suggested t h a t a t l e a s t p a r t o f the c h e l a t i n g 
a c t i v i t y observed by Fogg and Westlake (1955) might have been 
a t t r i b u t a b l e t o the brown pigraent-peptide complex t h a t i s a major 
component o f the e x t r a c e l l u l a r n i t r o g e n r e l e a s e d by A. c y l i n d r i o a 
c u l t u r e s ( c f . S e c t i o n 1 .42; p. 34)* More r e c e n t l y , evidence has 
been presented f o r the p r o d u c t i o n o f s p e c i f i c i r o n c h e l a t i n g 
moLecules by blue-green algae. Estep, Armstrong and Van Baalen 

(1975) r e p o r t e d t h a t Agmenellum quadruplioatum may produce a 
compound s i m i l a r t o the b a c t e r i a l siderochromes, and Simpson and 
Neilands (1976) d e s c r i b e the i s o l a t i o n o f a siderochrome from low-
i r o n c u l t u r e s o f an axenic Anabaena sp. Murphy, Lean and flalewajko 
(1976) have s i m i l a r l y r e p o r t e d the i s o l a t i o n o f an hydroxamate 
c h e l a t o r from an axenic c u l t u r e o f Anabaena flos-aquae. They 
al s o found evidence f o r p r o d u c t i o n o f such c h e l a t o r s i n f i e l d 
p o p u l a t i o n s o f p l a n k t o n i c blue-green algae (though p o s s i b l y by 
as s o c i a t e d b a c t e r i a ) , and suggested t h a t t h i s enabled the algae t o 
dominate the p l a n k t o n under c o n d i t i o n s o f h i g h i r o n demand. 

A f u r t h e r a d a p t a t i o n t o growth a t low i r o n c o n c e n t r a t i o n s , 
which has been demonstrated f o r some algae, i s the a b i l i t y t o form 
p h y t o f l a v i n . T h i s i s a f l a v o p r o t e i n , not c o n t a i n i n g i r o n , which 
can r e p l a c e f e r r e d o x i n i n redox r e a c t i o n s I n v i t r o , and i t has 
been e x t r a c t e d from A n a c y s t i s n i d u l a n s and Anabaena c y l i n d r i c a 
( S m i l l i e & Entsch, 1971) and from C h l o r e l l a (Zuraft & S p i l l e r , 1971) 

The h i g h e s t c o n c e n t r a t i o n s o f p h y t o f l a v i n are found i n i r o n 
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d e f i c i e n t c e l l s , and i t has been suggested t h a t i t may s u b s t i t u t e 
f o r f e r r e d o x i n i n i r o n d e f i c i e n t c o n d i t i o n s ( S m i l l i e & Entsch, 

1971) . 

1.65 Magnesium 
Magnesium i s a component o f the c h l o r o p h y l l molecule, and i s 

an e s s e n t i a l c o - f a c t o r i n h i g h energy phosphate t r a n s f e r r e a o t i o n s . 
I t i s a l s o i n v o l v e d i n the aggregation o f ribosome s u b u n i t s 
(Healey, 1973b) . Magnesium d e f i c i e n c y does not appear t o have 
been s t u d i e d i n blue-green algae; responses observed i n e u k a r y o t i c 
algae i n c l u d e a lowered c h l o r o p h y l l c o n t e n t , accumulation o f 
carbohydrate", and decreases i n p r o t e i n and n u c l e i c a c i d oontent 
(Healey, 1973b) . 

A s t r a i n o f C h l o r a l l a v u l g a r i s was found t o c o n t a i n no 
polyphosphate granules i n magnesium d e f i c i e n t c o n d i t i o n s (Badour, 
1 9 6 l ) . Magnesium s t a r v a t i o n caused an almost t o t a l l o s s o f 
ribosomes i n Aerobaoter aerogenes (Kennel & Ko t o u l a s , 1967) and 
i n E s c h e r i c h i a c o l i ( L u t s c h & Venker, 1969) ; i n E. c o l i , t h e r e 
was a l s o a marked development o f i n t r a c y t o p l a s m i c membranes. 
I n several s t r a i n s o f Gram-positive b a c t e r i a , the t e i c h o i c a c i d 
content o f the w a l l s has been found t o increase i n magnesium 
l i m i t e d chemostat c u l t u r e s , l e a d i n g t o s p e c u l a t i o n t h a t t h i s 
p hosphorylated a n i o n i c polymer may have a r o l e i n the uptake o f 
magnesium ( E l l w o o d , 1 9 7 5 ) . 

1 . 66 Calcium 
Uealey (1973b) commented t h a t the f u n c t i o n o f calcium i n 

algae remains l a r g e l y unknown. N i t r o g e n f i x i n g organisms, 
i n c l u d i n g blue-green algae, have been found t o have a h i g h e r 
calcium requirement when f i x i n g n i t r o g e n than when grown on 
combined n i t r o g e n ( A l l e n , 19565 E y s t e r , 1972} D a l t o n & Mortenson, 
1972) . T h i s perhaps suggests some f u n c t i o n o f calcium i n the 
n i t r o g e n f i x i n g process, but no s p e c i f i c r o l e seems t o have been 
i d e n t i f i e d . 

1.67 Molybdenum 
Molybdenum i s a c o m p o n e n t o f nit r o g e n a s e and of n i t r a t e 

reductase (Healey, 1973b) . Anabaena c y l i n d r i c a (Wolfe, 1954) 

and J J o B t o c muscorum ( E y s t e r , 1973) have been shown t o have a 
hi g h e r molybdenum requirement when grown w i t h Ng as n i t r o g e n 
source than when grown on NO,-N. AB might be e x p e c t e d , the 
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symptoms o f molybdenum d e f i c i e n c y have been found t o be s i m i l a r 
to those o f n i t r o g e n d e f i c i e n c y ( c f . S e c t i o n 1.62). Increases 
i n h e t e r o c y s t frequency have been d e s c r i b e d , f o r Anabaena 
c y l i n d r i c a (Fogg, 1949) and f o r A. d o l i o l u m ( T y a g i , 1974 ) . 
Pay and de Vasconcelos (1974) found t h a t molybdenum d e f i c i e n t 
A. c y l i n d r i c a became y e l l o w i n c o l o u r , and developed i n t r a -
t h y l a k o i d a l v e s i c l e s ; the h e t e r o c y s t frequency i n c r e a s e d , but 
the r e was a decrease i n nitro g e n a s e a c t i v i t y . 

1.68 Sulphur 
Q u a n t i t a t i v e l y , the c h i e f f u n c t i o n o f sulph u r i s as a 

component o f p r o t e i n s (O'Kelley, 1 9 7 4 ) . A s p e c i f i c r o l e f o r 
sulphate i n the c e l l d i v i s i o n o f green algae has been d e s c r i b e d 
(O'Kelley, 1974)» b u t t h e r e are no r e p o r t s o f such a f u n c t i o n 
f o r s u l p h u r i n blue-green algae. Prakash and Kumar (1971) 

found t h a t A n a c y s t i s n i d u l a n s and Anabaena v a r i a b i l i s showed 
p r o g r e s s i v e y e l l o w i n g and v a c u o l a t i o n under sulphate s t a r v a t i o n , 
and the c e l l s e v e n t u a l l y d i s i n t e g r a t e d completely. Wolk (1973) 

suggested t h a t the marked y e l l o w i n g o f sulphur s t a r v e d c e l l s 
might i n d i c a t e t h a t phycocyanin c o u l d f u n c t i o n as a sulph u r 
reserve. Wolk (1973) mentions t h a t the a v a i l a b i l i t y o f su l p h u r 
does not a f f e c t the appearance o f p o l y h e d r a l bodies i n Anabaena 
o y l i n d r i o a . 

I n t e r a c t i o n s between sulphate and phosphate uptake have 
been d e s c r i b e d . Sulphate uptake by phosphorus d e f i c i e n t 
Soenedesmua i s i n h i b i t e d by the a d d i t i o n o f phosphate (O' K e l l e y , 
1968), and sulph u r d e f i c i e n t A n a c y s t i s n i d u l a n s and M i c r o c y s t i s 
aeruginosa show g r e a t l y increased orthophosphate uptake, w i t h 
accumulation o f massive polyphosphate bodies (Lawry, 1 9 7 6 ) . 

Harold and Sylvan (1963) s i m i l a r l y observed accumulation o f 
polyphosphate i n sulph u r s t a r v e d c e l l s o f Aerobacter aerogenes. 
The response t o sulph u r d e f i c i e n c y appeared t o be due t o the lower­
i n g o f i n t r a c e l l u l a r l e v e l s o f g l u t a t h i o n e , o r a c l o s e l y r e l a t e d 
compound, which acted as an i n h i b i t o r o f polyphosphate accumulation. 

1.7 P h y s i o l o g y and b i o c h e m i s t r y o f R i v u l a r i a c e a e 
Few s t u d i e s have d e a l t s p e c i f i c a l l y w i t h t h e p h y s i o l o g y 

and b i o c h e m i s t r y o f R i v u l a r i a c e a e , though Stewart (1962; 1963? 

1964a; 1964b; 1965) and Jones (1967) have made d e t a i l e d i n v e s t i g ­
a t i o n s o f n i t r o g e n f i x a t i o n and l i b e r a t i o n o f e x t r a c e l l u l a r 
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n i t r o g e n by C a l o t h r i x scopulorum. A number o f p h y s i o l o g i c a l 
and biochemical i n v e s t i g a t i o n s have n e v e r t h e l e s s i n c i d e n t a l l y 
i n c l u d e d members o f the R i v u l a r i a c e a e , and these are summarized 
i n Tables 1 .1 and 1 .2 . Where the s t r a i n s used are ones a l s o 
h e l d a t Durham, the Durham o u l t u r e numbers are i n d i c a t e d on the 
t a b l e s ( c f . Table 2 . 1 ) . Fremyella d i p l o s i p h o n i s i n c l u d e d i n 
these t a b l e s , since a t l e a s t one s t r a i n o f t h i s B p e c i e s ( I n d i a n a 
C u l t u r e C o l l e c t i o n No. 48 I ) i s a l s o h e l d as a C a l o t h r i x sp. i n 
o t h e r c u l t u r e c o l l e c t i o n s (see Table 2 . 1 ) . 

1.8 C u l t u r e o f R i v u l a r i a c e a e 
As e x p l a i n e d i n the Appendix, i t proved d i f f i c u l t t o f i n d 

a c u l t u r e medium s u i t a b l e f o r growth o f some o f the s t r a i n s o f 
R i v u l a r i a c e a e . A survey o f p u b l i s h e d work on the c u l t u r e o f 
R i v u l a r i a o e a e was made, t o see whether o t h e r workers had experienced 
s i m i l a r problems, and a b r i e f review o f t h i s l i t e r a t u r e i s 
i n c l u d e d here. 

Judging from the papers l i s t e d i n Tables 1 .1 and 1*2, 

s u c c e s s f u l growth o f R i v u l a r i a c e a e has been o b t a i n e d i n most o f 
the media commonly used f o r blue-green algae. A few examples are 
summarized i n Table 1.3* A few authors have made s p e c i f i c comments 
on the growth c h a r a c t e r i s t i c s o f s t r a i n s o f R i v u l a r i a c e a e . Darley 
( 1 9 6 8 ) , f o r i n s t a n c e , noted the tendency o f the marine s t r a i n s 
o f C a l o t h r i x she s t u d i e d t o grow a t t a c h e d t o the f l a s k base, and 
H y a t t , M a r t i n and Jackson (1973) found a s i m i l a r tendency i n 
a F r e m y e l l a d i p l o s i p h o n s t r a i n * D arley (1968) found t h a t t h e 
growth o f her c u l t u r e s was 6stremely slow, and Lange (1974) found 
t h a t the C a l o t h r i x p a r i e t i n a s t r a i n he s t u d i e d grew r e l a t i v e l y 
s l o w l y . Lange (1974) found t h a t G l o e o t r i c h i a e c h i n u l a t a grew 
p o o r l y i n t h e absence o f added c h e l a t o r i n the medium, and con­
cluded t h a t i t was pr o b a b l y unable t o produce c h e l a t i n g m a t e r i a l 
o f i t s own, u n l i k e some o f the o t h e r s t r a i n s o f blue-green algae 
he s t u d i e d . 

Zehnder ( 1 9 ° 3 ) made a d e t a i l e d study o f the c u l t u r e r e q u i r e ­
ments o f G l o e o t r i c h i a e c h i n u l a t a . and found Medium No. 11 (Hughes, 
Gorham & Zehnder, 1960) w i t h 1-2 mg I - * c h e l a t e d i r o n , a t a pH, o f 
8-9 t o be e s p e c i a l l y f a v o u r a b l e . Concentrations o f i r o n g r e a t e r 
than 2 mg 1~^" were i n h i b i t o r y , and THIS b u f f e r was al s o t o x i c , 
the i n h i b i t i o n o f growth i n c r e a s i n g ' w i t h i n c r e a s i n g c o n c e n t r a t i o n 
between 0 . 5 and 10 mM. 
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1.9 Aims o f the p r o j e c t 
The h a i r s o f blue-green algae r e p r e s e n t a r a t h e r s t r i k i n g 

c e l l u l a r d i f f e r e n t i a t i o n , and j u d g i n g from the l i t e r a t u r e , t h e i r 
f o r m a t i o n appears t o be; a normal p a r t o f the developmental c y c l e . 
N e v e r t h e l e s s , i t has o f t e n been assumed t h a t h a i r c e l l s are 
simply dead o r moribund. L i t t l e s y s t e m a t i c i n v e s t i g a t i o n has 
been made o f t h e f a c t o r s i n f l u e n c i n g the p r o d u c t i o n o f h a i r s , 
however. The present study was t h e r e f o r e planned w i t h the aim 
o f d e t e r m i n i n g the i n f l u e n c e o f c e r t a i n environmental f a c t o r s on 
h a i r development i n blue-green algae, i n the hope t h a t t h i s might 
p r o v i d e clues as t o any p o s s i b l e f u n c t i o n a l s i g n i f i c a n c e o f h a i r s . 
While any s p e c u l a t i o n as t o f u n c t i o n must u l t i m a t e l y be based upon 
o b s e r v a t i o n s o f algae i n t h e i r n a t u r a l environment, i t seemed t h a t 
the problem was i n i t i a l l y more amenable t o i n v e s t i g a t i o n i n 
l a b o r a t o r y c u l t u r e . A broad experimental approach was planned, 
u s i n g a wide range o f s t r a i n s , i n c l u d i n g both h e t e r o c y s t o u s and 
non-heterocystous forms. The study was c o n f i n e d t o the H i v u l a r i — 
aceae, since t h i s i s the f a m i l y i n which h a i r s have most o f t e n 
been d e s c r i b e d . 

The presence o f h a i r s i s a s s o c i a t e d w i t h t a p e r i n g o f the 
trichomes, and some members o f the R i v u l a r i a c e a e show t a p e r i n g i n 
the absence o f h a i r s . Although t h i s suggests a p o s s i b l e r e l a t i o n ­
s h i p between t a p e r i n g and h a i r development, i t was f e l t t h a t 
such a r e l a t i o n s h i p should not be assumed t o e x i s t . The p o s s i b i l i t y 
t h a t h a i r development and t a p e r i n g may not n e c e s s a r i l y be r e l a t e d 
phenomena was t h e r e f o r e borne i n mind, and i t was hoped t h a t 
the experiments performed might c l a r i f y t h i s p o i n t . 

Several r e p o r t s i n the l i t e r a t u r e have shown t h a t t a p e r i n g 
and h a i r development are l o s t i n het e r o c y s t o u s trichomes grown i n 
the presence o f combined n i t r o g e n ( S e c t i o n 1.41). On the b a s i s 
o f such r e s u l t s , i t has been suggested t h a t h a i r development i n 
R i v u l a r i a c e a e may be r e l a t e d t o a decreasing g r a d i e n t o f f i x e d 
n i t r o g e n between the basal h e t e r o c y s t and the trichome apex (Fay, 
Stewart, Walsby & Fogg, 196d; Stewart, 1972). I t was thus o f 
i n t e r e s t t o examine the e f f e c t s o f combined n i t r o g e n on t a p e r i n g 
and h a i r development i n heterocystous R i v u l a r i a c e a e , t o see whether 
these c h a r a c t e r s were l i k e l y t o be simply the r e s u l t o f n i t r o g e n 
d e p l e t i o n i n the c e l l s d i s t a l t o the h e t e r o c y s t . 

The l i t e r a t u r e on h a i r s i n e u k a r y o t i c algae i n d i c a t e s t h a t 
w h i l e many f a c t o r s may i n f l u e n c e h a i r development, n u t r i e n t 
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d e f i c i e n c y has been most o f t e n i m p l i c a t e d as a c o n d i t i o n t e n d i n g 
t o promote the f o r m a t i o n o f h a i r s ( S e c t i o n 1 , 5 1 ) . Experiments t o 
determine the e f f e c t s o f s p e c i f i c mineral n u t r i e n t d e f i c i e n c i e s 
on h a i r development i n R i v u l a r i a c e a e were t h e r e f o r e designed 
(Chapters 4» 5 and 6 ) . Diverse morphogenetic e f f e c t s have been 
des c r i b e d f o r phosphorus ( S e c t i o n s 1.52 and 1 . 6 3 ) , and one r e p o r t 
has shown t h a t phosphate c o n c e n t r a t i o n may a f f e c t h a i r development 
i n R i v u l a r i a ( S e c t i o n 1.41). I t was thus decided t o study 
phosphate d e f i c i e n c y i n r a t h e r more d e t a i l (Chapter 4 ) . 

Marked morphological p l a s t i c i t y i n r e l a t i o n t o v a r i a t i o n s i n 
environmental c o n d i t i o n s i s a f e a t u r e o f many blue-green algae 
( S e c t i o n 1.42), and i t seemed w o r t h w h i l e , i n experiments on 
n u t r i e n t d e f i c i e n c y , t o r e c o r d morphological and c y t o l o g i c a l 
responses i n a d d i t i o n t o t h a t o f h a i r f o r m a t i o n . I t was f e l t 
t h a t besides t h e i r i n t r i n s i c i n t e r e s t , such o b s e r v a t i o n s would 
be o f p o t e n t i a l value f o r f u t u r e taxonomic work. They might a l s o , 
by any r e l a t i o n s h i p w i t h a h a i r development response, shed l i g h t 
on the n a t u r e o f t h i s response. 
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2 WATJSHIALS AND METHODS 

2.1 A l g a l c u l t u r e s 
2.11 O r i g i n s 

As many s t r a i n s o f R i v u l a r i a c e a e as p o s s i b l e were brought 
t o g e t h e r , i n the hope t h a t experiments performed on a wide range 
o f organisms would p e r m i t g e n e r a l i z a t i o n about the b i o l o g y o f the 
f a m i l y . C u l t u r e s were o b t a i n e d o f a l l the s t r a i n s o f R i v u l a r i a c e a e 
h e l d i n the major c u l t u r e c o l l e c t i o n s o f the w o r l d . Some s t r a i n s 
were g i v e n by i n d i v i d u a l people, and some were i s o l a t e d by the 
author. The f i n a l c o l l e c t i o n used f o r experimental purposes 
c o n s i s t e d o f 36 s t r a i n s : 29 C a l o t h r i x , 2 R l v u l a r i a , 2 G l o e o t r i c h i a , 
1 D i c h o t h r i x and 2 Homoeothrix. These c u l t u r e s are l i s t e d , t o g e t h e r 
w i t h t h e i r sources, i n Table 2.1. Several o f the s t r a i n s are h e l d 
i n more t h a n one c u l t u r e c o l l e c t i o n (Table 2.1). D u p l i c a t e c u l t u r e s 
o f some o f these s t r a i n s were o b t a i n e d , but o n l y one c u l t u r e o f 
any s t r a i n was used e x p e r i m e n t a l l y . The s p e c i f i c names used f o r 
the c u l t u r e s are those g i v e n by the donors o f the s t r a i n s , except 
f o r C a l o t h r i x v i g u i e r i D253, which i s h e l d a t Cambridge as C a l o t h r i x 
sp., though i t i s r e f e r r e d t o as C. v i g u i e r i i n the c o l l e c t i o n a t 
Trebon. I n some experiments, Anabaena c y l i n d r i c a was i n c l u d e d f o r 
comparative purposes; t h i s was S t r a i n 1403/2a o f the Cambridge 
C u l t u r e C o l l e c t i o n (Durham c u l t u r e no. D2A). For the sake o f b r e v i t y , 
B t r a i n s are nor m a l l y r e f e r r e d t o i n the t e x t by t h e i r Durham c u l t u r e 
number o n l y , though g e n e r i c and/or s p e c i f i c names are sometimes 
g i v e n a l s o , f o r c l a r i t y . The names o f the algae are g i v e n i n f u l l 
i n the t a b l e s . 

An e f f o r t was made t o o b t a i n any a v a i l a b l e i n f o r m a t i o n on the 
o r i g i n a l h a b i t a t s o f the algae, i n the hope t h a t t h i s would a s s i s t 
the i n t e r p r e t a t i o n o f experimental r e s u l t s . I n p r a c t i c e , however, 
the h a b i t a t d e s c r i p t i o n s were u s u a l l y r a t h e r vague; a l l a v a i l a b l e 
i n f o r m a t i o n i s i n c l u d e d i n Table 2.1. For s t r a i n s i s o l a t e d i n 
Durham, f u l l e r d e t a i l s o f c o l l e c t i o n s i t e s are g i v e n i n Table 2 . 2 . 

Only f o u r s t r a i n s were axenic (Table 2.1). These were used f o r 
experiments whenever p o s s i b l e , but t h e i r v a r i o u s c h a r a c t e r i s t i c s 
were not always s u i t a b l e , p a r t i c u l a r l y i n the l a t t e r p a r t o f the 
work. About halfway through the p e r i o d o f r e s e a r c h , the number 
of s t r a i n s t h a t c o u l d be used e x p e r i m e n t a l l y became r e s t r i c t e d , 
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when several cultures suddenly began to show gross morphological 
abnormalities when grown i n standard medium. This meant tha t 
c e r t a i n s t r a i n s , i n c l u d i n g the axenic Calothrix v i g u i e r i D235, 
which were used i n early experiments, could not be used i n l a t e r 
work. This phenomenon i s described i n d e t a i l i n the Appendix. 

2.12 Morphology and growth 
2.121 Morphology and development 

The morphology and development of Rivulariaceae were 
described i n the I n t r o d u c t i o n (Section 1 .3)» but a b r i e f account 
of morphological features of selected s t r a i n s i n t h e i r c o n t r o l 
medium (Section 2.32) i s nevertheless given here, as a background 
to the experimental studies. Much of the thesis i s concerned 
with morphological responses to environmental f a c t o r s , and such 
information may assist the i n t e r p r e t a t i o n of experimental r e s u l t s . 

( i ) Hairs 
Under standard conditions (Section 2.42) 3 of the 34 hetero-

oystous s t r a i n s (D126, D277» D404) produced many long h a i r s . 
Two s t r a i n s (D251, D403) developed a few short (2-6 c e l l s ) h a i r s , 
but the other 29 s t r a i n s were without h a i r s . Neither of the 
two s t r a i n s of Homoeothrix possessed hairs when growing a c t i v e l y , 
but S t r a i n D401 developed a few short hairs at the end of the 
growth period (see i i ( b ) below, and Section 3.33). 

( i i ) Tapering 
a) Heterocystous s t r a i n s 

I n a l l the heterooystous s t r a i n s without h a i r s , most of the 
tapered appearance was due to the presence of a swelling next to 
the basal heterocydt, and the trichomes tapered r e l a t i v e l y l i t t l e 
i n the apical region. The c e l l s i n the basal region of some of 
these s t r a i n s were considerably shorter than broad (e.g. S t r a i n 
D256; Fig. 2 .1a) . I n a l l these 29 s t r a i n s , hormogonia were 
produced at the trichome apex, and were thus equivalent i n diameter 
to the narrowest part of the tapered trichome. During t h e i r 
subsequent d i f f e r e n t i a t i o n , the hormogonia formed a terminal 
heterocyst, and the c e l l s next to the heterocyst enlarged to form 
a swelling. The i n i t i a l establishment of a tapered morphology 
could apparently occur with l i t t l e or no c e l l d i v i s i o n , since 
tapered trichomes were frequently observed with only 10 or 12 
c e l l s , the same number as i n the hormogonia ( F i g . 2 .1c) . During 
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t h e i r f u r t h e r development, the basal diameter and length of the 
trichomes increased, but the diameter of the apical region 
remained unchanged, apart from a s l i g h t narrowing of the apical 
one or two c e l l s i n some s t r a i n s . The f i n a l tapered morphology 
evidently otherwise resulted e n t i r e l y from the increase i n diameter 
of c e l l s towards the base. This type of developmental sequence 
i s i l l u s t r a t e d i n Fig. 2.1, f o r S t r a i n D256. I n st r a i n s of t h i s 
type, the basal diameter seemed to be the best i n d i c a t o r of 
trichome age) length was a less r e l i a b l e c r i t e r i o n , since short 
trichomes could r e s u l t from the release of hormogonia by a mature 
trichome. 

I n Strains D126 and B2^^, the trichomes were not markedly 
enlarged i n the basal region (except i n association with spore 
development i n S t r a i n D277)» and the tapered appearance i n each 
case resulted c h i e f l y from narrowing i n the apical region below 
the h a i r (Figs 2 .2 and 2.3). Hormogonia i n these s t r a i n s derived 
not from the narrowest region of the trichome, but from a region 
of uniform diameter beneath the tapering zone of vegetative c e l l s 
which l e d to the h a i r . The d i f f e r e n t i a t i o n of a terminal hetero-
cyst was accompanied by, or s h o r t l y followed by, narrowing and 
elongation of c e l l s at the other end of the trichome. This type 
of developmental sequence i s i l l u s t r a t e d f o r S t r a i n D277 i n Fig. 2.3. 
Further narrowing and elongation of the apical c e l l s o f t e n occurred, 
with extensive vacuolation, to form a ha i r . Sometimes, however, 
increase i n trichome length occurred with l i t t l e change i n the c e l l s 
at the apex, producing a tapered trichome without a true h a i r 
(Fig. 2.3d). I n these s t r a i n s much of the tapered appearance was 
thus the r e s u l t of a decrease i n diameter of the o r i g i n a l hormo-
gonium. 

St r a i n £404, which also had many h a i r s , showed both a basal 
enlargement and a tapered apical region (Fig. 3.3). I n Strains 
D403 and D251, which had only a few h a i r s , most trichomes showed 
the greatest change i n diameter i n the basal region. 

b) Homoeothrix s t r a i n s 
I n the o r i g i n a l material from which S t r a i n D402 was i s o l a t e d 

(Table 2 . 2 ) , the trichomes had a s l i g h t , but d i s t i n c t taper, 
from about 3.5 to about 2 urn. The greatest change i n diameter 
occurred i n the basal region, but there was sometimes a s l i g h t 
narrowing i n the apical region also (Fig. 2 . 5 a ) . I n c u l t u r e , the 
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trichoraes grew to much greater lengths than were seen i n the 
f i e l d m a t e r i a l , and were of t e n densely interwoven, so that i t was 
often d i f f i c u l t to traoe a trichoma along i t s whole length. 
There was no apparent tendenoy f o r the trichome apices to taper, 
and on s u p e r f i c i a l examination, the cultured material resembled 
a Lyngbya sp. However, i n young c u l t u r e s , before the growth 
became too dense, trichomas with basal enlargements were o f t e n 
observed ( F i g . 2.5b). The dimensions of these trichomas were 
very l i k e those of the f i e l d material. Although basal enlargements 
were less r e a d i l y apparent i n older c u l t u r e s , they could be 
detected by careful examination. The cultured alga thus seemed 
to have a s u f f i c i e n t l y tapered morphology to warrant the name 
Homoepthrix. 

S t r a i n 1)401 was i s o l a t e d from colonies of Homoeothrix Crustacea 
(Table 2.2). The trichomes were qui t e heavily c a l c i f i e d , and only 
t h e i r apical parts were r e a d i l y v i s i b l e . At the time of c o l l e c t i o n 
(Section 3 .3 )» the colonies contained, i n approximately equal 
numbers, trichomes with untapered, rounded apices (Pig. 2.6a), 
and trichomes with tapered apices, i n which the c e l l s were s l i g h t l y 
elongated and sometimes somewhat vacuolated ( F i g . 2.6b). The 
rounded apioes seemed to arise as a r e s u l t of hormogonium production 
(Fig. 2.6a). Short hairs were present on a small proportion of 
the trichomes The few trichoma bases that were observed 
had a s l i g h t but d i s t i n c t basal enlargement ( F i g . 2 . 6 c ) . I n 
cu l t u r e , S t r a i n D40I showed no tendency to develop macroscopic 
colonies, and the trichomes were not c a l c i f i e d . However, the 
morphology of the i n d i v i d u a l trichomes was very s i m i l a r to that 
seen i n the f i e l d material. As with S t r a i n D402, i t was d i f f i c u l t 
to see the bases of the trichomes c l e a r l y , except i n the early 
stages of growth, before they became densely interwoven. I n 
young cultu r e s , however, trichomes w i t h basal enlargements l i k e 
those i n the f i e l d population could be seen ( F i g . 2.6d). Each of 
the types of trichome apex seen i n the o r i g i n a l material also 
developed i n cultures of S t r a i n D401, but the r e l a t i v e frequencies 
of the d i f f e r e n t types varied at d i f f e r e n t stages of growth i n 
batch c u l t u r e . This, i s dealt with more f u l l y i n Section 3 .33 . 

( i i i ) Meristems 
As explained i n the I n t r o d u c t i o n (Section 1 .3)» growth of 
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trichomes of Rivula.riii.ceae i s t y p i c a l l y meristematic; both basal 
and apical meristems have been described. As mentioned i n ( i i ) 
above, several of the s t r a i n s had very short c e l l s i n the region 
of the basal enlargement. However, judging from the apparent 
absence of newly formed transverse w a l l s , these c e l l s d i d not 
appear to be i n a state of active d i v i s i o n . I n a l l the s t r a i n s 
examined, whenever a zone of most active c e l l d i v i s i o n could be 
i d e n t i f i e d (deduced by the presence of many new transverse w a l l s ) , 
i t seemed to be i n the region of uniform diameter towards the 
apex of the trichome, and below the h a i r (where present). As 
described i n ( i i ) above, t h i s was the region from which hormogonia 
were released. Although the c e l l s i n t h i s region were sometimes 
longer (both absolutely and r e l a t i v e to t h e i r width) than those 
at the base, the presence of numerous apparently recently formed 
transverse walls did imply a meristematic character, as d i d t h e i r 
normally lower content of granules ( c f . Section 1 .31; p.21). 

( i v ) Heterocysts 
Under standard conditions (Section 2 . 3 2 ) , most of the s t r a i n s 

had only basal heterocysts. Usually only a single basal hetero-
cyst was present) i n some s t r a i n s however a few trichomas developed 
add i t i o n a l basal heterocysts, p a r t i c u l a r l y i n older c u l t u r e s . I n 
a number of s t r a i n s , however, the m a j o r i t y of trichomes possessed 
i n t e r c a l a r y heterocysts. This feature was especially marked i n 
Strains D179, D259, D260, D261, D262, D263 and D265. A l l these 
s t r a i n s were of s i m i l a r morphology, and a l l except D265 had been 
named Calothrix membranaoea by t h e i r donors (Table 2.1). They 
had only a s l i g h t taper, and t h i s , together w i t h the presence of 
many i n t e r c a l a r y heterocysts, gave them an almost Anabaena-1ike 
appearance ( F i g . 2 . 4 ) . S t r a i n D251 also formed i n t e r c a l a r y 
heterocysts, but i t s morphology was otherwise d i s t i n c t from that 
of the seven st r a i n s mentioned above. 

(v) Spores 
Only one of the s t r a i n s of Rivulariaceae, Gloeotrichia 

ghosei D277, was ever seen to produce spores. They developed 
at the bases of the majority of trichomes towards the end of the 
growth period. Anabaena c y l i n d r i c a D2A also produced many spores 
i n older c u l t u r e s . The other s t r a i n of Gloeotrichia held, 
G. echinulata D126, di d not sporulate under any of the conditions 
used. 

http://Rivula.riii.ceae
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As stated i n Section 2.11, a large number of s t r a i n s of 
Rivulariaceae was used, i n the hope that t h i s would permit general­
i z a t i o n about the f a m i l y . To see whether the cultures held did 
represent a reasonable cross-section, they were compared with the 
descriptions given i n Geitler's. (1932) f l o r a . I t was found that 
the c o l l e c t i o n of s t r a i n s covered most of the chief morphological 
forms of Rivulariaceae described, and also several speoies of 
Mioroohaete (Microohaetaoeaei c f . Section 1 .2) . There were 
differences i n the r e l a t i v e proportions of the d i f f e r e n t morpho­
l o g i c a l types i n G e i t l e r ' s f l o r a and i n the present author's 
c o l l e c t i o n , however. I n p a r t i c u l a r , the frequency of forms w i t h 
hairs was higher among Ge i t l e r ' s descriptions; hairs are 
described f o r 52 of the 78 species of Calothrix he includes 
(Kirkby, 1975)» whereas only one of the 29 Calothrix s t r a i n s had 
hairs under standard conditions. Whereas only Strains D126 and 
D277 lacked a basal enlargement, and tapered c h i e f l y i n the apical 
region, G e i t l e r depicts several species of t h i s type (e.g. CI. f l a -
haul t i i . C. scytonemioola). G e i t l e r describes one type of 
trichome i n which the region of maximum width i s immediately 
below the h a i r , i n an i n t e r c a l a r y meristematic zone, so tha t the 
trichome tapers towards both ends, even though a basal heterocyst 
i s present (e.g. C. p i l o s a ) . Trichomes of t h i s type were not 
represented i n the c o l l e c t i o n of s t r a i n s held, but there was no 
other major morphological form not included. The cultures thus 
seemed to be reasonably representative of the family. I n the 
case of the non-heterocystous genera, the two cultures held were 
rather less representative of the range of forms included by 
Ge i t l e r (1932). Neither of the Homoeothrix s t r a i n s possessed a 
basal enlargement as large as that shown by G e i t l e r f o r H. j u l i a n a , 
and neither had a long h a i r under standard conditions. No 
culture was held of the genus Ainmatoidea, i n which the trichomes 
taper towards both ends. 

2.122 Growth 
( i ) Growth form 

A l l but four of the 36 s t r a i n s of Rivulariaceae had a mat­
l i k e growth habit i n c u l t u r e . Soon a f t e r subculture i n t o l i q u i d 
medium, the inoculum material released hormogonia which migrated 
to the base of the c u l t u r e f l a s k , and to the surface of the l i q u i d . 
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Further development i n both these zones produced a more or less 
continuous mat at the a i r - l i q u i d boundary, and a lawn-like cover 
over the base of the f l a s k , both consisting of closely i n t e r ­
woven trichomes; there was l i t t l e of no suspended growth. The 
texture of the surface mat varied from tough and leathery to 
so f t and gelatinous. 

Three of the s t r a i n s , R i v u l a r i a sp. D403, R i v u l a r i a sp. D404 
and Gloeotriohia ghosei D277> grew as discrete spherical oolonies 
i n c u l t u r e . The production of colonies seemed to r e s u l t from 
the hormogonia remaining attached to t h e i r parent trichome as a 
f a l s e branch, rather than being released as they were i n the mat-
forming s t r a i n s . Further branch production by each successive 
'generation' of branch filaments eventually produced a macro-
soopic colony. I n JJ. echinulata D126, the trichomes tended to 
form small s t e l l a t e clusters with the heterocysts at the centre 
of the c l u s t e r , but these clusters were so small that the c u l t u r e 
had the appearance of a uniform suspension. A s i m i l a r growth habit 
was described f o r t h i s s t r a i n by Zehnder (1963) . 

( i i ) Growth rate 
Under the conditions used, the growth of cultures of R i v u l a r i -

aceae was rather slow i n comparison with more commonly used 
research organisms such as Anabaena. Even the f a s t e s t growing 
s t r a i n s took 2-3 days to double i n dry weight, and i t o f t e n took 
3-4 weeks f o r a culture to reach f u l l y i e l d . 

An evident i n a b i l i t y to grow with as the sole nitrogen 
source has been reported f o r two of the s t r a i n s , Gloeotrichia 
ghosei D277 (Singh & T i w a r i , 1970) and Calothrix sp. D255 
('Fremyella diploBiphon'i Wyatt, Lawley & Barnes, 1971J Wyatt, 
Martin & Jackson, 1973? Table 1 .3)« However, i n the present study, 
a l l the heterocystous s t r a i n s grew we l l i n the absence of combined 
nitrogen, which was taken as strong evidence of the a b i l i t y to 
f i x atmospheric nitrogen. 

2.2 Scoring of morphological characters 
2.21 General microscopic technique 

Samples were mounted i n a drop of the medium i n which they 
had been growing, so as to avoid osmotic e f f e c t s , and were gently 
teased out with needles. I t was often d i f f i c u l t to achieve 
s u f f i c i e n t separation of the filaments without causing them to 
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break, which presented some problems f o r trichome measurement. 
Most of the measurements of trichomes were made using a 

x40 objective lens, and an eyepiece of x8 magnification, w i t h a 
x2 magnifying lens i n the l i g h t path. With t h i s system, the 
smallest eyepiece g r a t i c u l e u n i t of 0.01 ram was equivalent to 
1.61 um. For the narrow trichomes of Homoeothrix. a xlOO lens 
was used, g i v i n g an equivalence of 0.01 mm=0.65 um. Measurements 
of c e l l width or length were made to the nearest 0.25 g r a t i c u l e 
u n i t ; measurements of trichome length were generally made to the 
nearest 1.0 u n i t , but t h i s degree of accuracy was not always 
possible when measuring h a i r s , which sometimes exceeded 1 mm i n 
length. 

2.22 Trichome dimensions and tapering 
I n most of the experiments, several s t r a i n s were screened 

f o r any obvious morphological response to a p a r t i c u l a r environ­
mental v a r i a b l e . I n such experiments, de t a i l e d measurements of 
trichomes were made only when an obvious change i n dimensions 
had occurred, the aim being to confirm and quan t i f y the subjective 
observations, rather than to pick up small changes not already 
observed. A serious problem i n obtaining representative measure­
ments of populations of trichomes was the great v a r i a t i o n i n 
trichome s i z e , especially length and basal width, which occurred 
w i t h i n a single sample ( c f . Kirkby, 1975)• Much of the v a r i a t i o n 
probably resulted from the presence of trichomes at. d i f f e r e n t 
stages of development ( c f . Section 2 .121) , since even clonal 
cultures had a hi g h l y variable morphology (Section 2 .363) . I n an 
attempt to overcome t h i s problem, measurements were of t e n taken 
only on trichomes of a p a r t i c u l a r size range. The range was 
usually defined i n terms of the basal width, which was believed 
to be the best i n d i c a t o r of trichome age (Section 2 .121) . Thus 
when comparing an experimental population against a c o n t r o l , 
the comparison might be r e s t r i c t e d t o trichomes w i t h basal widths 
ranging from 6 um to 8 um, f o r instance. 

Trichomes were measured as f a r as possible at random, bearing 
i n mind the r e s t r i c t e d size categories mentioned above, and the 
f a c t that the whole trichome had to be v i s i b l e . Measurements 
were normally taken on 20 or 30 trichoraes from each treatment. 
These rather small sample sizes were used mainly because of the 
time-oonsuming nature of taking several measurements on trichomes 
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which often grew closely interwoven, p a r t i c u l a r l y when several 
s t r a i n s , and a number of d i f f e r e n t treatments had to be scored. 
A second reason was that as pointed out above, the measurements 
were intended p r i m a r i l y to i l l u s t r a t e differences already 
observed. 

The characters measured are defined belowt 

( i ) Basal width 
This measurement was made on the widest vegetative c e l l i n 

the basal region ( t h i s was not necessarily the very basal c e l l ) . 

( i i ) Apical and subapical width 
I n many s t r a i n s , the width of the trichomes was more or less 

constant i n the apical region, but i n some cases, the apical one 
or two c e l l s were s l i g h t l y narrower than those below. I n such 
cases, two apical measurements were taken: 

'apical width' - measured on the narrowest apical c e l l 
'subapical width' - measured on the c e l l immediately 

below the narrowed apical o e l l ( s ) , 
and h a i r ( i f present). 

The subapical width was considered to be a generally more useful 
term f o r the expression of o v e r a l l trichome shape, since to give 
only the apical width would overestimate the degree of tapering 
(o f . ( v i ) below). 

( i i i ) Heterocyst width and length 
The maximum width and length of the basal heterocyst were 

measured. When more than one heterocyst was present at the base 
of the trichome, the measurements were taken on the one most 
recently formed. 

( i v ) Trichorae length 
For trichomes without h a i r s , the length between the basal 

and apical vegetative c e l l s was measured. When hairs were present, 
the length was measured from the basal vegetative c e l l to the most 
d i s t a l c e l l showing no vacuolation (see (v) below). 

(v) Dimensions of h a i r 
For the sake of d e f i n i t i o n , a h a i r was considered to be 

present only when at le a s t one of the c e l l s i n the apical region 
had vacuoles occupying more than 50$ of the c e l l p r o f i l e . Thus 
a series of c e l l s with only small vacuoles was not regarded as a 
h a i r , even i f the c e l l s were narrow and elongated. For the purpose 
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of measurement, the base of the h a i r was considered to be the 
f i r s t c e l l to show vacuolation, regardless of any changes i n 
c e l l shape. The extent of hai r development was expressed as a 
percentage of the t o t a l trichome length ( i n c l u d i n g the h a i r ) . 
This value was e i t h e r calculated from trichome measurements, or 
estimated subjeotively. The width of the h a i r was measured two 
or three c e l l s below i t s t i p . 

Throughout t h i s t h e s i s , c e l l s are described as 'vegetative' 
i f they are neither spored nor heterocysts nor part of the h a i r 
(as defined above). Thus when reference i s made to the vegetative 
cells> or to the vegetative region of the trichome, t h i s does not 
include the h a i r c e l l s . The zone of c e l l s between the normal 
vegetative c e l l s and the f u l l y developed h a i r c e l l s i s r e f e r r e d 
to as the t r a n s i t i o n zone. 

( v i ) Tapering 
The degree of tapering of the vegetative region of trichomes 

was expressed i n terms of the difference between the basal and 
subapical diameters; trichome length was not considered ( c f . Kirkby, 
1975)« The presence of hairs was not taken i n t o account i n 
making assessments of tapering. 

2.23 Heterocyst frequency 
Under standard conditions, most of the s t r a i n s studied had 

only a single basal heterocyst (Section 2.121 ( i v ) ) . Under some 
experimental conditions, a d d i t i o n a l heterocysts were developed, 
sometimes at the base of the trichome, and sometimes i n an 
i n t e r c a l a r y p o s i t i o n . Increases i n heterocyst frequency were 
expressed i n terms of the r e l a t i v e abundance of these 'new' hetero­
cysts, rather than by the more conventional percentage of the 
t o t a l c e l l population. A semi-tjuantitutive scoring system, 
explained i n Section 2.25, w a B used. 

To avoid any confusion over terminology, the terms used to 
describe the d i f f e r e n t types of heterocyst observed are defined 
below. The types are i l l u s t r a t e d schematically i n f i g . 2 .7 . 

Sedondary basal 
heterocyst 

Basal heterocyst Heterocyst i n a terminal 
p o s i t i o n ( F i g . 2.7a). 

Heterocyst developed i n a 
basal p o s i t i o n , immediately 
adjacent to o r i g i n a l basal 
heterocyst (Fig. 2 .7b) . 
I t s development often assoc­
iat e d with death of o r i g i q a l 
basal heterocyst. 
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I n t e r c a l a r y heterocyst Heterocyst i n an i n t e r -
oalary p o s i t i o n , with 
two pores (Fig. 2 .7o) . 

Pseudo-intercalary Heterocyst i n an i n t e r -
heterocyst calary p o s i t i o n , but 

with only one pore 
(Fig. 2 .7d) . 

2.24 Cell inclusions 

( i ) Polyphosphate granules 
Polyphosphate granules were i d e n t i f i e d by the s t a i n i n g method 

of Ebel, Colas and Muller (1958), as described by Fuhs (1973), 

but using fresh algal material, without p r i o r f i x a t i o n . Material 
was soaked f o r 15 min i n a 10% (w/v) s o l u t i o n of Pb(N0^) 2 i n 
1.0 M HNOy at a pH of 1.2. A f t e r thorough washing with d i s t i l l e d 
water, the material was treated f o r 30 seconds with (NH^)2S 
s o l u t i o n ( d i r e c t from the b o t t l e as supplied), and again rinsed 
thoroughly. A f t e r t h i s treatment, polyphosphate granules were 
c l e a r l y stained dark brown to black. 

The extent of polyphosphate granulation was expressed i n terms 
of the estimated percentage of the c e l l p r o f i l e which was stained. 
The degree of st a i n i n g was expressed by a 0-5 semi-quantitative 
scale, as fol l o w s : 

0 no granules v i s i b l e 
+ very occasional granules 
1 up to 10% of c e l l p r o f i l e stained 
2 10-20% of c e l l p r o f i l e stained 
3 20-50% of c e l l p r o f i l e stained 
4 50-80% of c e l l p r o f i l e stained 
5 >80% of c e l l p r o f i l e stained 

Since the whole of a c e l l ' s granulation was expressed i n terms 
of a two dimensional p r o f i l e , a broad c e l l might appear more 
granulated than a narrow one, even though the cytoplasmic density 
of granules was the same. No attempt was made to oorrect f o r t h i s 
when making the scores. 

( i i ) Cyanophycin granules 
These were i d e n t i f i e d , without s t a i n i n g , by t h e i r character­

i s t i c r e f r a o t i v e appearance (Fuhs, 1973). I n most s t r a i n s , 
cyanpphycin granules were not very obvious under control conditions; 
consequently only r e l a t i v e l y large increases i n the l e v e l of 
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granulation could be scored with confidence. Cyanophycin 
granules were not estimated i n the two st r a i n s of Homoeothrix, 
i n which the c e l l s were very small. 

2.25 Semi-quantitative estimates of characters 
I n experiments i n v o l v i n g several s t r a i n s , i t was not always 

practicable to make deta i l e d counts and measurements on every 
s t r a i n , and a serai-quantitative scoring system was often used. 
The frequency of trichoraes with h a i r s , and the r e l a t i v e abundance 
of d i f f e r e n t types of heterocyst were scored i n t h i s way, f o r 
instance. Characters were scored on a 0-5 scale of abundance: 

Score on semi- Approximate % of trichomes 
q u a n t i t a t i v e scale showing the character 

0 none 
+ very occasional trichomes 
1 up to 10$ 
2 10-20% 
3 20-50% 

4 50-90% 

5 >90% 

The frequency of a character scored i n t h i s way i s r e f e r r e d to a B 
the 'frequency score' of the character. 

2.3 C u l t u r i n g 
2.31 Culture vessels 

For c u l t u r i n g i n l i q u i d media, 100 ml conioal f l a s k s or 
50 ml bo l i n g tubes were used, both of Pyrex glass. The vessels 
were plugged with cotton wool. F01* s o l i d media, p r e - s t e r i l i z e d 
p l a s t i c p e t r i dishes were used. Glassware f o r culture work was 
cleaned by scrubbing out a l l algal material and soaking f o r 
24 h i n a mixture of s i x volumes of concentrated' HoS0 . to one 

2 4 

volume of saturated NaNO^ sol u t i o n . The vessels were then rinsed 
thoroughly and oven dried at 100°C. 
2.32 Media 

Table 2.3a shows the compositions of the media used, i n 
mg l " 1 of each element; the s a l t s used are shown i n Table 2.3b. 
A b r i e f d e s c r i p t i o n of each medium i s given below. 

Most work was done using e i t h e r AD medium or Chu 10-D medium. 
AD i s a r i c h medium, without added combined nitrogen, modified 
from that of Allen and Arnon (1955)> and Chu 10-D i s a modification 
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of the formulation of G e r l o f f , F i t z g e r a l d and Skoog (1950a). A 
n i t r a t e - f r e e version of Chu 10-D was sometimes used, made by 
s u b s t i t u t i n g 36 mg l " " 1 CaCl2.2H^0 f o r the Ca(N0^) 2; t h i s n i t r a t e -
f r e e version was termed Chu 10-D(-N). The compositions of the 
o r i g i n a l media upon which AD and Chu 10-D are based are also 
shown i n Tables 2.3a and 2.3b. 

AD was used f o r routine subculturing of a l l the heterocystous 
s t r a i n s , and Chu 10-D f o r the two st r a i n s of Homoeothrix. 
Whenever 'standard conditions' are referred to i n the t e x t , t h i s 
means cultures grown i n these media. Although AD i s not a marine 
medium, the marine s t r a i n Calothrix scopulorum D256 showed s a t i s ­
f a c t o r y growth i n t h i s medium, and i t was therefore used f o r 
t h i s s t r a i n f o r the sake of consistency. AD was also used as 
control medium f o r experiments with heterocystous s t r a i n s , with 
the exception that S t r a i n D404 was grown i n Chu 10-D(-N) i n the 
experiments described i n Chapter 5» a n d that some f i e l d materials 
were also cultured i n t h i s medium (Chapter 10 ) . For experiments 
with the Homoeothrix s t r a i n s , e i t h e r Chu 10-D or AD supplemented 
with NaNO^ was used; d e t a i l s are given with each experiment. 
I n many experiments, the concentrations of components of the media 
were varied; d e t a i l s are given with i n d i v i d u a l experiments. For 
the experiments on mineral d e f i c i e n c i e s , described i n Chapters 5 

and 6, both AD and Chu 10-D media were made up with microelement 
l e v e l s the same as those shown f o r AD i n Table 2 .3a, but without 
V, H, Ni or Cr (see Section 5 .22) . 

The other media shown i n Table 2.3 were used only i n the 
attempt, described i n the Appendix, to f i n d a medium suita b l e 
f o r growth of St r a i n D253. A l l are free of combined nitrogen 
except the proteose agar medium, which i s used f o r maintenance 
of cultures at the Cambridge Culture C o l l e c t i o n . S q i s a marine 
medium, modified from that of Stewart (1962), which i s i t s e l f 
based upon the medium of Provasoli, McL&uchlin and Droop (1957). 

ZD i s a nitrogen-free modification of the Z medium of Staub ( I 9 6 I ) . 

Medium I i s a formulation supplied by Prof. N. Lazaroff ( c f . Lazaroff 
& Vishniac, 1961). ASM-D(-N) i s based on the ASM-1 medium of 
Gorham, McLachlan, Hammer and Kim (1964); the phosphate concentration 
i s reduced by h a l f , NaCl replaces NaNÔ  and 0.5 mg 1 ^ Mo i s 
added. AC(-N) i s a n i t r a t e - f r e e version of a medium modified 
from the 'C' medium of Kratz and Myers (1955)* 
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Media were made up f r e s h l y as required, from stock solutions 
stored i n a r e f r i g e r a t o r . I r o n and EDTA (ethylenediaminetetra-
a c e t i c acid) were made up as one solu t i o n . The microelements 
were alBO added as a single s o l u t i o n , except f or the experiments 
described i n Chapter 5» when each element was added separately. 
G l a s s - d i s t i l l e d water was used f o r a l l media, except f o r a few 
experiments described i n the Appendix. A l l volumetric glassware 
was of Pyrex brand. I t was cleaned by thorough r i n s i n g with 
d i s t i l l e d water, preceded i f necessary by soaking overnight i n 
10% HC1. 

Aliquots of 25 or 50 of medium were used i n 100 ml conical 
f l a s k s ; 10 ml of medium were used i n b o i l i n g tubes, il'or s o l i d 
media, agar (Davis Standard Agars Davis G e l a t i n Ltd, Leamington 
Spa) was used, at a concentration of 0 . 5 or 1.0% (w/v). A l l 
media and glassware used f o r c u l t u r i n g were s t e r i l i z e d by auto-
claving at 121°C ( 1 0 . 3 5 kN m"2; 15 l b i n " 2 ) f o r 15 min. I n the 
case of l i q u i d media containing high concentrations of phosphate 
(AD, S q , ZD and AC(-N)), the phosphate was autoclaved separately 
from the r e s t of the medium and added a s e p t i c a l l y to each v e s s e l 
a f t e r ithe medium had cooled and r e - e q u i l i b r a t e d with the atmosphere, 
so as to avoid p r e c i p i t a t i o n . The pH values of media were measured, 
a f t e r autoclaving, using an E I L Model 23A d i r e c t reading pH meter, 
f i t t e d with a combination electrode ( E l e c t r o n i c Instruments, Ltd, 
Chertsey, S u r r e y ) . 

2 .33 Buffering 
For most purposes, media were used without added buffer, 

r e l y i n g on the buffering capacity of phosphate (AD) or phosphate 
and s i l i c a t e (Chu 10-D) i n the medium. However, when AD medium 
was supplemented with a high l e v e l of combined nitrogen, as NaNO^ 
or as NH^Cl, the buffering capacity of the medium was i n s u f f i c i e n t 
to prevent changes i n pli caused by p r e f e r e n t i a l absorption of the 
nitrogen-containing ion. When the phosphate concentration of 
eit h e r medium was lowered, the consequent reduction i n buffering 
capacity made i t d e s i r a b l e to have some additional buffer f o r 
adequate pH cont r o l . 

Experiments were performed to t e s t the s u i t a b i l i t y of 
THIS (2-amino -2-hydroxymethyl-l , 3-propandiol) as a buffer f o r 
AD+5 mM NaNO^ and AD+ 5 mN NH^Cl, with the i n i t i a l pH adjusted to 
7 . 4 i n each case. At the concentration required f o r adequate 
buffering (10 mM), TRIS i n h i b i t e d the growth of the three s t r a i n s 
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tested ( D 1 2 6 , D202, D253), the extent of i n h i b i t i o n varying between 
s t r a i n s . Zehnder ( 1 9 6 3 ) also found an i n h i b i t o r y e f f e c t of 
TRIS, on Gloeotriohia echinulata (Section 1 . 0 ) , and i n view of 
these r e i s u l t s , TRIS was not used i n the present study. I n the 
absence of a su i t a b l e buffer, some experiments i n the e a r l i e r part 
of the work were performed i n unbuffered media (Section 3 . 1 ; 
Chapter 1 0 ) ; d e t a i l s are given with s p e c i f i c experiments. 

I n 1 9 7 4 , Smith and i«'oy reported the su c c e s s f u l use of the 
'Good' buffers (Good, Winget, Winter, Connolly, Iswa & Singh, I 9 6 6 ) 

as buffers i n a freshwater a l g a l medium. Of the s i x buffers 
they tested, N -2-hydroxyethylpiperazine-K.'-ethanesulphonic a c i d 
(HEPES) was found to be the most s u i t a b l e on a variety of c r i t e r i a . 
Of p a r t i c u l a r relevance i s i t s n e g l i g i b l e binding capacity f o r 
metal ions ( t e s t e d f o r Mg, Ca, Mn and Cu (Good et a l . , I 9 6 6 ) , and 
in f e r r e d f o r Fe (Smith & Poy, 1 9 7 4 ) ) . Tests with HEPES i n AD 
and Chu 10-D media showed i t to be a very e f f e o t i v e buffer both 
f o r low phosphate media and fo r media containing high l e v e l s of 
combined nitrogen. No i n h i b i t i o n of growth was observed at the 
highest concentration used (50 mM) i n any of the 12 s t r a i n s 
tested, but i n buffered media containing high l e v e l s of combined 
nitrogen, the r s Wei s an increased tendency f o r the triohomes to 
c o i l i n s i d e t h e i r sheaths. No other morphological e f f e c t was 
seen, and the response was at t r i b u t e d to the rapid growth of the 
trichomes being constrained by t h e i r sheaths ( c f . Barley, 19681 

Section 1 . 4 1 ) . This small e f f e c t was considered i n s i g n i f i c a n t 
r e l a t i v e to the advantages of a properly buffered medium. 

5 mM HEPES was found adequate f o r buffering media with 
reduced l e v e l s of phosphate; 10 mM was used f o r media with added 
NaNO, or NH.C1. The HEPES was added to the medium before auto-

3 4 

claving; a f t e r autoclaving, and the addition of phosphate (where 
necessary), the pH of the medium was adjusted to i t s normal value 
by the a s e p t i c addition of 0 . 2 M NaOH to each f l a s k . I n t h i s 
t h e s i s , the names of media containing HEFES are prefixed with an H>. 
Thus AD buffered with HEPES = HAD. 
2 . 3 4 Subculturing 

A l l subculturing was performed using standard a s e p t i c 
techniques, i n a room separated from the main laboratory, and 
f i t t e d with u.v. l i g h t s . 40 minutes before use, the room was 
sprayed with eihanol, and the u.v. l i g h t s turned on, to reduce 
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the population of air-borne b a c t e r i a and fungi. Before sub-
c u l t u r i n g a stock, or inoculating an" experiment, the inoculum 
material was microscopically checked f o r contamination. I n the 
oase of axenic c u l t u r e s , a further check f o r contaminants was 
made by adding s t e r i l e sucrose to the c u l t u r e , to encourage growtb, 
of any b a c t e r i a present, and examining a f t e r a few days. The 
l e v e l of sucrose used gave a concentration of about 2 mM i n the 
medium. 

D i f f i c u l t y was experienced i n obtaining a uniform inoculum 
( c f . Kirkby, 1975)* Only one of the 36 s t r a i n s of flivulariaoeae, 
G l o e o t r i c h i a eohinulata D126, grew as a suspension that was 
s u f f i c i e n t l y uniform to be t r a n s f e r r e d by pipette (Section 2 . 122 ) . 

Stewart (1962) and Jones (1967) used g l a s s beads to obtain a 
uniform inoculum of Calothrix scopulorum (the same s t r a i n as D256)} 
t h i s method was attempted, but i t was found that very prolonged 
shaking with g l a s s beads was necessary to obtain a suspension 
that was both uniform and s u f f i c i e n t l y dense f o r inooulation. 
The treatment a l s o caused considerable fragmentation of the t r i c h -
omes, which seemed undesirable since many experiments were concerned 
with possible morphological modifications of the algae. A l l 
i n o c u l a t i o n was therefore done with a wire loop, an e f f o r t being 
made to t r a n s f e r pieces of al g a l material that were of uniform 
s i z e ( c f . Kirkby, 1975)* The v a r i a t i o n i n the s i z e of inocula 
prepared i n t h i s way did not seem to be excessive, p a r t i c u l a r l y 
since most of the experiments were concerned with morphological, 
rather than q u a n t i t a t i v e e f f e c t s on the algae. For experimental 
inocula, algae from stock cultures were inoculated into unmodified 
AD or Chu 10-D, and incubated under the same conditions as were 
to be used f o r the experiment. Experiments were inoculated a f t e r 
14-21 days, when the inocula had reached an adequate y i e l d , and 
were growing vigorously. 

2.35 Incubation 
2.351 Light and temperature 

Most experimental cultures were incubated i n thermostatic­
a l l y controlled tanks, illuminated continuously from below with 
warm white f l u o r e s c e n t tubes. A shaking mechanism moved the f l a s k s 
through a horizontal distance of 20 mm, 72 times per minute. 
Some experimental c u l t u r e s , and a l l stock c u l t u r e s , were incubated 
on g l a s s shelves i n t h e r m o s t a t i c a l l y controlled growth rooms, 
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with continuous i l l u m i n a t i o n from above by white fluorescent 
tubes. Growth rooms were a v a i l a b l e at 1 5 ° , 2 5 ° and 32°C, and 
tanks at 1 5 ° , 2 0 ° , 2 5 ° and 32°C. The majority of cultures were 
maintained at 25°C, but stocks of S t r a i n s D 4 0 1 , D403 and D404, 
i s o l a t e d from l o c a l s i t e s , were kept at 15°C, and S t r a i n s D 2 5 1 
and D252, i s o l a t e d from thermal springs, were maintained at 32°C. 
For experimental purposes, however, a temperature of 25°C was 
used f o r a l l s t r a i n s except Homoeothrix crustaoea D 4 0 1 , which was 
grown at 15°C. This was because owing to the slow growth of the 
algae, experiments often l a s t e d f o r several weeks, during which 
time considerable evaporation of the medium occurred at 32°C. On 
the other hand, growth of stocks maintained at 15°C-was extremely 
slow, and an experimental incubation temperature of 2 5 ° was 
preferred f o r s t r a i n s that would t o l e r a t e i t ( v i z . D 4 0 3 and D 4 0 4 ) . 
Stock c u l t u r e s were maintained at low l i g h t i n t e n s i t i e s ( 2 0 0 - 5 0 0 l x ) ; 
under these conditions, i t was not necessary to subculture them 
more than once every 4 - 6 months. For experimental purposes, 
l i g h t i n t e n s i t i e s of 2 0 0 0 - 3 0 0 0 l x were used; d e t a i l s are given 
with i n d i v i d u a l experiments. Light i n t e n s i t y was measured with 
an EEL Lightmaster Photometer (Evans Electroselenium Ltd, Halstead, 
E s s e x ) , at the l e v e l of the f l a s k base, and perpendicular to the 
d i r e c t i o n of i l l u m i n a t i o n . 

2 . 3 5 2 Variations i n gaseous atmosphere 
When modifications of gaseous atmosphere were required, 

algae were grown i n 100 ml conical f l a s k s with sidearms f o r i n t r o ­
duction of the required gas. The gas i n l e t was close to the 
f l a s k base, to ensure d i s t r i b u t i o n throughout the medium. The 
f l a s k s were connected to the gas supply v i a a manifold of t e f l o n 
tubing; gases were passed through a s t e r i l e cotton wool f i l t e r 
before they entered the culture v e s s e l s . 

In the experiment on nitrogen s t a r v a t i o n (Section 3 . 2 ) the 
f l a s k s were f i t t e d with gas-tight rubber s e a l s ('Suba-seals 1), 
and vented during gassing with wide gauge (19G) syringe needles. 
The gas flow rate during f l u s h i n g was about 2 1 rain ^. The 
'nitrogen-free a i r ' used f o r t h i s experiment was a gas mixture 
containing 79.97% An2 0 % 0 2 » 0 . 0 3 % C 0 2 (by volumes); i t was used 
without f u r t h e r p u r i f i c a t i o n . B r i l l (1975) has pointed out the 
d i f f i c u l t y of obtaining completely nitrogen-free gas; i n p r a c t i c e , 
however, the nitrogen l e v e l was evidently low enough to induce 
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deficiency. 
When cul t u r e s were continuously sparged with a i r (Appendix; 

Section A 3 . 3 3 ) , normal cotton wool plugs were used. The gas flow 
rate was about 0 . 5 1 min - 1. To reduce evaporation, the gas was 
humidified by passing i t through d i s t i l Led water before i t entered 
the f l a s k s . 

2 . 3 6 I s o l a t i o n and cloning of algae 
2.361 I s o l a t i o n methods 

The following procedure was used for i s o l a t i o n : 
a) The f i e l d material was c a r e f u l l y examined microscopically, 

to determine the d i f f e r e n t organisms present. I t often happened 
that the bulk of growth i n culture was due to algae present i n 
very small numbers i n the o r i g i n a l population, which might be missed 
i n a cursory examination. 

b) Material was inoculated into media as soon as possible 
a f t e r c o l l e c t i o n . I f delay was unavoidable, then material was 
kept cool (5-10°C) at a low l i g h t i n t e n s i t y (£. 500 l x ) . When 
the i n i t i a l material was i n the form of a dried sample (Homoeothrix sp. 
D/J02) , t h i s was sprinkled d i r e c t l y onto agar. 

c) AD and Chu 10-D(-N) were used for i s o l a t i n g heterocystous 
algae; Chu 10-D was used for the i s o l a t i o n of Homoeothrix. The 
following modifications to the media were made: 

( i ) The K^HPO^ concentration i n AD was reduced to 
0 . 0 5 x the normal l e v e l , with an appropriate adjustment of pH. 
This was based on observations of S.M. Kirkby (personal communic­
ation) and the present author, that growth of R i v u l a r i a was more 
su c c e s s f u l under these conditions, and that overgrowth by competing 
organisms was often reduced ( c f . Section 1 0 . 1 ) . 

( i i ) The Na^SiOy^E^O was omitted from the Chu 10-D 
media, i n an attempt to reduce the growth of diatoms. 

( i i i ) Cycloheximide (actidione) was added to the media 
(Zehnder & Hughes, 195^0 to give a concentration of about 10 ug ml ^. 
For use i n agar media, the cycloheximide was dissolved i n d i s t i l l e d 
water, and 0 . 1 ml of the solution pipetted into each p e t r i dish 
before pouring the agar, at about 43°C. No attempt was made to 
s t e r i l i z e the a n t i b i o t i c , since i t wus used only i n crude c u l t u r e s . 
Cycloheximde was found to be very e f f e c t i v e i n suppressing the 
growth of eukaryotic algae and fungi, but not that of protozoa. 

d) I s o l a t i o n was done by successive t r a n s f e r s on agar p l a t e s . 
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This method had the advantage that the g l i d i n g E.nd growth c f the 
algi^e tended to separate them from one another; the algae could 
also be d i r e c t l y observed without disturbance, by low power 
microscopy through the agar. Areas containing the required alga 
could then be marked and subsequently cut or micro-dissected out 
f o r f u r t h e r subculture. I t was normally possible to e s t a b l i s h 
u n i a l g a l c u l t u r e s a f t e r four or f i v e subcultures, but sometimes 
the organisms grew i n such close a s s o c i a t i o n that separation 
was not possible by t h i s method. A p a r t i c u l a r y troublesome 
contaminant of many R i v u l a r i a colonies was a 1 - 2 um diameter 
Phormidium sp. which often advanced across the agar p l a t e s before 
the R i v u l a r i a hormogonia, even i n medium without combined nitrogen. 

e) A s u i t a b l e incubation temperature, approximating to the 
temperature of the natural environment, was selected, and very high 
l i g h t i n t e n s i t i e s avoided. 

2.362 I s o l a t i o n of c o l o n i a l Rivulariaoeae 
C-loeotrichia ghosei was the only species of R i v u l a r i a c e a e 

with a c o l o n i a l growth form that was a v a i l a b l e i n the major world 
culture c o l l e c t i o n s . Attempts were therefore made to i s o l a t e 
c o l o n i a l formB from l o c a l f i e l d s i t e s . Only two c o l o n i a l s t r a i n s 
( R i v u l a r i a sp. D403 and R i v u l a r i a sp. D4Q4) were s u c c e s s f u l l y 
e s t a b l i s h e d , but during several i s o l a t i o n attempts evidence was 
obtained that colonies of Ri v u l a r i a c e a e may not be g e n e t i c a l l y 
homogeneous. A f a i r l y d e t a i l e d account of these i s o l a t i o n attempts 
i s therefore given. 

a) R i v u l a r i a from Croft K e t t l e 
D e t a i l s of t h i s s i t e are shown i n Table 2.2. The R i v u l a r i a 

colonies ranged from 1-10 mm i n diameter, and consisted of bright 
b l u i s h green trichomes, moderately c a l c i f i e d . The morphology of 
the trichomes was f a i r l y uniform, and the v a r i a t i o n i n trichome 
diameter that was observed was a t t r i b u t e d to d i f f e r e n c e s i n 
trichome age. 

Colonies were cut into pieces, and the pieces inoculated 
onto p l a t e s of Chu 10-D(-N) agar. Each agar plate received pieces 
from a s i n g l e colony only. When 'haloes' of horraogonia appeared 
around the colonies, patches were t r a n s f e r r e d to f r e s h p l a t e s . 
As the hormogonia began to d i f f e r e n t i a t e , i t became apparent that 
more than one type of tapered triohome was present. The p l a t e s 
were c a r e f u l l y observed as growth continued, and at l e a s t three 
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d i s t i n o t morphological types were recognised. Unialgal c u l t u r e s 
were est a b l i s h e d from each of these ( S t r a i n s D 4 0 3 , D 4 0 4 and D405), 
and they maintained t h e i r c h a r a c t e r i s t i c s through successive 
subcultures. The morphological features of the three s t r a i n s as 
they appeared i n Chu lO-D(-JS) medium are summarized i n Table 2 . 4 , 
with the o r i g i n a l f i e l d material included f o r comparison. Triohomes 
of the d i f f e r e n t types are shown i n F i g . 2.8. 

None of the three i s o l a t e d s t r a i n s e x a c t l y corresponded with 
the o r i g i n a l m aterial. S t r a i n D405 showed the greatest difference; 
i t showed no tendency to form colonies, and seemed c l o s e r to a 
Calothrix than to a R i v u l a r i a . I t was of course possible that a 
Calothrix had been picked up as a contaminant, despite the precautions 
taken to avoid t h i s . However, the frequency with which C a l o t h r i x 
arose i n subsequent c u l t u r e s inoculated with R i v u l a r i a colonies 
(see (b) below) suggested that contamination was u n l i k e l y to be 
responsible. 

b) R i v u l a r i a and G i o e o t r i c h i a from other s i t e s 
Attempts were made to e s t a b l i s h c u l t u r e s of c o l o n i a l 

R i v u l a r i a c e a e from samples of R i v u l a r i a and G i o e o t r i c h i a from 
f i v e other s i t e s ; the r e s u l t s are summarized i n Table 2.5. C a l o t h r i x 
trichomes were detected i n three of the f i v e f i e l d samples. They 
were r e a d i l y d i s t i n g u i s h a b l e from the R i v u l a r i a trichomes, 
d i f f e r i n g from them i n much the same way as S t r a i n D 4 0 5 d i f f e r e d 
from i t s inoculum material (trichoma bases swollen; heterocysts 
hemispherical, not s p h e r i c a l ; c e l l s d i s c o i d , not c y l i n d r i c a l ; sheath 
characters d i f f e r e n t ; Table 2 . 4 ) . The C a l o t h r i x trichomes never 
formed more than a very small proportion of the t o t a l population; 
perhaps only two or three trichomes would be seen i n a s l i d e 
preparation of a whole crushed colony. In s p i t e of t h i s , Calothrix 
trichomes grew up i n every culture; i n f a c t t h e i r growth was 
always more vigorous than that of the colony-forming types. I n 
three cases, C a l o t h r i x was the only tapered form to develop, and 
no hormogonia appeared to be produced by the R i v u l a r i a (or Gioeo­
t r i c h i a ) trichomes. 

These r e s u l t s suggested that the a s s o c i a t i o n of Rivulariaceae 
of more than one type i n a single colony may not be uncommon. The 
a s s o c i a t i o n may be f a i r l y obvious, as i n the case of 'epiphytic' 
Calothrix trichomes, but the heterogeneity may be l e s s apparent, 
however, as seemed to be the case i n the R i v u l a r i a colonies from 
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Croft K e t t l e . I n several cases, C a l o t h r i x trichomes forming only 
a small minority of the o r i g i n a l population became the dominant 
form i n c u l t u r e . This emphasizes the care that must be taken to 
ensure that the form eventually i s o l a t e d i s the same as that 
forming the bulk of the o r i g i n a l population. 

2.363 Cloning of c u l t u r e s 
The marked v a r i a t i o n that occurred i n samples of Hivulariaceae 

taken from batch c u l t u r e s was mentioned i n Section 2.22. I t 
seemed that the establishment of c l o n a l c u l t u r e s might i n d i c a t e 
whether t h i s v a r i a t i o n was simply due to the presence of trichomes 
at d i f f e r e n t stages of development, or whether genetic hetero­
geneity was an important f a c t o r . Of the c u l t u r e s held, only 
two were unequivocally c l o n a l , G l o e o t r i c h i a ghosei D277, and 
Calothrix sp. D251 (Table 2.1). Attempts were therefore made to 
clone some of the more useful experimental s t r a i n s . The following 
procedure was adopted: 

a) Algae from a young, vigorously growing culture were 
inoculated onto Chu 10-D agar (1%) and incubated under normal 
conditions. A f t e r 2-5 days, there was u s u a l l y a 10-20 mm zone of 
hormogonia around the inoculum, with the trichomes at the outer 
boundary of the zone s u f f i c i e n t l y well separated f o r i n d i v i d u a l s 
to be picked o f f . 

b) A s u i t a b l e area of hormogonia was located under a 
d i s s e c t i n g microscope, and single hormogonia were picked o f f and 
t r a n s f e r r e d to f r e s h p l a t e s of Chu 10-D agar (0.5%). A medium 
containing combined nitrogen was used to minimize p h y s i o l o g i c a l 
s t r e s s e s on the hormogonia, and the low concentration of agar 
was used since t h i s has been found to favour the s u r v i v a l of 
s i n g l e filaments of blue-green algae ( S . I . Heaney, personal 
communication). The lower concentration of agar was not used f o r 
the i n i t i a l p l a t e s , since the trichomes were d i f f i c u l t to manipulate 
on soft agar. 

c) P l a t e s were incubated at the normal temperature f o r the 
s t r a i n , at a low l i g h t i n t e n s i t y (j5, 300 l x ) , and examined at 
weekly i n t e r v a l s . Within 4-8 weeks, micro-colonies had normally 
developed from about 20% of the inoculated trichomes. These were 
picked out and t r a n s f e r r e d to f u r t h e r p l a t e s , and t h e r e a f t e r 
cultured i n the normal way. 

Three s t r a i n s were oloned i n t h i s way, DI84 (1 c l o n e ) , D253 
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(2 clones) and D404 (3 c l o n e s ) . Although d e t a i l e d p h y s i o l o g i c a l 
comparisons were not undertaken, there was no obvious dif f e r e n c e 
between any of the clones and t h e i r uncloned parent s t r a i n s , 
e i t h e r i n morphological form and v a r i a t i o n , or i n behaviour under 
d i f f e r e n t culture conditions. 

2.4 ChemicalB and gases 
2.41 Chemicals 

Apart from the items s p e c i f i e d below, a l l chemicals were of 
Analar grade, and were obtained from the B r i t i s h Drug Houses L t d 
.(BDH), Poole, Dorset. 

Chemical 

C a ( N 0 3 ) 2 

K 2BP0 4 

Ha 2Si0 3.5H 20 

HEPES 

cycloheximide 

S p e c i f i c a t i o n 

L a l n r a t o r y Reagent 

Laboratory Reagent 

Technical Grade 

l o s s at 110 C 
sulphated ash 
i r o n (Fe) 
lead 
sulphate 

0.2$ 
0.1$ 
0.0005$ 
0.001$ 
0.01$ 

Supplier 

BDH 

BDH 

BDH 

Micro—Bio Laboratories, 
I 4 6 Pembridge Ed., 
London H 11 

2.42 Gases 
A l l gases were supplied by the B r i t i s h Oxygen Company Lt d , 

except f o r the pure ethylene standard (99*8$ ethylene) that was 
used to c a l i b r a t e the gas chromatograph ( c f . Section 2.6). T h i s 
was obtained from BDH Laboratory Gas Service. 

2.5 Estimation of y i e l d 
2.51 Dry weight 

Algal material was separated from the growth medium by 
ce n t r i f u g a t i o n f o r 15 min at 5000 x g, and washed twice to remove 
s a l t s by resuspending i n d i s t i l l e d water and centrifuging as 
before. The washed a l g a l p e l l e t was t r a n s f e r r e d to a tared 
V i t r e o s i l c r u c i b l e , and dried f o r 48 h at 105°C. On removal from 
the oven, c r u c i b l e s were immediately placed i n a d e s i c c a t o r to 
prevent absorption of water as they cooled .to ambient temperature. 
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2.52 E x t r a c t i o n and estimation of chlorophyll a 
Chlorophyll was extracted with hot methanol; aoetone e x t r a c t i o n 

was attempted, but t h i s f a i l e d to give complete ex t r a c t i o n with 
e i t h e r cultured or f i e l d material, even a f t e r several e x t r a c t i o n s 
using a v a r i e t y of di s r u p t i v e techniques (homogenieation, soni -
cation and grinding with sand). 90% methanol ( T a i l i n g & Driver, 
1961) was used f o r f i e l d materials (Bection 3.3), but 95% methanol 
was used f o r cultured material (Chapter 7)» since the method 
followed was that of Marker (1972) (see below). E x t r a c t i o n s were 
performed i n 5-10 ml of solvent. Algae and solvent were placed i n 
30 ml Universal b o t t l e s , l i d s were screwed on f i r m l y , and the 
bottl e s incubated f o r 10 min i n a waterbath at 70°C, with occasional 
shaking. Samples were f i l t e r e d through Whatman GF/C g l a s s f i b r e 
paper, and made up to a standard volume. A s i n g l e e x t r a c t i o n 
was generally s u f f i c i e n t f o r cultured material,, but a t r i a l second 
extraction was always performed; two ex t r a c t i o n s were required 
f o r f i e l d m a t e r i a l s . The chlorophyll peaks were read as soon as 
possible a f t e r e x t r a c t i o n (not more than 1 h); e x t r a c t s were 
stored i n a r e f r i g e r a t o r u n t i l required. Optical d e n s i t i e s were 
read on a Perkin-Elmer 402 u l t r a v i o l e t - v i s i b l e spectrophotometer 
(Perkin-Elmer Ltd, Beaconsfield, Buckinghamshire). 

The concentration of chlorophyll i n 90% methanol e x t r a c t s 
of f i e l d populations (Section 3.3) was c a l c u l a t e d from the equation 
of T a i l i n g and Driver (1.961): 

chlorophyll a (mg 1~^) = 13.9 x ^665* 

I n the experiment described i n Chapter. 7» chlorophyll was extracted 
from phosphate d e f i c i e n t c u l t u r e s of Ca l o t h r i x . I t seemed possible 
that chlorophyll breakdown products, which would contribute to the 
measured chlorophyll peaks, might be present i n t h i s material; 
allowance was therefore made f o r the presence of phaeophytin i n 
the e x t r a c t s . Unfortunately the absorption spectra of chlorophyll 
and i t s degradation products are much l e s s well c h a r a c t e r i z e d 
f o r methanol than f o r acetone s o l u t i o n s . Marker (1972) describes 
a method f o r the estimation of chlorophyll a i n methanol, i n the 
presence of i t s degradation products. I t i s based upon that of 
Lorenzen (1967) f o r acetone, and r e l i e s upon the difference i n 
the s p e c i f i c absorption; c o e f f i c i e n t s of chlorophyll a and phaeo­
phytin a i n the region of 665 nm. A c i d i f i c a t i o n of a chlorophyll 
ext r a c t converts a l l the chlorophyll to phaeophytin, with a 
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oonsequent drop i n the OD^^. Comparison of the OD^,. before 
and a f t e r a c i d i f i c a t i o n permitte c a l c u l a t i o n of the amount of 
phaeophytin present i n the i n i t i a l e x t r a c t . The s i t u a t i o n i s 
complicated i n the case of raethanolic e x t r a c t s by the f a c t that 
the spectrum of phaeophytin i n methanol i s pH s e n s i t i v e . The 
peak i n the red region of the spectrum i s s h i f t e d a f t e r a c i d i f ­
i c a t i o n , from about 665 nm to about 650 nm, and i s s l i g h t l y 
reduced i n height (Marker, 1 9 7 2 ) . Marker found that by t r e a t i n g 
h i s e x t r a c t s with 'excess' magnesium carbonate, he was able to 
s h i f t the peak back to i t s o r i g i n a l p o s i t i o n . 

R e n e u t r a l i z a t i o n of a o i d i f i e d chlorophyll e x t r a c t s was 
attempted, as described by Marker ( 1 9 7 2 ) . The peak s h i f t s were 
found to be as he describes, but the e f f e c t s on the height of 
the phaeophytin peak at 665 nm were v a r i a b l e and i n c o n s i s t e n t , 
and were to some extent affected by the amount of magnesium 
carbonate added. I n view of these r e s u l t s , i t was f e l t that i t 
would be s a f e r to use the ^D^q ( s h i f t e d phaeophytin peak.) 
rather than the ( r e n e u t r a l i z e d phaeophytin peak) f o r 

estimations of phaeophytin, despite the s l i g h t difference i n 
height between the two peaks. 

Aft e r reading the ODgg,., one drop of 1 B HC1 was added to 
the chlorophyll e x t r a c t i n t h a o p t i c a l c e l l , and c a r e f u l l y -
mixed i n with a pasteur pipette. The OS of the r e s u l t i n g peak 
at 650 nm was then measured. The concentration of chlorophyll 
was c a l c u l a t e d from an equation modified from that of Marker ( 1 9 7 2 ) « 

Marker's equation i s as follows: 
G a = 3' 0 ( Ab:.- Aa> X 1 2 ' 5 ' x 1 

where CL = ug chlorophyll a i n sample 
A^ = ^665 before a c i d i f i c a t i o n 
A = 0 D , , _ a f t e r a c i d i f i c a t i o n and r e n e u t r a l i z a t i o n a 665 

v = volume of e x t r a c t (ml) 
1 = c e l l path length (cm). 

The f a c t o r of 3 . 0 i s derived from an 'acid f a e t o r 1 of 1 . 5 , obtained 
by Marker f o r h i s m a t e r i a l . Marker defines the a c i d f a c t o r as: 
0D at max. absorbance between 660 and 665 nm before a c i d i f i c a t i o n 
OS at same wavelength a f t e r a c i d i f i c a t i o n and r e n e u t r a l i z a t i o n 

The f a c t o r of 1 2 . 5 i s the r e c i p r o c a l of the s p e c i f i c absorption 
c o e f f i c i e n t f o r chlorophyll a i n methanol (taken as 7 6 . 0 7 by 
Marker), reduced by 4*5$ to allow for accessory chlorophylls. 
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Th e following modifications were made to Marker's equation: 
( i ) As already explained, the a c i d i f i e d e x t r a c t s were not 

ren e u t r a l i z e d . Thus i n the modified equation: 
A^ = ODĝ ,. before a c i d i f i c a t i o n 

A a = ^665 a f t e r a c i d i f i c a t i o n 
( i i ) For each set of a l g a l material extracted, a value was 

obtained f o r the ac i d f a c t o r , and a f a c t o r equivalent to Marker's 
f a c t o r of 3.0 derived from i t (see Marker (1972) f o r the derivation).. 
The a c i d f a c t o r used i n t h i s c a l c u l a t i o n was defined as: 

OD at max. absorbance between 650 and 665 nm before a c i d i f i c a t i o n 
0D at max. absorbance between 650 and 665 nm a f t e r a c i d i f i c a t i o n 

( i i i ) Since with a few re c e n t l y described exceptions (Lewin, 
1976) blue-green algae contain, only chlorophyll a, no c o r r e c t i o n 
was necessary f o r accessory chlorophylls. The unmodified r e c i p ­
rocal of the s p e c i f i c absorption c o e f f i c i e n t of chlorophyll a, 
13.lt therefore replaces the 12.5 i n Marker's equation. 

The f u l l equations used f o r p a r t i c u l a r s t r a i n s are given i n 
Chapter 7. 

2.53 Chlorophyll and dry weight estimation on a s i n g l e sample 
When values f o r both dry weight and chlorophyll were required 

from the same sample, the al g a l material had to be homogenized 
to obtain a uniform suspension from which accurate a l i q u o t s could 
be taken. The washed a l g a l p e l l e t , obtained as described i n 
Section 2.51t was t r a n s f e r r e d to a 20 ml g l a s s homogenizer goblet, 
and a small volume of d i s t i l l e d water added, to give a t o t a l 
volume of about 6 ml. Two minutes homogenization at medium speed, 
using an MSE homogenizer (Measuring and S c i e n t i f i c Equipment Ltd, 
Crawley, Sussex) was found to be adequate. The homogenate was 
washed into a 25 ml measuring c y l i n d e r and made up to a standard 
volume with d i s t i l l e d water. The homogenate was magnetically 
s t i r r e d to maintain a uniform suspension while aliquots were 
taken with a 10 ml pip e t t e . A l i q o t s f o r dry weight estimation 
were t r a n s f e r r e d d i r e c t l y to tared c r u c i b l e s ; those f o r chloro­
phyll e x t r a c t i o n were centrifuged to remove the water, and then 
treated as described i n Section 2.52. 

2.54 Semi-quantitative estimation of growth 
I n most of the experiments, no absolute measurement was 

made of the y i e l d of the algae under the d i f f e r e n t treatments, 

http://13.lt
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and a sub j e c t i v e semi-quantitative 0-5 s c a l e was used to express 
the extent of growth. 5 w a s taken as the maximum f i n a l y i e l d of 
the alga i n the control treatment; thus the maximum y i e l d of a 
set of f l a s k s scored before the f i n a l y i e l d was reached would 
score l e s s than 5. The s c a l e was approximately logarithmic, 
i . e . a cultu r e scoring 3 was estimated to contain about twice as 
much alga as one scoring 2, f o r instance. The score '+• was used 
to i n d i c a t e a very small, but perceptible amount of growth. 

2.6 Acetylene reduction assay technique 
Acetylene reduction was used as an assay f o r nitrogenase 

a c t i v i t y (Dilworth, 1966; SchBllhorn & B u r r i s , I966; Stewart, 
F i t z g e r a l d & B u r r i s , 1967» 1968), i n laboratory studies of f i e l d 
populations of Hoaoeothrix and R i v u l a r i a ( S e c t i o n 3.33). 

Algae were incubated i n 1 ml serum b o t t l e s , with a gas phase 
of 6 ml. D e t a i l s of the gaseous atmospheres used are given i n 
Section 3.32. The b o t t l e s were incubated i n racks, i n a cu l t u r e 
tank at 20°C, with gentle shaking. The l i g h t i n t e n s i t y was 
2000 l x . A f t e r a v a r i a b l e pre-incUbation'period under the 
experimental gas atmosphere, 1 ml of acetylene was i n j e c t e d into 
each bottle. An incubation period of 2 h or 4 h was used, a f t e r 
which 1 ml gas samples were taken and immediately assayed f o r 
ethylene on a Varian 1200 gas chromatograph. The 1.2 m long 
n i c k e l s t e e l column was packed with Porapak-T and maintained at 
110°C; the detector temperature was 150°C. Nitrogen was used as 
c a r r i e r gas, at a flow r a t e of 25 ml min~*. The chromatograph 
WBB c a l i b r a t e d with a pure ethylene standard ( S e c t i o n 2.42) on 
each day of use. 

The following c o n t r o l s were employed: 

( i ) A d i s t i l l e d water blank, to give an estimate of 
ethylene present as contaminant i n the acetylene. 

( i i ) B o t t l e s to which no acetylene was added, as a t e s t f o r 
possible leakage of hydrocarbons from the rubber serum l i n e r s 
(Postgate, 1972). 

( i i i ) Algal samples incubated i n the dark with acetylene. A 
s i m i l a r rate of acetylene reduction i n the l i g h t and i n the dark 
would suggest that b a c t e r i a l a c t i v i t y might be responsible. A 
large difference between l i g h t and dark r a t e s of reduction (which 
was always observed) was taken as evidence that the a c t i v i t y was 
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of a l g a l o r i g i n . 
R e s u l t s of acetylene reduction assays are expressed as 

nmol ethylene produced per mg chlorophyll _a over a given period. 

2.7 S t a t i s t i c s 
S t a t i s t i c s were c a l c u l a t e d by computer, using programs from 

the S t a t i s t i c a l Package f o r the Sooial Sciences (SPSS V6) (Nie, 
Bent & H u l l , 1970). The s i g n i f i c a n c e of d i f f e r e n c e s between 
means was tested-using Student's t - t e s t , at the 99-9$ l e v e l of 
p r o b a b i l i t y . 
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(a) 

e) 

/ 
(b 

(d 

10 um 

Fig. 2.1 Developmental stages of Calothrix soopulorum D256, grow, 
i n AD medium. 
(a) Release of hormogonium. 
(b) P a r a l l e l hormogonium. 
(c) -(e) Progressive enlargement of basal region 

f o l l o w i n g d i f f e r e n t i a t i o n of heterocyst. 
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20 fim 

Fig. 2.2 Trichome of Gloeotrichia 
echinulata D126, grown i n 
AD medium. Note predominantly 
apical taper. 
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(a) 

c) 

0 
b) 

9 

10 p i 

Fig. 2.3 i)evelopmental stages of Gloeotriohia ghosei D277» 
grown i n AD medium. 
(a) P a r a l l e l hormogonium. 
(b) - ( c ) Progressive narrowing i n apical region. 



-96-

d) 

10 urn 

•3(d) Trichorae without marked elongation and narrowi 
i n apical region. 
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• 

10 um 

Fig . 2.4 Part of trichome of Calothrix 
membranacea D179» i " AD medium 
Note i n t e r c a l a r y heterocysts. 
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Fig. 2.5 Trichomas of Homoeothrix sp. 
(a) F i e l d material. 
(b) Cultured material of St r a i n D402 ( i n Chu 10-L). 
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Pig. 2.6 Trichoraes of Homoeothrix Crustacea. 
( a ) - ( c ) F i e l d material. 
(d) Cultured material ( i n Chu 10-D). (see p. 64) 
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Fig. 2.7 Schematic i l l u s t r a t i o n of d i f f e r e n t types of 
secondary heterocyst (see pp. 70-71). 

OOIIlrrriirD 
(a) Single (primary) basal heterocyst. 

C t D T r LED 
(b) Secondary basal heterocyst. 

(c) I n t e r c a l a r y heterocyst. 

(d) Pseudo-intercalary heterocyst. 
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1 
| 
—r 

a 

R i v u l a r i a sp. D403 

b) 
H i v u l a r i a sp 

D404 

Fig. 2.8 (a)-(d) Trichomas of the 
three s t r a i n s of Rivulariaceae 
i s o l a t e d from Croft K e t t l e 
R i v u l a r i a , and part of a trichome 
of the o r i g i n a l material. 
(Cultured material i n Chu 10-D(-N)) 

10 um 

\ 
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c. 100 c e l l s 

Po 

10 um 

Calothrix sp. D405 

(d) F i e l d material 
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3 INFLUENCE OF NITROGEN SUPPLY ON MORPHOLOGY OF RIVULARIACEAE 

3*1 Influence of combined nitrogen on morphology of 
heterocystous s t r a i n s 

3.11 I n t r o d u c t i o n 
As mentioned i n Section 1.41» several authors have described 

marked morphological changes i n tapered heterocystous blue-green 
algae grown i n the presence of combined nitrogen. I n some cases, 
i n a d d i t i o n to the suppression of heterocyst development, a 
complete loss.of trichoma p o l a r i t y has been reported (Pearson & 
Kingsbury, 1966; Wyatt, Martin & Jackson, 1973), leading to the 
suggestion t h a t the t y p i c a l tapered morphology and h a i r develop­
ment of Rivulariaceae might be due to a decreasing gradient of 
f i x e d nitrogen from the basal heterocyst to the d i s t a l apical 
c e l l s (Fay, Stewart, Walsby & Fogg, 1968$ Stewart, 1972). I n 
other instances, however, tapered trichomes of Rivulariaceae 
have been observed i n the presence of high l e v e l s of combined 
nitrogen, even i n the absence of heLerocysts (Kirkby, 1975)* 

I n an attempt to resolve these s l i g h t l y c o n f l i c t i n g r e s u l t s , 
a l l 34 heterocystous s t r a i n s of Rivulariaceae were screened f o r 
t h e i r response to combined nitrogen. A preliminary aocount of 
t h i s experiment, f o r 30 s t r a i n s , was given i n Whitton, Kirkby, 
Peat & S i n c l a i r (1973). A f t e r the p u b l i c a t i o n of t h i s r e p o r t , 
f o u r more s t r a i n s were tested, and the r e s u l t s f o r a l l 34 s t r a i n s 
are described below. During t h i s l a t e r work, observations were 
made on ha i r development i n the presence of combined nitrogen 
th a t d i f f e r somewhat from the r e s u l t s i n the preliminary report 
(see Section 3*123). 

3.12 Influence of NOyN on morphology of 34 heterocystous s t r a i n s 
3.121 Methods 

A l l 34 heterocystous•strains were used (Table 2.1). They 
were subcultured i n t o AD medium + 10 mM NaNÔ  (AD+N), and i n t o 
AD medium + 10 mM NaCl as control (AD-N). A f t e r 14 days, a 
second subculture, i n duplicate, was made, to avoid any 'hangover' 
e f f e c t from the i n i t i a l n i t r a t e - f r e e c u l t u r e . A l l cultures were 
incubated i n tanks, with shaking, at a l i g h t i n t e n s i t y of 
2500 l x , and a l l were grown at 25°C except Strains D251 and D252 
(32°C) (Section 2.351). 

N i t r a t e , rather than ammonium, was used as nitrogen source 
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because at the time, no s a t i s f a c t o r y b u f f e r i n g system had been 
developed (Section 2.33), and growth of algae i n AS medium with 
ammonium s a l t s caused a rapid f a l l i n pH, to l e t h a l l e v e l s as 
low as pU 4. With NÔ -N there was a less marked increase i n pH, 
to about pH 8.5-9* While t h i s was c l e a r l y rather unsatisfactory, 
since the pH increase could a l t e r the s o l u b i l i t y of s a l t s and 
carbon dioxide, there was at l e a s t no d i r e o t l y l e t h a l e f f e c t . 
The reports reviewed i n Section 1.41 indicated t h a t NOyN and 
HĤ -N were both able to suppress tapering, and Kirkby (1975) 
found very s i m i l a r e f f e c t s of NÔ -N and NĤ -N upon two s t r a i n s 
of Calothrix. This suggested t h a t the use of N0y-N was v a l i d , 
even though NH:̂ -N i s generally more e f f e c t i v e i n suppressing 
heterocyst development (Section 1.42). The l e v e l of NaNO, 

—1 
(140 mg 1 NÔ -N) was taken to be almost c e r t a i n l y well i n excess 
of the t o t a l requirement of the algae to acheive. maximum y i e l d . 
Assuming th a t nitrogen accounts f o r about 1% of the dry weight 
of a blue-green alga ( A l l e n & Arnon, 1955)» t h i s l e v e l of N0,-N 
allows f o r the production of 2 g 1 dry weight. Cultures were 
scored when y i e l d s were well below t h i s (estimated 400-800 g l " 1 ) . 

The morphology of AD+N and AD-N cultures was scored a f t e r 
10-15 days' growth of the second subculture, when the algae had 
grown s u f f i c i e n t l y to express any morphological changes, but 
before any degenerative symptoms were apparent. AD+N and AD-N 
cultures of each s t r a i n were scored at the same time; any 
difference i n growth stage r e s u l t i n g from the generally more 
rapid growth i n AD+N was neglected. The f o l l o w i n g points were 
considered i n scoring the morphology of the algae i n AD+Ni 

a) Was there a loss of heterocysts, complete or p a r t i a l ? 

b) Was the tapering of the trichomes l o s t , or reduced? 

c) Was the length of the trichomes affected? (Fay, Stewart, 
Walsby & Fogg (1968) reported a loss of length l i m i t a t i o n 
i n trichomes of Rivulariaceae grown wi t h ammonia, i n 
comparison with the s i t u a t i o n i n heterocystous trichomes.) 

d) Was there any e f f e c t on the l o c a l i z a t i o n of c e l l d i v i s i o n ? 
(Fay, Stewart, Walsby & Fogg (1968) described filaments of 
Rivulariaoeae grown i n the presence of ammonia as of 
'uniform appearance throughout', implying that t h e i r 
c h a r a c t e r i s t i c meristematic p a t t e r n of growth (Section 
1.31) had been l o s t . ) 
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e) Was there any e f f e c t on the development of h a i r s , as 
d i s t i n c t from any e f f e o t s on the vegetative region of the 
trichomas? 

With the large number of s t r a i n s used, i t was not practicable to 
make d e t a i l e d measurements of trichoma dimensions. For each s t r a i n , 
therefore, an estimate was made of the range of dimensions character­
i s t i c of each of the types of trichomes present i n AD+N and AD-N 
(Table 3 . 2 ) . Any large changes i n dimensions were recorded, but 
smaller e f f e c t s possibly overlooked. I n t h i s Chapter, c e l l shapes 
are described i n terms of cells' length:width r a t i o : Thus a trichoma 
i s described as having shorter c e l l s than another i f t h i s r a t i o 
was lower, regardless of the absolute size of the c e l l s . 

3*122 Growth c h a r a c t e r i s t i c s 
I n the majority of s t r a i n s , growth was i n i t i a l l y more rap i d 

i n AD+N than i n AD-N. I n 10 s t r a i n s (D156, DI84, D258, D265, D266, 

D267, D272, D273, D280, D403) there was no obvious difference i n 
the rate of growth i n the two media. A f t e r more than about two 
weeks i n AD+N, most of the s t r a i n s became unhealthy i n appearance.. 
The cultures turned yellow, and large amourttts of e x t r a c e l l u l a r 
material appeared to be released, causing the medium to f r o t h . 
I n AD-N these e f f e c t s were not observed; the algae remained green, 
and growth continued f o r a longer period, to a higher (estimated) 
f i n a l y i e l d . Some of these e f f e c t s may have been due to unfavour­
able pH changes i n the AD+N cultures ( c f . Section 3 .13) . 

AD+N and AD-N cultures d i f f e r e d i n macroscopic appearance i n 
a l l s t r a i n s except D267. I n s t r a i n s which had a mat-like growth 
habit i n AD medium (Section 2 .122) , t h i s c h a r a c t e r i s t i c was much 
less apparent i n AD+N. The algae tended to grow as a loose f l o o , 
d i s t r i b u t e d throughout the volume of the l i q u i d . I n the three 
colony-forming s t r a i n s (D277» D403, D404) some degree of c o l o n i a l 
structure was maintained, but again much of the growth was i n 
the form of a filamentous f l o e , not organized i n t o colonies. 
These changes i n growth habit probably resulted from the differences 
i n trichoma morphology which are described below (Section 3 .142). 

3.123 Heterocyst frequency 
I n one s t r a i n , D267, there wa&. no e f f e c t upon heterocyst 

frequency; i n f a c t the morphology of t h i s s t r a i n was completely 
unchanged i n AD+N. I n the other 33 s t r a i n s , heterocysts were 
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alraost e n t i r e l y absent from AD+N cultures at the time of score, 
though a fen heterocysts (frequency score = +A) were usually 
observed. 

3.124 Tapering 
I n t h i s section, the presence or absence of hairs i s ignored, 

and the tapering of the vegetative region only i s discussed. 
Effe c t s on hairs are described i n Section 3.125. 

( i ) Relative frequency of tapered and untapered trichomas 
As already mentioned, one s t r a i n , D267, was morphologic­

a l l y unchanged i n AD+N, and t h i s s t r a i n i s ignored i n the f o l l o w i n g 
account. The remaining 33 s t r a i n s f e l l i n t o two groups on the 
basis of t h e i r morphological response (Table 3.1). I n 19 s t r a i n s , 
tapering was e f f e c t i v e l y completely l o s t i n AD+N) although, a few 
tapered heterocystouB trichomes were sometimes observed, the 
great majority of trichomes were p a r a l l e l . This group included a l l 
three s t r a i n s whioh had a high frequency of h a i r s i n AD-N (D126, 
D277, D404). I n the remaining 14 s t r a i n s , s i m i l a r p a r a l l e l trichomas 
also developed, but i n a d d i t i o n , many tapered trichomes without 
heterocysts were present. These tapered e i t h e r towards one end, 
and very muoh resembled trichomes of Homoeothrix, or towards both 
ends, as i n the genus Ammatoidea. 

( i i ) Morphology of trichomes i n AD+N. 
The approximate dimensions of each s t r a i n i n AD+N. 

and AD-N are shown i n Table 3.2, and ef f e c t s on c e l l shape are 
shown i n Table 3.3. S t r a i n D267 i s not included i n the f o l l o w i n g 
account, which i s r e s t r i c t e d to the 33 s t r a i n s i n which there was 
a morphological change i n AD+N. 

a) P a r a l l e l trichomas 
As described above, i n every s t r a i n grown i n AD+N some 

trichomes were p a r a l l e l . These trichomes d i f f e r e d i n several ways 
from the p a r a l l e l hormogonia present i n AD-N ( c f . Figs 3.1b and 
3.2b). I n each of the 31 st r a i n s f o r which i t was possible to 
compare p a r a l l e l trichomes i n the two madia (horraogonia were not 
observed i n Strains D403 or D404) the maximum length reached by 
these trichomes was greater i n AD+N than i n AD-N, and oft e n much 
greater, sometimes exceeding 1 nun (Table 3.2). 

I n s i x s t r a i n s (D179» D182, D255, D259, D262, D274) the p a r a l l e l 
trichomes i n AD+N did not obviously d i f f e r i n width from those i n 
AD-N; i n the other 25 s t r a i n s , the maximum diameter reached was 
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TABLE 3.1 
Morphological Responses of 34 Heterocystous Strains grown i n AD + 10 mM 

NaNO 

Strai n A l l trichomes Tapered and No change in 
p a r a l l e l p a r a l l e l trichomes Morphology 

present 
Calothrix sp. D184 + 
Calothrix sp. D251 + 
Calothrix sp. D252 + 
Calothrix sp. D254 + 
Calothrix sp. D255 + 
Calothrix sp. D258 + 
Calothrix sp. D264 + 
Calothrix sp. D267 
Calothrix sp. D283 + 
C. anoma la . D182 + 
C. brevissima D156 + 
C. brevissima D275 + 
C. desertica D270 + 
C. e l e n k i n i i D273 + 
C. fusca D269 + 
C. g r a c i l i s D274 + 
C. javanica D257 + 
C. marchica D202 + 
C. membranacea D179 + 
C. membranacea D259 + 
C. membranacea D260 + 
C. membranacea D261 + 
C. membranacea D262 + 
C. membranacea D263 + 
C. parietina D272 + 
C. p r o l i f i c a D265 + 
C. scopulorum D256 + 
C. thermalis D266 + 
C. vig u i e r i D253 + 
Dichothrix sp. D280 + 
Gloeotrichia echinulata D126 + 
G. ghosei D277 + 
Ri v u l a r i a sp. D403 + 
R i v u l a r i a sp. D404 + 
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TAOLE 3 . 3 

E f f e c t s on c e l l shape i n 34 hntomcyBtou , s t r a i n s grown i n AD+ 10 mM NaNO 
*3 

C a l o t h r i x sp. 
C a l o t h r i x sp. 
C a l o t h r i x sp. 
C a l o t h r i x sp. 
C a l o t h r i x sp. 
C a l o t h r i x sp. 
C a l o t h r i x sp. 
C a l o t h r i x sp. 
C a l o t h r i x sp. 
C. anomala 
C. brevissima 
c. brevissimt'. 
c. d e s e r t i c a 
c. e l e n k i n i i 
c. fusca 
c. g r a c i l i s 
c. j a v a n i c a 
c. marchict 
C. membranacea 
C. memb ranaoea 
C. merobranacea 
C. membranacen 
C. membranacea 
C. membranacea 
C. p a r i e t i n a 
C. p r o l i f i c a 
C. scopulorurn 
C. thormalis 
C. v l g u i e r i 
Dichothrix sp. 
G l o e o t r i c h i a 

e c l i i n u l a t a 
G. ghosoi 
H i v u l a r i a sp. 
R i v u l a r i a sp. 

NA not a p p l i c a b l e ; * = no p a r a l l o l trichomes seen i n AD-N 

D184 
L 2 5 1 

D2S2 
D254 

D255 

D258 
D264 

D267 

D283 

D182 

D1S6 

D275 

D270 
D273 

D26? 

D274 
D257 

D202 

D179 

D259 
D200 
D2f 1 

0262 
D263 

D272 

D265 

D2S6 

D26G 
D253 

D280 

D126 

D277 
D403 
D404 

Taperod triohomes 
C e l l shapes Many trichomes in 
s i m i l a r i n AD-N AD+N with c o l l s 
and AD+.V r e l a t i v e l y shorter 

+ 
+ 
+ 
NA 
NA 
NA 
NA 

+ 
NA 
NA 
NA 
+ 

P a r a l l e l trichomos 
C e l l s shapes Many trichomes it 
s i m i l a r i n AD-N AD+N with c e l l s 
and AD+N r e l a t i v e l y shorter 

NA 
NA 
NA 
NA 
+ 

NA 
NA 
NA 

+ 
NA 
+ 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
+ 

NA 

NA 
+ 
NA 

NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

+ 
+ 

NA 

NA 

NA 

+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 
+ 
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greater i n AD+N than i n AD-N (Table 3 . 2 ) . As explained i n Section 
2.121, the hormogonia produced i n AD-N t y p i c a l l y had a diameter 
s i m i l a r to th a t of the subapioal region of the tapered trichomes. 
By contrast, i n AD+N 27; of the 33 s t r a i n s developed some p a r a l l e l 
trichomes t h a t were s i m i l a r i n width t o the basal region of 
tapered heterocystous trichomes; only s i x s t r a i n s (D182, D255, 
D260, D272, D274» D280) showed no such overlap i n diameter range. 

In' 15 s t r a i n s , the shape of the c e l l s of the p a r a l l e l trichomes 
was much the same i n AD+N and AD-N (usually with a lengths width 
r a t i o of about 0 . 5 i l to 111) (Table 3 . 3 ) . I n 16 s t r a i n s however 
many p a r a l l e l trichomes had c e l l s which were r e l a t i v e l y shorter 
than those of hormogonia i n AD-N: length*width r a t i o s of about 
0 . 2 i l were not uncommon (Fi g , 3.2b). Such disc-shaped c e l l s 
seemed to occur most frequently i n the wider trichomes, and were 
more common among s t r a i n s which had c e l l s of a s i m i l a r shape i n 
the basal region of heterocystous tapered trichomes. I n a l l the 
p a r a l l e l trichomes, the c e l l shape was more or less uniform along 
the whole trichome, w i t h no evidence of any l o c a l i z a t i o n of c e l l 
d i v i s i o n . Figs 3.1b and 3.2b i l l u s t r a t e the marked differences 
often observed between p a r a l l e l trichomes in; AD+N and AD-N, f o r 
Strain. D253. 

I n every s t r a i n , the p a r a l l e l trichomes i n AD+N d i f f e r e d from 
those i n AD-N i n that they developed t h i c k , d i s t i n c t sheaths. 
Hormogonia i n AD-N had e i t h e r no sheath, or a very t h i n sheath, 
formed as they began to d i f f e r e n t i a t e i n t o tapered heterocystoua 
trichomes. Correlated with the presence of t h i c k sheaths was the 
occurrence of f a l s e branches of the type seen i n Plectonema. 

The p a r a l l e l trichomes i n AD+N were thus qu i t e d i s t i n c t from 
the hormogonia i n AD-N, which suggested that they were not simply 
persistent j u v e n i l e forms. 

b) Tapered trichomes 
Tapered trichomes without heterocysts were present i n 

14 of the s t r a i n s when grown i n AD+N (Table 3.1). As mentioned 
above, these were of two types, tapering e i t h e r from base to apex 
('Homoeothrix' type: Fig. 3.2a) or towards both ends ( 'Ammatoidea' 
type: F i g 2 . 3 d ) . The diameters of the regions of maximum and 
minimum width, and the distance between these regions (= 'trichome 
length' i n the f o l l o w i n g account) were very s i m i l a r i n the two 
types, and the f o l l o w i n g comments apply to both types. I t seemed 
possible that the 'Homoeothrix'-1ike trichomes could have derived 
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from heterocystous trichomes, by shedding of the basal hetero-
cyst, though no evidence was seen to suggest t h i s . I t seemed 
u n l i k e l y , however, that the trichomas which tapered towards both 
ends had ori g i n a t e d from heterocystous tapered trichomes, and the 
Presence of such forms was taken as evidence f o r the de novo 
development of tapering. 

Besides t h e i r lack of heierocysts, the tapered trichomes i n 
AD+N d i f f e r e d from those i n AJ3-N i n a number of ways. I n 11 of 
the 14 s t r a i n s , the apices of the tapered trichomes reached greater 
widths i n AD+N than i n AD-N. I n the other 3 s t r a i n s (D266, D273, 
D274) there was no obvious difference i n minimum trichome diameter 
(Table 3.2). I n nine s t r a i n s (DI84, D251, 1)266, D269, B270, D273, 
D274» D280, D283) there was no obvious difference i n the maximum 
diameter of tapered trichomes i n the two media; i n three s t r a i n s 
(D202, D 2 5 2 , D 2 5 3 ) the basal diameter reached greater values i n 
AD+N, and i n two st r a i n s (D256, D403) the maximum diameter reached 
was greater i n AD-N. Eleven of the s t r a i n s produced shorter tapered 
trichomes i n AD+N than i n AD-N; i n the other three s t r a i n s (DI84, 
D256, D273) the tapeved trichomes were longer i n AD+N than i n 
AD-N (Table 3.2). 

I f the degree of tapering of the trichomes i s considered 
crudely, i n terms of the width ranges recorded f o r the maxima and 
minima of diameter i n the two media (i g n o r i n g any differences i n 
le n g t h ) , then eight of the 14 s t r a i n s ( D I 8 4 , D251 , D256, D2.69, 

D270, D280, 1)283, U403) produced less tapered trichomes i n AD+N. 
I n six of these, the decrease i n tapering was due to an increase 
i n apical diameter only; i n two (D256, D403) there was both an 
increase i n apical diameter and a decrease i n basal diameter. I n 
three s t r a i n s (D266, D273» D274) there was no difference i n the 
degree of tapering i n the two media. The remaining three s t r a i n s 
(D202, D252, D253) showed an increase i n the width range of both 
maximum and minimum diaraters, and tapering considered i n terms of 
the width range f o r the whole population was unchanged. None of 
the s t r a i n s produced trichomes i n AD+N that were more tapered 
than those i n AD-N. Figures 3.1a and 3.2a i l l u s t r a t e the less 
tapered appearance, and shorter length t y p i c a l of the tapered 
trichomes present i n AD+N cultures of S t r a i n D253. 

As observed with the p a r a l l e l trichomes, the tapered trichomes 
i n AD+N tended to have r e l a t i v e l y shorter c e l l s than those i n AD-N. 
A l l eight s t r a i n s which developed tapered trichomes with shorter 
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c e l l s i n AD+N were ones which also produced p a r a l l e l trichomes 
with shorter o e l l s i n t h i s medium (Table 3 . 3 ) . Sometimes the 
c e l l s i n the tapered trichomes i n AD+N were very short along t h e i r 
whole length, but more o f t e n the c e l l s were r e l a t i v e l y shorter 
( d i s c - l i k e ) i n the wider part of the trichome ( F i g . 3 . 2 d ) . 
However, as mentioned i n Section 2 . 1 2 1 , the presence of short 
c e l l s does not necessarily imply raeristematic a c t i v i t y , and i n the 
'Homoeothrix1 and 1Ammatoidea' types of trichome there was no 
obvious l o c a l i z a t i o n of c e l l d i v i s i o n , assessed i n terms of the 
frequency of newly formed cross walls. 

Sheath development i n the tapered filaments was more extensive 
i n AD+N than i n AD-N, and as with the p a r a l l e l trichomes, Plectonema-
l i k e f a l s e branches were quite common (Fig. 3 . 2 c ) . 

3.125 Hair development 
I n three of the s t r a i n s (D126, D 2 7 7 , D404) most of the trichomes 

(frequency score « 4) had well developed hairs i n AD-N. I n a f u r t h e r 
two s t r a i n s (D251* B 4 0 3 ) a few triohomes (frequency score = +/l) 
i n AD-N had short h a i r s . I n a l l f i v e s t r a i n s , hairs also developed 
i n AD+N, though there were differences between the hairs i n the 
two media. The presence of hairs at bdth ends of at l e a s t some of 
the trichomes was taken as a necessary c r i t e r i o n of h a i r development 
i n AD+N, since trichomes with hairs at only one end might have 
derived from heterocystous tapered trichomes. 

Strains D251 and D403 both grew predominantly as 'Ammatoidea'-
and 'Homoeothrix'-like trichomes i n AD+N (Table 3 . 1 ) . I n both 
s t r a i n s , short ha i r s were present at much the same frequency i n 
AD+N as i n AD-N, and t h e i r appearance and length were also very 
s i m i l a r . The hair s developed at both ends of the 'Ammatoidea'-like 
trichomes, and at the apices of the Homoeothrix'-like trichomes, 
but hairs were never seen on any of the p a r a l l e l trichomes. 
Strains D126, D277 and D404 a l l grew almost e n t i r e l y as p a r a l l e l 
trichomes i n AD+N (Table 3 . 1 ) . Most of these trichomes were 
uniform i n appearance throughout t h e i r whole length, but a few 
(frequency score = 1 ) ended i n short h a i r s . The hairs i n AD+N 
never had more than two or three f u l l y vacuolated c e l l s , whereas 
i n AD-N few of the hair s had less than 10 c e l l s , and they formed 
a much higher proportion of the t o t a l trichome length. The t r a n ­
s i t i o n from normal vegetative c e l l s to h a i r c e l l s i n AD+N was 
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often very abrupt, and t h i s , together with the shortness of the 
ha i r s , and the great length of ths trichomes (Table 3 .2) meant that 
the o v e r a l l p a r a l l e l appearance of the trichomes was scarcely 
affected. Figs 3.3a and 3.3b i l l u s t r a t e the difference between 
hairs i n S t r a i n D404 i n AD+N and AD-N. P a r a l l e l trichomes with hairs 
at both ends were observed, but these appeared to fragment i n t o 
shorter pieces, y i e l d i n g two trichomes with a hai r at one end, and 
several lengths without h a i r s i This may have been p a r t l y responsible 
f o r the observed decrease i n the frequency of trichomes w i t h h a i r s , 
but i t was not possible to say whether a l l the trichomes without 
hairs were the product of such trichome breakage. 

When AD+N cultures of any of the s t r a i n s were examined at a 
l a t e stage i n growth, hairs were not observed. The loss of hairs 
seemed to be associated with the o v e r a l l degeneration of the algae 
at t h i s stage (Section 3 . 1 2 2 ) . Failure to observe the algae 
s u f f i c i e n t l y early had previously l e d to the b e l i e f that h a i r s were 
not developed i n AD+N (Whitton, Kirkby, Peat & S i n c l a i r , 1 9 7 3 ) . A l l 
f i v e s t r a i n s s t i l l produced hairs a f t e r a t h i r d subculture i n t o 
AD+N, which strongly suggested that h a i r development was occurring 
de novo. 

3.13 Influenoe of NO.-N and NH.-N on morphology of 10 heterocystdus 
s t r a i n s 

A f t e r the experiment described i n Section 3.12 had been 
performed, a HEPES b u f f e r system was developed (Section 2.33)* I t 
seemed worthwhile to repeat the experiment f o r selected s t r a i n s , 
using NaNO^ i n buffered AD, to confirm that the responses seen had 
not been due to pH e f f e o t s . I t was also of i n t e r e s t , now tha t an 
adequate b u f f e r was ava i l a b l e , to see whether NĤ -N would e l i c i t 
the same response as NÔ -N. 

Strains D126, D I 5 6 , D179, D182, DI84, D202, D256, D259, D267 

and D277 were used; the group included s t r a i n s g i v i n g each of the 
chief responses seen i n AD+N (Section 3 . 1 2 ) . AD medium was made 
up with 10 mM HEPES (=HAD), wi t h the addition of 5 mM NaCl, NaNO^ 
or NH^Cl. The pH was adjusted to 7 . 4 a f t e r autoclaving. The 
l e v e l of combined nitrogen was reduced from that used i n the 
e a r l i e r experiment (10 mM) since even i n the buffered medium the 
pH of AD+NH .CI tended to f a l l . The incubation conditions were the 

4 
same as those used previously (Section 3 . 1 2 1 ) ; the algae were 
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scored a f t e r 1 4 days i n the second subculture, and pH values 
measured at the time of scoring. The highest pH value recorded 
f o r cultures +NaNO^ was 8.0, and the lowest pH recorded f o r cultures 
+NH 4C1 was 6 . 7 . 

Growth i n either medium with combined nitrogen was more success­
f u l than i t had been i n the unbuffered AD+NaNÔ : yellowing of 
older cultures +NaN0, was not observed, and cultures i n H A J D + N H „ C 1 

3 4 
did not t u r n yellow u n t i l about three weeks a f t e r i n o c u l a t i o n . 
Production of e x t r a o e l l u l a r material was also less marked than i t 
had been i n AD+NaNO^. 

Microscopically, the response of each of the st r a i n s i n 
HAD+NH^Cl was the same as i t had been i n AD+NaNO^, except th a t 
sheath development was less marked. The morphology of S t r a i n D 2 6 7 

again remained unchanged. There was no apparent difference i n 
morphology between algae from HAD+NaNO^ and those from HAD+NH^Cl, 
except th a t the l a t t e r usually had a higher l e v e l of cyanophycin 
granulation, and tended to be bluer green i n colour. Germination 
of a few of the residual heterocysts of S t r a i n D277 was observed i n 
HAD+NH.C1, but not i n the other media. 

4 

The r e s u l t s of t h i s experiment suggested that the lack of 
bu f f e r i n g i n AD+NaNO^ had not seriously affected the responses 
described i n Seotion 3 . 1 2 , though the extensive sheath development 
may have been p a r t l y due to pH e f f e c t s . The s i m i l a r i t y between 
r e s u l t s obtained w i t h NaNO^ and NH^Cl suggested t h a t differences 
between these r e s u l t s and those i n published reports of experiments 
using NĤ -N (Fay, Stewart, Walsby & Fogg, I 9 6 8 ) were u n l i k e l y to 
be due e n t i r e l y t o the d i f f e r e n t source of combined nitrogen used. 

3 . 1 4 Summary of r e s u l t s 

1 . Heterocysts were e n t i r e l y or almost e n t i r e l y absent i n AC with 
combined nitrogen i n a l l except one of the s t r a i n s . The lack of 
heterocyst suppression by NÔ -N or NĤ -N i n S t r a i n D267 was not 
investigated f u r t h e r . 

2. Two types of response to NÔ -N were observed. I n 1 9 s t r a i n s , 
i n c l u d i n g the three w i t h many long hai r s i n AD-N, a l l the trichomes 
became p a r a l l e l i n AD+Nj i n 1 4 s t r a i n s , trichomes which tapered 
at one or both endB were also present. 

The tapered trichomes i n AD+N were generally wider than those 
i n AD-N, especially i q the apical region. I n the majority of 
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s t r a i n s , the trichomes had a less tapered appearance i n AD+N; the 
degree of tapering was sometimes the same i n the two media, but 
i t was never greater i n AD+N than i n AD-N. 

The p a r a l l e l trichomes developed i n AD+N were also often 
wider than the p a r a l l e l hormogonia i n AD-N} i n f a c t one f a t h e r 
s t r i k i n g difference between p a r a l l e l trichomes i n the two media 
was that those i n AD+N resembled the basal, rather than the apical 
region of tapered heterocystous trichomes i n width. 

3. The p a r a l l e l trichomes that developed i n AD+N were generally 
longer than e i t h e r p a r a l l e l or tapered trichomes i n AD-N, and 
were o f t e n very long ( > 1 mm). Tapered trichomes i n AD+N however, 
were e i t h e r s i m i l a r i n length to those i n AD-N, or rather shorter. 

4 . I n many s t r a i n s the c e l l s i n both tapered and p a r a l l e l trichomes 
were r e l a t i v e l y shorter i n AD+N than i n AD—N, though i t was d i f f i c u l t 
to say whether t h i s resulted from more rapid c e l l d i v i s i o n . The 
tendency to develop very short-celled trichomes i n AD+N seemed 
to be most marked among s t r a i n s i n which the o e l l s i n the basal 
region of heterocystous tapered trichomes had s i m i l a r discoid 
c e l l s . 

I n the majority of st r a i n s the most aotive c e l l d i v i s i o n i n 
heterocystous trichomes took place i n the subapioal region. I n 
AD+N, no clearcut evidence was obtained f o r such l o c a l i z a t i o n 
of c e l l d i v i s i o n i n e i t h e r p a r a l l e l or tapered triohomes. 

5. A l l f i v e s t r a i n s which produced hai r s i n AD-N also d i d so i n 
AD+N, though the hair s seemed to be l o s t as the cultures aged, 
probably as a r e f l e c t i o n of the o v e r a l l degeneration of the cultures. 
I n the two s t r a i n s with only few hairs i n AD-N, the frequency and 
appearance of the h a i r s , which developed at the ends of the tapered 
trichomes, were very s i m i l a r i n AD+N. I n the three s t r a i n s 
which developed many hairs i n AD-N, h a i r frequency and length were 
considerably reduced i n AD+N, though part of the apparent decrease 
i n h a i r frequency may have been due to trichome fragmentation. Th'e 
hairs i n these three s t r a i n s occurred abruptly at the ends of 
long trichomes which were otherwise p a r a l l e l and of uniform 
appearance. 
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6 . The r e s u l t s summarized above are those obtained with 3 4 s t r a i n s 
grown with NQ̂ -N. Ten of these s t r a i n s were also grown with NH^-Nj 
the morphological responses observed were very s i m i l a r to those 
of the cultures grown w i t h N O . . - N . 



-117-
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Pig. 3.1 Tapered and p a r a l l e l trichomes of Ca l o t h r i x v i g u i e r i D 2 5 3 

i n AD-N. 
(a) Tapered heterocystous trichome. 
(b) P a r a l l e l hormogonium. 
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Fig. 3.2 Tapered and p a r a l l e l trichomes of Calothrix v i g u i e r i D 2 5 3 

i n AD+N. 
(a) 'Homoeothrix'-like trichome. 
(b) P a r a l l e l trichome. 
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Pig. 3.2 (o) 'Plectonema'-lik-fl f a l s e branch. 
(d) 'Ammatoidea ' - l i k e trichome. 
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(a) AD-N 
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(b) jvD+N 

Fig. 3.3 Trichomes of R i v u l a r i a sp. D404 
grown i n AD-N and AD+N. 1 
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3.2 Influence of nitrogen star v a t i o n on morphology of Calothrix ap. D I 8 4 

3.21 I n t r o d u c t i o n 
The experiments described i n Section 3.1 showed that the 

presence of combined nitrogen could markedly a f f e c t the morphology 
of heterocystous Rivulariaceae, often causing a reduction i n , or 
even a t o t a l suppression of tapering, i n a d d i t i o n to suppressing 
heterocyst development. I n three of the f i v e s t r a i n s with hairs 
i n AD medium, the development of hairs was also markedly reduced i n 
the presence of combined nitrogens I t was i n t e r e s t i n g , therefore, 
to see whether nitrogen s t a r v a t i o n would a f f e c t tapering and/or 
hai r production i n a heterocystoua tapered s t r a i n . 

3.22 Incubation i n an atmosphere of AreO^tCO^ 
For p r a c t i c a l reasons i t was not possible to perform t h i s 

experiment with more than one s t r a i n . The s t r a i n used (DI84) was 
not axenic, but i t grew more vigorously than the axenis s t r a i n s 
that could be grown i n AD medium (see Appendix). S t r a i n DI84 
had no hairs i n AD medium, but i t was known to be capable of 
forming them under c e r t a i n mineral deficiencies (Chapters 4 and 5> ) • 

S t r a i n DI84 was inoculated i n t o 50 ml a l i q u o t s of AD medium i n 
100 ml conical f l a s k s f i t t e d with sidearms f o r gassing (Section 2 . 3 5 2 ) . 

The medium was unbuffered, since preliminary experiments had 
shown no difference i n pH between medium + algae under the d i f f e r e n t 
gassing treatments, and i t also seemed undesirable to use the 
nitrogen-containing HEPES buff e r . Incubation was i n a c u l t u r e 
tank at 25°C, with shaking, at a l i g h t i n t e n s i t y of 2500 l x . 
Cultures were allowed to grow f o r f i v e days before gassing was 
begun, so that the algae would be i n an actively/ growing statei at 
the s t a r t of the experiment. The f o l l o w i n g treatments were then 
employed, each i n quadruplicate: 

a) Normal incubation, without gassing 
b) Gassing with a i r 
c) Gassing w i t h 'nitrogen-free a i r ' (a mixture containing 

Ar:0 2:C0 2 (79 .97«20:0.03 by volumes) - c f . Section 2 .352) 

The f l a s k s were gassed i n i t i a l l y f o r 30 rain, and f o r the next 16 

days they were flushed twice d a i l y f o r 10 min. 
The extent of growth, and the macroscopic appearance of the 

algae a f t e r 1 , 3, 10 and 16 days are summarized i n Table 3.4< 

A f t e r 3 days, trichorae dimensions were measured f o r each of the 
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treatments} these measurements are shown i n Table 3«5« At the 
time the measurements were taken, obvious morphological changes 
had occurred, but no serious degenerative changes were apparent. 

Table 3.5 Trichome dimensions (um) of Calothrix sp. DI84 
incubated under d i f f e r e n t gaseous atmospheres 
Each value i s the mean of 20 measurements. 
Pr o b a b i l i t e s are indicated only where P^ 0.001. 

Not gassed Air-gassed Art COg-gassed 

Basal width 8.5± 0.17 8.3t 0.19 8.5± 0.2 

Subapical width 3.62 0.06 3.5* 0.05 3.6* 0.05 

Apical width 3.31 0.06 3 . I t 0.04 3.21 0.03 

Length 202 i l 3 186 £15 150t 8 

Heterocyst width 7.5* 0.181 7.3? 0.18 2 9.32: 0.24 1' 2 

Heterocyst length 8.1± 0.17 3 7.7* 0.21 4 9.3i 0.29 3' 4 

Both gassing treatments caused considerable i n h i b i t i o n of 
growth, compared with that i n the non-gassed control f l a s k s 
(Table 3.4)» and the i n h i b i t i o n was only s l i i g h t l y greater f o r the 
-N^ than f o r the +N^ treatment. There were, however, marked 
q u a l i t a t i v e differences between cultures under the two conditions. 
A f t e r only 24 h, cultures gassed with ArrOgiCOg had begun to t u r n 
yellow; over the next few days, the algae became maoToscopically 
pale brown i n colour, and f i n a l l y orange. Morphological changes 
also occurred i n the -N^ cultures. The c e l l s became yellow, then 
brownish, and many trichomes developed numerous vacuoles i n every 
c e l l . This vacuolation was not associated w i t h any change i n 
c e l l shape, and there was no apparent tendency f o r any h a i r c e l l s 
to form. The size of the heterocysts increased under ArrOgSCOg 
(Table 3.5)» but there were no other s i g n i f i c a n t differences i n 
trichome dimensions between the d i f f e r e n t treatments, and no 
change i n the tapering of the trichomes. Heterocyst frequency 
continued to increase throughout the period of observation i n 
the ArtO^COg cultures. At f i r s t , secondary basal heterbcysts 
(Section 2.23) developed, and i n l a t e r stages, numerous pseudo-
i n t e r c a l a r y heterocysts were produced. A f t e r 16 days, i t was 
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estimated that about 20^ of the c e l l population consisted of 
heterocysts. None of these e f f e c t s were seen i n the air-gassed 
f l a s k s . Although the c e l l s were l a t t e r l y rather less green than 
those i n control c u l t u r e s , and occasionally vesiculated, the 
trichome morphology was otherwise the same as that of the controls. 

A f t e r 10 days' incubation, NaNO^ was added to two of the 
fla s k s from each treatment, to give a concentration of 10 mM. Algae 
from both gassed treatments became obviously greener w i t h i n 24 h 
of the a d d i t i o n . Over the next six days, a small amount of growth 
occurred i n the ArtO^^Og-gassed f l a s k s , u n t i l t h e i r growth extent 
was s i m i l a r to that of the air-gassed set (Table 3 . 4 ) . There was 
no f u r t h e r growth beyond t h i s l e v e l i n e i t h e r treatment, and 
there wau l i t t l e change i n morphology, apart from greening of the 
c e l l s , and the accumulation of cyanophycin granules. Six days 
a f t e r the a d d i t i o n of NaNO^, gassing was discontinued, and the gas-
t i g h t seals once more replaced by cotton wool bungs. A l l the 
cultures now showed a complete recovery, and grew to f i n a l y i e l d s 
comparable with the c o n t r o l . Their morphology also became quite 
normal. 

3.23 Summary of r e s u l t s 

1 . E f f e c t of gassing 
The severe i n h i b i t i o n of growth produced by both gassing 

treatments was rather puzzling. I t was evidently due to some 
aspect of the gassing procedure, since complete recovery was 
obtained only when t h i s was discontinued, and the gas-tight seals 
replaced by cotton wool plugs. C0^ l i m i t a t i o n was a possible reason 
f o r the i n h i b i t i o n , but since the f l a s k s were flushed twice d a i l y , 
t h i s would be expected to cause a slowing, rather than a complete 
cessation of growth. An i n h i b i t o r y e f f e c t of oxygen could perhaps 
have been responsible, since blue-green algae as a group seem to 
be rather sensitive to oxygen (Stewart & Pearson, 1 9 7 0 ) . Possibly 
the twice-daily f l u s h i n g was i n s u f f i c i e n t to prevent accumulation 
of oxygen; yet the t o t a l a l g a l biomass was only very low, and 
would not be expected to evolve much oxygen. The f l u s h i n g process 
i t s e l f may have produced oxygen supersaturation, t h i s being respon­
s i b l e f o r the i n h i b i t o r y e f f e c t . This problem was not pursued 

f u r t h e r . 
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2 . E f f e c t of nitrogen deprivation 
Although i t was not possible to say that growth of Ca l o t h r i x sp. 

D I 8 4 i n an atmosphere of AnO^xCO^, was l i m i t e d by a lack of N 2, 
nevertheless there was a marked morphological response under these 
conditions. A rapid yellowing of the c e l l s , an increase i n hetero-
cyst frequency, and the development of many small v e s i c l e s were 
observed. These changed are very s i m i l a r to responses to nitrogen 
s t a r v a t i o n described f o r other blue-green algae (Section 1.62). 
The re-greening of the c e l l s , and the appearance of abundant 
cyanophycin granules, following the addition of NaMÔ , was also 
s i m i l a r to the responses observed by de Vasconcelos and Fay ( 1 9 7 4 ) 

on adding NĤ -N to nitrogen starved Anabaena c u l t u r e s (Section 1.62). 
The broad agreement with r e s u l t s i n the l i t e r a t u r e suggested 

that S t r a i n D I 8 4 was i n f a c t nitrogen starved, even though i t s 
growth may have been l i m i t e d by some other f a c t o r . Apart from 
the increase i n heterocyst frequency and s i z e , and general degener­
a t i v e changes i n the c e l l s , there was no other obvious e f f e c t of 
nitrogen deprivation oh the morphology of t h i s s t r a i n . I n 
p a r t i c u l a r , the tapering of the trichomes was unaffected, and no 
h a i r s developed. T h i s could have been due to the la c k of o v e r a l l 
growth; however, heterocysts continued to d i f f e r e n t i a t e throughout 
the period of the experiment, which suggested that morphogenetic 
a c t i v i t y was not e n t i r e l y prevented. 
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3 . 3 Influence of supply of combined nitrogen on morphology 
of Homoeothrix 

3.31 Introduction 
The r e s u l t s of Pay, Stewart, Walsby and Fogg (1968) (Section 

1 . 4 1 ) suggest that the tapered morphology of heterecystous 
Ri v u l a r i a c e a e might be due to the lower a v a i l a b i l i t y of f i x e d 
nitrogen to the c e l l s most d i s t a l to the basal heterocyst, though 
the experiments described i n Sections 3 .1 and 3 . 2 suggested that 
t h i s was u n l i k e l y to be the only f a c t o r . I n the genus Homoeothrix, 
the trichomes have no heterocysts, but they taper i n the same way 
as those of heterocystous R i v u l a r i a c e a e , and may also produce 
h a i r s ; t h i s would seem to argue against the hypothesis that tapering 
and h a i r development are due to a gradient of f i x e d nitrogen 
along the trichome. However, lack of heterocysts may not necess­
a r i l y i n d i c a t e an i n a b i l i t y to f i x nitrogen, since several non-
heterocystous blue-green algae have been found to show nitrogenase 
a c t i v i t y under s u i t a b l e conditions, i n p a r t i c u l a r under low oxygen 
tensions (Fogg, 1974; Section 1 . 6 2 ) . 

Many species of Homoeothrix have a c o l o n i a l or t h a l l o s e growth 
habit, with the trichome bases c l o s e l y associated i n the basal 
part of the t h a l l u s ( G e i t l e r , 1 9 3 2 ) . I t seemed possible that 
such c o l o n i a l growth might afford protection of nitrogenase, as 
suggested f o r Trichodesmium, by Carpenter and E r i c e ( 1976) (Section 
l"il62) , thus permitting nitrogenase a c t i v i t y under e x t e r n a l l y 
aerobic conditions. I t was thus of i n t e r e s t to see whether 
nitrogenase a c t i v i t y could be detected i n colonies of Homoeothrix 
i n which the trichomes had a well developed taper. Acetylene 
reduction assays on a population of H. Crustacea are described i n 
Section 3 . 3 2 . 

The experiments described i n Section 3 .1 showed that some 
heterocystous s t r a i n s of Rivulariaceae could develop trichomes 
very s i m i l a r to those of Homoeothrix, when grown i n the presence 
of a high l e v e l of combined nitrogen. This suggested the p o s s i b i l ­
i t y that at l e a s t some forms of Homoeothrix might a c t u a l l y be 
species of C a l o t h r i x , i n which heterocyst development had been 
suppressed. To i n v e s t i g a t e t h i s p o s s i b i l i t y , two species of 
Homoeothrix were starved of combined nitrogen, since t h i s condition 
would be most l i k e l y to allow expression of any poten t i a l a b i l i t y 
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to develop heterocysts. These experiments are described i n 
Section 3.33. An additional reason f o r performing these experiments 
was to see whether the a v a i l a b i l i t y of combined nitrogen would 
a f f e c t tapering and/or h a i r development i n Homoeothrix, as i t had 
been found to i n the heterocystous s t r a i n s studied. 

3.32 Assay f o r nitrogenase a c t i v i t y i n colonies of H. Crustacea 
3.321 Material 

Both the experiments described below were done with a population 
of H. crustacea from the Scandal Beck, Cumbria (Table 2.2). The 
colonies were scraped off rocks with a s c a l p e l , and stored on i c e 
i n polythene j a r s u n t i l return to the laboratory (2-6 h ) . The 
material was c a r e f u l l y examined to see i f heterocystous algae were 
present, but none were observed; associated algae were Gongrosira sp., 
Scenedesmus spp., Chahtransia forms of Rhodophyta, and pennate 
diatoms. I n each experiment, f i e l d samples of a R i v u l a r i a from a 
f l u s h near Barras, Cumbria (Table 2i5) were used as a co n t r o l , to 
check that the incubation conditions used were a c t u a l l y favourable 
f o r nitrogenase a c t i v i t y . Previous t e s t s had shown t h i s alga to 
be capable of reducing acetylene under normal atmospheric conditions 
( i . e . i n a i r ) . Ethylene production was expressed as nmol per mg 
chlorophyll a, extracted as described i n Section 2.52. 

3.322 Assay of colonies d i r e c t l y a f t e r c o l l e c t i o n 
The algae were c o l l e c t e d on 25.6.73. D i r e c t l y on r e t u r n to 

the laboratory (within 4 h of c o l l e c t i o n ) the colonies of Homoeo-
t h r i x and R i v u l a r i a were allowed to e q u i l i b r a t e to 20°C f o r one 
hour, and then t r a n s f e r r e d to 7 ml serum b o t t l e s . An estimated 
0,5 ml of colonies per bottle was used, together with 0.5 ml of 
water from the c o l l e e t i o n s i t e . The a i r i n the bott l e s was 
replaced by a mixture of Ar:C0 2 (95.5*0.5 by volumes) by evacuating 
and r e f i l l i n g three times; each b o t t l e was then i n j e c t e d with 
0.3 ml 0^, to give a p a r t i a l pressure of 0^ of about 5%. This 
p a r t i a l pressure of oxygen was used since t h i s had been found to 
be the l e v e l giving most rapid r a t e s of acetylene reduction by 
colonies of R i v u l a r i a from stream s i t e s i n Upper Teesdale 
(M.K. Hughes and B.A. Whitton, personal communication). A pre­
incubation period of 30 min was allowed before i n j e c t i n g acetylene. 
Samples were assayed for ethylene a f t e r 2 h and 4 h. 
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No acetylene reduction by the Homoeothrix colonies was 
observed a f t e r 2 h or 4 h incubation. Under the same conditions, 
the mean ethylene production by the R i v u l a r i a colonies was 175 - 38 
nmol mg chlorophyll a - 1 a f t e r 2h, and 440^104 nmol mg chloro­
p h y l l ja * a f t e r 4 h (means of 4 r e p l i c a t e s ) . The large standard 
errors may be p a r t l y due to the f a c t that the volumes of algae 
per bottle were only approximately equal, with consequent effectB 
on gas pressure; also the p a r t i a l pressure of oxygen was only 
crudely achieved. 

3*323 Assay of colonies during longer incubation i n the absence 
of combined nitrogen 

The absence of demonstrable nitrogenase a c t i v i t y i n the experi­
ment described i n Section 3.222 could have been due to nitrogen 
s u f f i c i e n c y of the Homoeothrix. A f u r t h e r attempt was therefore 
made to detect nitrogenase a o t i v i t y , a f t e r a period of nitrogen 
deprivation. 

Colonies of Homoeothrix and R i v u l a r i a were c o l l e c t e d on 1.7.74. 
They were stored overnight at 5°C» at a l i g h t i n t e n s i t y of 500 l x , 
and used f o r experimentation the next day. The colonies were 
suspended i n s t e r i l e Chu lO-D(-N) and centrifuged gently, i n an 
attempt to wash away combined nitrogen; t h i s procedure was repeated 
three times. About 0.5 n l of colonies was used for each 7/ ml 
serum b o t t l e , together with 0.5 ml s t e r i l e Chu 10-D(-N). The b o t t l e s 
were evacuated and flushed with e i t h e r A n COg (99«5»0.5 by volumes) 
or Ar:0 2»C0 2 (79.5.20.0.5 by volumes). The b o t t l e s were flushed 
with the same gas mixtures twice each day (Stewart & Lex, 1970) f o r 
the next four days. The atmosphere containing 0% 0^ was based on 
that used by Stewart and Lex (1970) to obtain nitrogenase a c t i v i t y 
i n c u l t u r e s of Plectonema boryanum. An atmosphere containing 20$ 
Og (approximately the normal atmospheric l e v e l ) was also used, 
since i f the c o l o n i a l structure did have a prot e c t i v e e f f e c t on any 
nitrogenase i n the trichomes (Section 3»3l)» then acetylene reducing 
a c t i v i t y might be expected under e x t e r n a l l y aerobic conditions. 
Each day, b o t t l e s were incubated f o r 2 h with acetylene, and 
assayed f o r ethylene production (Section 2.6). 

The r e s u l t s are shown i n Table 3.6 (because the t o t a l number 
of samples was very l a r g e , only three r e p l i c a t e b o t t l e s per t r e a t ­
ment were used, and the r e s u l t s f o r each r e p l i c a t e are shown 
i n d i v i d u a l l y ) . There was no detectable ethylene production by the 
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Homoeothrix colonies under any of the conditions employed. I n the 
R i v u l a r i a however, there was c l e a r evidence of nitrogenase a c t i v i t y ; 
the r e s u l t s obtained under AriOgiCO,, were s i m i l a r to those of the 
e a r l i e r experiment (Seotion 3.322), with an evident increase i n 
a c t i v i t y on the t h i r d and fourth days of the incubation. Under 
Ar:C0 2 the rated of ethylene production were c o n s i s t e n t l y lower 
than those under Ar:0 2:C0 2, and showed a s l i g h t f a l l on the fourth 
day. E v i d e n t l y some aspect of the incubation was unfavourable f o r 
nitrogenase a c t i v i t y . 

The algae were examined microscopically each day. No morpho­
l o g i c a l ohanges were observed under e i t h e r gaseous atmosphere, and 
the algae remained healthy i n appearance. By the fourth day 
however, an obvious increase i n the number of b a c t e r i a and c o l o u r l e s s 
f l a g e l l a t e s had occurred i n the b o t t l e s containing Homoeothrix. 
There was no obvious upward or downward trend i n the l e v e l s of 
chlorophyll a i n e i t h e r alga during the experiment (Table 3.6). 

3.324 Summary of r e s u l t s 
1. No acetylene reducing a c t i v i t y was detected i n colonies of 
Homoeothrix Crustacea, e i t h e r when assayed d i r e c t l y a f t e r c o l l e c t i o n , 
i n an atmosphere of Art0 2xC0 2 (94.5»5*0.5 by volumes), or when 
assayed a f t e r up to four days' incubation i n medium without 
combined nitrogen, i n an atmosphere of Ar:0 2s€0 2 (79.5:20:0.5 by 
volumes). The negative r e s u l t s of assays c a r r i e d out under A r i C 0 2 

were inconclusive, since acetylene reduction by the R i v u l a r i a used 
as control was adversely affected under t h i s condition. 

2. The experiments did not show c o n c l u s i v e l y that Homoeothrix 
Crustacea was incapable of nitrogenase a c t i v i t y under microaero-
p h i l i c conditions. They did however demonstrate that colonies of 
trichomes with a d i s t i n c t l y tapered morphology (see Section 3.33) 
had no detectable nitrogenase a c t i v i t y i n aerobic conditions, even 
a f t e r a period of nitrogen s t a r v a t i o n . Since H. Crustacea i s 
c h a r a c t e r i s t i c of flowing water h a b i t a t s (Komarek & Kann, 1973), 
a nitrogenase system which was a c t i v e only under a low external 
oxygen l e v e l would be of l i t t l e value. The r e s u l t s thus suggested 
that H. crustaoea was u n l i k e l y to possess nitrogenase a c t i v i t y 
under normal f i e l d conditions. 
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3 . 3 3 Influence of nitrogen d e f i c i e n c y on morphology of two 
species of Homoeothrix 

3.331 Crude cultures of H. Crustacea 
Colonies were c o l l e c t e d from the Scandal Beck (Table 2 . 2 ) on 

2 5 . 6 . 7 3 . The morphology of the alga at the time of c o l l e c t i o n 
was described i n Section 2 .121 (Pig. 2 . 6 ) . 1 0 - 1 5 colonies were 
inoculated into 25 ml al i q u o t s of AD (no combined nitrogen) and 
AD+10 mM NaMOy both media containing cycloheximide (Section 2 . 3 6 . 1 ) . 

F l a s k s were incubaied with shaking at 20°C, at a l i g h t i n t e n s i t y 
of 2000 l x f o r 10 days, and the morphology of the algae examined 
every two days. The observations described below were made on the 
s i x t h day of cul t u r e , which was the f i r s t day on which any morpho­
l o g i c a l changes were seen. After s i x days, growth of b a c t e r i a 
became very heavy, and the colonies were overgrown by other algae, 
despite the addition of cycloheximide. 

I n AD+NaN0^, many of the trichomes appeared to havse increased 
i n length, giving the colonies a velvety appearance, and numerous 
motile hormogonia were present. The majority of trichomes 
(frequency score = 4) had blunt apices l i k e the one shown i n 
Fig. 2 . 6 a , and appeared untapered, since the trichome bases, with 
t h e i r s l i g h t enlargements, were not r e a d i l y v i s i b l e ( c f . Section 
2 . 1 2 1 ) . I n AD medium, there was no sign that any growth had taken 
place. The range of morphological forms present was very much 
the same as i t had been i n the f i e l d material, but there was a 
rather higher proportion of trichomes i n which the apices tapered 
and had s l i g h t l y vacuolated c e l l s ( c f . F i g . 2 . 6 b ) . I n some 
trichomes small vacuoles were present i n almost every c e l l , and 
not j u s t i n the tapered a p i c a l region. There was no apparent 
change i n the frequency of trichomes with well developed h a i r s 
( c f . F i g . 2 . 6 c ) . No heterocysts were observed, but the trichome 
bases were highly c a l c i f i e d , and d i f f i c u l t to make out. 

3 . 3 3 2 Unialgal c u l t u r e s of Homoeothrix sp. D402 and H, Crustacea D401 

Following the i s o l a t i o n of u n i a l g a l c u l t u r e s of two species 
of Homoeothrix. these were used for f u r t h e r experiments on the 
e f f e c t s of nitrogen supply. The morphology of the two s t r a i n s i n 
cultu r e was described i n Section 2 . 1 2 1 . I n the experiments 
described below S t r a i n D401 was incubated i n a growth room at 15°C, 
with a l i g h t i n t e n s i t y of 2500 l x , and S t r a i n D402 i n a growth room 
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at 25°C, with a l i g h t i n t e n s i t y of 1500 l x . 25 ml al i q u o t s of 
media were used. 

( i ) Incubation i n media without added combined nitrogen 
Both s t r a i n s were inoculated from Chu 10-D into AD and 

Chu lO--D(-N). Neither s t r a i n Showed any growth, and within 2-3 
days the inocula had turned yellow. This response was obtained 
each time the experiment was repeated. When a second subculture 
was made into n i t r a t e - f r e e media, there was no growth, and the 
algae became almost c o l o u r l e s s . There was no s i g n of heterocyst 
development i n e i t h e r s t r a i n . The morphological responses seen 
were the same as those described i n ( i i ) below, but they developed 
very soon a f t e r i n o c u l a t i o n . 

( i i ) Incubation i n Chu 10-D with a reduced l e v e l of NÔ -N 
The onset of (presumed) nitrogen d e f i c i e n c y i n media 

without NOyN was very rapid, and occurred without apparent growth. 
From the point of view of determining the morphological response 
to nitrogen de f i c i e n c y , i t seemed preferable to allow a c e r t a i n 
amount of growth to occur before the d e f i c i e n c y developed, so as 
to avoid any confusion witb possible l a g e f f e c t s s h o r t l y a f t e r 
inoculation. F u l l expression of any morphological response might 
not be p o s s i b l e i f the algae were not metabolizing normally as 
they began to experience the deficiency. Further experiments were 
therefore c a r r i e d out using Chu 10-D with 0,2x the normal l e v e l 
of NO -N ('low N medium'), with Chu 10-D as control ( ' f u l l medium1) 
The i n i t i a l l e v e l s of NÔ -N i n the two media were 1.36 mg 1 and 
6.83 mg 1 r e s p e c t i v e l y . CaClg.611^0 was used to compensate f o r 
the lowered l e v e l of Ca i n the low N medium. 

a) Homoeothrix Crustacea D401 
I n the i n i t i a l stages of growth, the alga was macro-

s c o p i c a l l y and microscopically i d e n t i c a l i n the two media. During 
t h i s phase of a c t i v e growth a l l the trichomes had untapered apices, 
and many hormogonia were present. The c e l l s were a l l short, with 
length:width r a t i o s of about O.51I ( F i g . 3.4a). Growth i n the 
low N medium f i r s t began to l a g behind that i n the f u l l medium 
a f t e r about f i v e days, and the c u l t u r e s began to turn yellowish 
as compared with the p i n k i s h brown of the c o n t r o l . 

The f i r s t morphological changes coincided with the 
onset of growth l i m i t a t i o n * some of the trichomes developed tapered 
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apices, with s l i g h t l y elongated and sometimes vacuolated c e l l s 
(Pig. 3.4). The degree of vacuolation at t h i s stage was not 
s u f f i c i e n t to constitute h a i r development by the c r i t e r i o n explained 
i n Section 2.22. Over the next few days, the number of trichomes 
with tapered apices increased, u n t i l j by about the eighth day of 
cultu r e , almost a l l the trichomes had apices of t h i s type, u s u a l l y 
with vacuolation of the elongated a p i c a l c e l l s . Wot more than 
about s i x c e l l s at the apex were u s u a l l y affected; the c e l l s 
f u r t h e r down the trichome retained t h e i r moniliform appearance 
and were not u s u a l l y longer than broad. At t h i s stage, the types 
of trichomes, and t h e i r r e l a t i v e abundance, were very s i m i l a r to 
those observed i n the o r i g i n a l f i e l d material when c o l l e c t e d . . 

Further changes occurred between days 8 to 12: small vacuoles 
appeared i n many of the c e l l s i n the non-apical parts of the 
trichomes, and these c e l l s increased i n length to become about 
1.5x longer than broad. I n some trichomes (frequency score = l ) 
short h a i r s developed ( F i g . 3.4c). Throughout t h i s period the 
algae became pro g r e s s i v e l y yellower, and the sheaths increased i n 
thickness. No evidence of heterocyst development was seen at any 
stage. 

b) Homoeothrix sp. D402 
During a c t i v e growth, t h i s s t r a i n was bright blue-green 

i n colour. A l l the trichomes had untapered apices and short c e l l s , 
with a length:width r a t i o of about 0.5*1 ( F i g . 3.5a) and hormo-
gonia were abundant. Deficiency symptoms were i ' i r e t seen a f t e r 
about three days i n low N medium: growth apparently ceased, and 
the c u l t u r e s became green rather than blue-green. They l a t e r 
turned yellow, and eventually orange. 

The f i r s t morphological ohange, which occurred at 
about the same time as the c e l l s turned yellow, was an increase i n 
the average length of the c e l l s . They were seldom shorter than 
broad, and sometimes r a t h e r longer ( P i g . 3.5b). The sheaths 
also increased i n thickness. None of the trichomes developed any 
vacuolation, and the majority had untapered apices without any 
modifications of the c e l l s . After about eight days, however, 
some of the trichomes (frequency score = 1-2) showed a s l i g h t 
enlargement of the a p i c a l c e l l , which became both wider and longer 
than those below ( F i g . 3.5c). There were no f u r t h e r morphological 
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changes, and no vacuolation of the c e l l s . The thickness of the 
sheaths continued to increase a f t e r a c t i v e growth had ceased. 
After about 14 days, by which time the cu l t u r e s were orange i n 
colour, the trichomes began to fragment into short pieces. There 
was no sign of any heterocyst development at any stage. The 
enlarged c e l l s at the apices of some of the trichomes could 
conceivably have been taken f o r heterocysts, but the lack of 
d i f f e r e n t i a t i o n of both c e l l w a l l s and c e l l contents argued against, 
t h i s . 

I f NaNO^ was added to low N cu l t u r e s of e i t h e r s t r a i n a t any 
time a f t e r the onset of growth l i m i t a t i o n , the c e l l s became green 
within about 12 h, and ac t i v e c e l l d i v i s i o n and hormogonium 
production reoommenced soon afterwards. T h i s confirmed that the 
symptoms observed were due to nitrogen d e f i c i e n c y . The morphology 
of both s t r a i n s i n the f u l l medium followed a sequence of changes 
very s i m i l a r to that seen i n the low N medium, but each stage was 
observed three or four days e a r l i e r . Nitrogen was probably the 
growth l i m i t i n g element i n Chu 10-D, since addition of NaNG^ to 
f u l l medium c u l t u r e s i n which growth had ceased l e d to re-greening 
and a f u r t h e r period of growth; addition of KHgPO^ was without 
e f f e c t . 

3.333 Summary of r e s u l t s 
1. Neither s t r a i n of Homoeothrix showed any growth i n the absence 
of combined nitrogen, which strongly suggested •ftiat nitrogsnase 
a c t i v i t y was not present under these (aerobic) conditions. T h i s 
was i n agreement with the r e s u l t s of the acetylene reduction 
assays on colonies of II. Crustacea (Section 3.32). 

2. Both s t r a i n s r a p i d l y became yellow i n low n i t r a t e medium. 
This response has been described f o r other blue-green algae under 
nitrogen s t a r v a t i o n ( S e c t i o n 1.62). A s l i g h t increase i n average 
c e l l length, and increased production of sheath material were also 
observed i n both s t r a i n s . A l l these symptoms were l o s t on the 
addition of NÔ -N. Although a l l the evidence suggested that the 
growth of the two Homoeothrix s t r a i n s was l i m i t e d by shortage of 
combined, .nitrogen, neither s t r a i n showed any tendency to develop 
heterocysts. I t thus seemed very u n l i k e l y that e i t h e r was merely 
a growth form of Cal o t h r i x or R i v u l a r i a . 
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3. I n the presence of s u f f i c i e n t combined nitrogen to allow 
ac t i v e growth, trichomes of both s t r a i n s had untapered apices; 
t h i s was apparently associated with the re l e a s e of h. rmogonia. 
The trichomes did however have a s l i g h t taper under these conditions, 
due to the enlargement of a few c e l l s i n the basal region (Section; 
2.121). 

The tapering of trichomes i n S t r a i n D402 was not af f e c t e d by 
n i t r a t e d e ficiency, apart from a nominal decrease i n tapering, 
caused by the curious enlargement of the a p i c a l c e l l i n some 
trichomes. I n S t r a i n D401, the trichomes became more tapered as 
growth:began to slow down; the a p i c a l few c e l l s became somewhat 
narrowed and elongated, and also s l i g h t l y vacuolated. I n l a t e r 
stages, a few fully-formed h a i r s were produced, but these were 
seldom more than s i x c e l l s long. 
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(a) (b) (c) 

5 

F i g . 3 . 4 Morphological changes i n the api c a l region of trichomes 
of Homoeothrix Crustacea D401 during onset of n i t r a t e 
d e f i c i e n c y (see pp. 1 3 2 - 1 3 3 ) . 

0 
b) c) 

5 m 

p i g . 3 . 5 Morphological changes i n the a p i c a l region of trichomes 
of Homoeothrix sp. D402 during onset of n i t r a t e d e f i c i e n c y 
(see pp. 1 3 3 - 1 3 4 ) . 
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4 INFLUENCE OF PHOSPHATE DEFICIENCY ON HAIR DEVELOPMENT IN 
36. STRAINS OF RIVULARIACEAE 

4*1 Introduction 
Deficiency of phosphorus has been found to increase h a i r 

development i n several eukaryotic algae (Section 1 . 5 1 ) , and 
Kirkby (1975) found that R i v u l a r i a also produced longer h a i r s 
when incubated at a r e l a t i v e l y low l e v e l of inorganic phosphate 
(Section 1.41)* I t was thus of i n t e r e s t to see whether any of 
the 36 laboratory s t r a i n s of R i v u l a r i a c e a e would s i m i l a r l y show 
increased h a i r formation when cultured at a low phosphate concen­
t r a t i o n . 

4.2 Methods SfrW l a ^ t a s S j B u ^ H t ^ K n o w 3>am w** 3rou^ witLiUki^;-^ <StW- sAoJ** 

incubated, without B h a k i n g , at 2000-2500 l x , at the temperatures 
given i n Section 2 .351. For the 34 heterocystous s t r a i n s , AD was 
used as the high phosphate control medium ( 44«5 ng 1~^ PO A-P) I the 
low phosphate version was made up with 0 .44 m g 1 PO^-P. Chu 10-D 
was control medium f o r the two s t r a i n s of Homoeothrix} the high 
and low phosphate versions of t h i s medium contained 1.78 and 0 .09 

mg 1~ PO^-P r e s p e c t i v e l y . KC1 was used to compensate f o r the 
reduced l e v e l s of K +, and a l l media were buffered with 5, mM HEPES. 

Each s t r a i n was taken through two subcultures, i n duplicate, 
i n low and high phosphate medium. Morphological scores were 
taken a f t e r 10—15 days i n the second subculture, at a stage when 
growth was c l e a r l y l i m i t e d i n the low phosphate c u l t u r e s , but 
before obvious degenerative changes had occurred. While the 
experiment was c h i e f l y intended to determine e f f e c t s on h a i r 
development, some other quite marked morphologioal responses were 
seen, and these are also noted below. 

4.3 R e s u l t s 
As described i n Section 2 .121, only three of the s t r a i n s 

(D126, D277, D404) had many long h a i r s i n the control medium; 
two more (D251, D403) had a few short h a i r s , and Homoeothrix 
Crustacea D401 produced a few short hair6 at the end of the growth 
period. Morphological responses of the algae i n low phosphate 
medium are summarized i n Table 4<1* 

The 36 s t r a i n s used are l i s t e d i n Table 2. were 
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Twelve of the heterocystous s t r a i n s and one s t r a i n of 

Homoeothrix showed a marked inorease i n the development of h a i r s 
i n the low phosphate medium. These included the s i x s t r a i n s which 
had at l e a s t some h a i r s i n the oontrol medium; the other seven 
affected s t r a i n s had no h a i r s when grown i n the high phosphate 
oontrol medium. I n each case h a i r s were eventually present on 
at 1 east 90% (estimated) of the trichomes, forming as much as 
8o?k of the t o t a l trichome length. 

The remaining 22 heterocystous s t r a i n s and one Homoeothrix 
s t r a i n did not develop h a i r s , but 15 of the heterocystous s t r a i n s , 
and Homoeothrix sp. D402 showed some modifications of the a p i c a l 
1-3 c e l l s . The c h i e f changes seen i n the apioal region were 
narrowing of the c e l l s (7 s t r a i n s ) ; c e l l elongation (8 s t r a i n s ) ; 
l o s s of normal granular i n c l u s i o n s (14 s t r a i n s ) and the development 
of small vacuoles (4 s t r a i n s ) . These characters were sometimes, 
but not always correlated (Table 4.1). 

I n 12 of the heterocystous s t r a i n s almost every trichome i n 
low phosphate cultures developed a dark brown sheath. Nine of 
these were s t r a i n s i n which h a i r development increased. I n control 
c u l t u r e s , only f i v e s t r a i n s (DI84, D251, D256, D280, D404) developed 
brown pigmented sheaths, and then only i n the wider-based (presumed 
older) trichomes, at the end of the growth period. Some responses 
were common to a l l the s t r a i n s . Loss of polyphosphate granulation, 
and increased production of sheath material, occurred i n every 
case, and the l e v e l of cyanophycin granulation was seen to increase 
i n each s t r a i n except the two Homoeothrix, f o r which the estimation 
was d i f f i c u l t because of the small s i z e of t h e i r c e l l s . A more 
det a i l e d account of the responses of 13 of the s t r a i n s to phosphate 
defic i e n c y i s given i n the following chapter (Section 5.3). 

4.4 Summary of r e s u l t s 
12 of the 34 heterooystous s t r a i n s , and one of the two 

Homoeothrix s t r a i n s Bbowed a marked inorease i n h a i r development 
under phosphate d e f i c i e n c y . Seven of these s t r a i n s were ones which 
produced no h a i r s when grown i n the high phosphate control medium. 
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5 MORPHOLOGICAL RESPONSES OF 13 STRAINS OF RIVULARIACEAE TO 
A RANGE OF MINERAL DEFICIENCIES 

5 . 1 Introduction 
The r e s u l t s described i n Chapter 4 showed that under phosphate 

defic i e n c y 13 of the 36 s t r a i n s of Ri v u l a r i a c e a e showed a marked 
increase i n h a i r development. I t seemed po s s i b l e that t h i s might 
have been a response to growth l i m i t a t i o n per se, rather than a 
s p e c i f i c response to phosphate deficiency. I t was also possible 
that some of the s t r a i n s which did not produce h a i r s under phosphate 
de f i c i e n c y might do so under de f i c i e n c y of other n u t r i e n t s . 

13 of the s t r a i n s were therefore tested f o r t h e i r responses 
to d e f i c i e n c i e s of i r o n , magnesium, calcium, molybdenum and sulphur; 
these experiments are described i n Sections 5 « 4 - 5 . 8 . Each of the 
13 s t r a i n s was also again grown to phosphate d e f i c i e n c y (Section 
5 . 3 ) , both f o r comparison with the other d e f i c i e n c i e s , and also 
because with fewer s t r a i n s i t was possible to make more d e t a i l e d 
scores than had been the case with the experiment described i n 
Chapter 4* I n addition to e f f e c t s on h a i r development,. a number of 
other marked morphological responses were recorded a l s o . 

5 . 2 Methods 
5 .21 Algae 

Eleven heterocystous R i v u l a r i a c e a e , and the two Homoeothrix 
s t r a i n s were used. These are l i s t e d i n Table 5 « 1 » together with 
t h e i r incubation conditions. The s t r a i n s were se l e c t e d to provide 
a c r o s s - s e c t i o n of the range of morphological types i n the c o l l e c t i o n , 
but the proportion of s t r a i n s known to be capable of forming h a i r s 
under phosphate d e f i c i e n c y (Chapter 4) was higher than that of other 
forms ( D I 8 4 , D251, D256 , D277, D280, D401, D403 , D404 hut not D I 5 6 , 

D179, D267, D283 , D 4 0 2 ) . Two of the s t r a i n s (D277:, D404) had long 
h a i r s i n the control medium; S t r a i n s D251 and D403 had a few short 
h a i r s , and H. Crustacea D401 produced a few short h a i r s at the end 
of the growth period (Section 3 . 3 3 ) . Anabaena c y l i n d r i c a D2A was 
also included, so that the responses of t h i s widely used research 
organism could be compared with those of the Ri v u l a r i a c e a e . 

5 . 2 2 Media 
Chu 10-D was used as basal medium for the two s t r a i n s of 
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TABLE 5.1 
Strains, basal media, and incubation conditions used to test effects of 

deficiencies of PO , Fe, Mg, Ca, Mo and SO .,, 2 4 

Stra i n Basal medium Light 
intensity ( l x ) 

Calothrix sp. 

Calothrix sp. 

Calothrix sp. 

Calothrix sp. 

C. brevissima 

C. membranacea 

C. scopulorum 

Dichothrix sp. 

Gloeotrichia 
ghosei 

Rivularia sp. 

Rivul a r i a sp. 

Homoeothrix sp. 

H. Crustacea 

Anabaena 
cy l i n d r i c a 

D184 

D251 

D267 

D283 

D156 

D179 

D256 

D280 

D277 

D403 

D404 

D402 

D401 

D2A 

AD 

AD 

AD 

AD 

AD 

AD 

AD 

AD 

AD 

AD 

Chu 10-D (-N) 

Chu 10-D 

Chu 10-D 

AD 

2500 

2500 

2500 

2500 

2500 

2500 

2000 

2500 

2500 

2000 

2500 

2000 

2500 

2500 

Incubation 
temp. ( C) 
(standing 
culture, un­
le s s indic­

ated ) 

25 , shaken 
ô 32 

25 , shaken 
o 

25 , shaken 

25°, shaken 

25°, shaken 
25° 

25° 

25°, shaken 

25° 

25° 

25° 

15° 

25° 
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Homoeothrix, and AD f o r 11 of the 12 heterocystous s t r a i n s ; 
experiments on S t r a i n D404» however, were done with Chu 10-D(-N) 
as baBe (Table 5 « 1 ) . This exception was made p a r t l y because t h i s 
s t r a i n grew r a t h e r poorly i n AD, but also as a 'control' to 
in d i c a t e whether any diffe r e n c e s i n response between heterocystous 
and non-heterocystous s t r a i n s were due simply to d i f f e r e n c e s i n 
the basal composition of the media. A l l the basal media were 
made up with a s i m p l i f i e d version of AD microelements, containing 
only Mo, Mn, Cu, Co, B and Zn (Table 2 .3 ; Section 2 . 3 2 ) . E x p e r i ­
ments described i n the Appendix (Section A3.31) had shown no 
obvious d i f f e r e n c e s between t h i s microelement mix and the normal 
AD microelement s o l u t i o n f o r growth of S t r a i n D253» and i t seemed 
desirable to s i m p l i f y the medium as much as p o s s i b l e , to reduoe 
the l i k e l i h o o d of i n t e r a c t i v e e f f e c t s between medium components. 
25 ml a l i q u o t s of media were UBed, i n 100 ml conical f l a s k s , with 
treatments performed i n duplicate or t r i p l i c a t e . 

The e f f e c t s of phosphate, i r o n , magnesium, calcium, molybdenum 
and sulphate d e f i c i e n c i e s were examined. To induce d e f i c i e n c y 
of phosphate, sulphate, calcium or magnesium, these n u t r i e n t s 
were added to the media at a reduced l e v e l that allowed a c e r t a i n 
amount of growth, to permit expression of any morphological 
response; t h i s seemed preferable to omitting the element e n t i r e l y . 
To induce d e f i c i e n c y of i r o n and molybdenum, media were made up 
without the addition of these elements, r e l y i n g on tr a c e s stored 
by the algae, or present as contaminants i n other chemicals, to 
permit some i n i t i a l growth. Table 5*2 shows the composition of 
the d e f i c i e n t media used f o r the majority of s t r a i n s . I t was 
sometimes necessary to use a d i f f e r e n t l e v e l of a p a r t i c u l a r 
element to induce d e f i c i e n c y i n c e r t a i n s t r a i n s ; these exceptions 
to Table 5»2 are pointed out i n the text. For media without 
added i r o n , EDTA was added at 0.25x the normal l e v e l . 

Buffering was s t r i c t l y necessary only f o r the low phosphate 
media, but f o r consistency a l l media were buffered with 5 raM HEPES. 
I n some s t r a i n s however i t proved d i f f i c u l t to induce i r o n or 
molybdenum de f i c i e n c y i n HEPES-buffered media (Section 5 « 4 and 5»7)« 

I t seemed quite l i k e l y that i m p u r i t i e s i n the HEPES could s a t i s f y 
the requirements of the algae f o r these elements, and i n these 
oases l a t e r subcultures were made into d e f i c i e n t media without 
HEPES. The pfl of unbuffered i r o n - d e f i c i e n t media was adjusted to 
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normal with 0 .05 M HC1. 
Besides inducing nutrient deficiency, these v a r i a t i o n s i n 

medium composition could have produced secondary effectB, aB a 
r e s u l t of an a l t e r e d balance of medium components. Reducing the 
calcium or magnesium concentration, for instance, would in c r e a s e 
the r a t i o of BDTA to other metal ions, p o s s i b l y thereby a l t e r i n g 
t h e i r a v a i l a b i l i t y to the algae. The r a t i o of monovalent to 
divalent ions would also be affected. I n the present s e r i e s of 
experiments, no attempt was made to explore such p o s s i b i l i t i e s , 
by using more than one compensating s a l t , or by simultaneously 
varying the concentration of more than one medium component. 

5 » 2 3 Scoring of morphological responses 
Morphological scores were made when growth was obviously 

l i m i t e d i n the d e f i c i e n t medium, but before serious degeneration 
had occurred ( u s u a l l y a f t e r 15-20 days). Sometimes several 
subcultures were necessary, but even when obvious d e f i c i e n c y had 
been produced by a s i n g l e subculture, a second subculture was 
always performed, and a check made f o r any f u r t h e r morphological 
changes. A f t e r scoring, the d e f i c i e n t element was a s e p t i c a l l y 
added to the cult u r e , to the normal control l e v e l . The recovery 
of a normal morphology and f u l l f i n a l y i e l d were taken as evidence 
that the symptoms seen had developed i n response to the p a r t i c u l a r 
nutrient deficiency. I n the case of phosphate d e f i c i e n t c u l t u r e s , 
a rather more d e t a i l e d study was made of the response to the 
addition of phosphate, since several of the changes took plaoe 
wi t h i n minutes or hours, r a t h e r than days (Section 5 * 3 l ( i x ) ) . 

The experiments were p r i m a r i l y intended to determine e f f e c t s 
of nutrient d e f i c i e n c y on h a i r formation, but i t seemed worthwhile 
to record any other well-defined morphological response a l s o . 
Most of the morphological scoreB were based on subjective a s s e s s ­
ment of the differ e n c e s between d e f i c i e n t and control trichomes, 
and recorded using the semi-quantitative system described i n 
Section 2 .25 . This meant that only r e l a t i v e l y large morphological 
changes were recorded; small e f f e c t s on trichome dimensions may 
well have been overlooked. I n some cases, more de t a i l e d measure­
ments of trichome dimensions were made. These were intended 
p r i m a r i l y to i l l u s t r a t e and confirm morphological changed already 
observed ( c f . Section 2 . 2 2 ) . . For the heterooystous s t r a i n s , 20 
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trichomes were measured from each treatment, u s u a l l y with a 
r e s t r i c t i o n placed on the basal diameter (Section 2 . 22 ) ; f o r 
Homoeothrix sp. £ 4 0 2 , 30 trichomas were measured. 

Responses to the d e f i c i e n c i e s are described i n Sections 5 . 3 -

5 . 8 , taking each nu t r i e n t i n turn, and considering heterooystous 
and Homoeothrix s t r a i n s separately. The responses are summarized 
i n Tables 5»4 -5»9» which f o r ease of reference are placed a t the 
end of t h i s seotion. The following symbols are used i n these 
t a b l e s i 

0 = no change 
+ = increase 
— = decrease 
NA = character not applicable 
? = doubtful or unknown 

Most of the characters scored were explained i n Section 2 . 2 , 

but some additional notes are given here to a s s i s t the i n t e r p r e t ­
ation of r e s u l t s . 

( i ) Trichome dimensions and tapering 
As explained i n Section 2 .12 , the growth form of the two 

Homoeothrix s t r a i n s meant that i t was seldom p o s s i b l e to see t h e i r 
trichome bases c l e a r l y . Measurements on these s t r a i n s were therefore 
confined to the a p i c a l and subapical regions of the trichomes. 
E f f e c t s on basal diameter and tapering, and shape of basal c e l l s , 
are thus scored '?' i n Tables 5»5 and 5 « 6 . 

When there was a change i n the r e l a t i v e proportions of 
trichomes of d i f f e r e n t diameters, but without an absolute change in 
the range of diameters i n the c u l t u r e , t h i s was not considered to 
a f f e c t the degree of tapering (Table 5 » 5 b ) . 

( i i ) Shape of vegetative c e l l s 
E f f e c t s on c e l l width are considered under the heading of 

'trichome dimensions'; changes i n c e l l shape are described as 
e f f e c t s on length!width r a t i o . D i s t i n c t i o n i s made betwean 
absolute changes i n c e l l length, and r e l a t i v e ohanges i n c e l l 
proportions r e s u l t i n g from changes i n trichome diameter. I n 
Table 5*6, a soore of + or - i n d i c a t e s an absolute change i n c e l l 
length; i f the length changed only r e l a t i v e to the width, then 
(+) or (-) i s recorded. 
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Table $.6 i n d i c a t e s the region of the trichome i n which any 
change i n c e l l shape occurred: 

a) throughout trichome 
b) basal region (region of basal enlargement) 
c) Bubapioal region (includes whole trichome apart from 

ap i c a l c e l l and basal enlargement) 
d) a p i c a l vegetative c e l l 

A + or - score f o r ( b ) , ( c) or (d) i n d i c a t e s that the change occurred 
s p e c i f i c a l l y i n that region, or to a greater extent than i n other 
regions of the trichome. Thus i f (a) i s soored + or -, then 
( b ) , (c) and (d) score 0, unless there was an additional e f f e c t i n 
one of these regions. For instance, S t r a i n D283 showed elongation 
of o e l l s throughout the trichome under phosphate d e f i c i e n c y , but 
the a p i c a l c e l l was more markedly elongated. 

( i i i ) C ytological e f f e c t s other than h a i r formation 
Under t h i s heading are described e f f e c t s on c e l l colour, 

vacuolation of vegetative c e l l s , and changes i n the l e v e l of 
cyanophycin and polyphosphate granulation. Under control conditions, 
most of the 14 s t r a i n s had vegetative c e l l s of a green or o l i v e 
green colour; those of S t r a i n s D2A and D402 were bright blue-green, 
and S t r a i n s DI56, D277 and D401 pinkish-brown. None of the s t r a i n s 
had vacuolated vegetative c e l l s . As mentioned i n Section 2.24, 
only r e l a t i v e l y large i n c r e a s e s i n cyanophycin granulation were 
recorded, and t h i s character was not scored f o r the two Homoeothrix 
s t r a i n s . A l l the s t r a i n s possessed polyphosphate granules under 
control conditions, but there were some di f f e r e n c e s i n tie d i s t r i b ­
ution of these granules along the trichomes. A b r i e f aocount of 
the patterns of granule d i s t r i b u t i o n i n control trichomes of the 
14 s t r a i n s i s given here. 

Table 5*3 summarizes the density of polyphosphate granulation 
(Section 2 .24) i n the vegetative c e l l s i n the ba s a l , subapical and 
middle regions of control triohomes f o r each s t r a i n . These 
three regions were not rigorously defined, and there was u s u a l l y 
a steady gradation i n the l e v e l of granulation between the d i f f e r e n t 
zones. A l l 13 s t r a i n s of Rivulariaceae showed a decreasing 
gradient i n the apparent density of polyphosphate granules, between 
base and apex. I n each s t r a i n , at l e a s t some trichomes had an 
apparently higher density of polyphosphate in. the basal few c e l l s 
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TABLE 5.3 
Density of polyphosphate granulation in different regions of trichomes of 
13 s t r a i n s of Rivulariaceae and Anabaena cy l i n d r i c a in control medium 

The scoring system for polyphosphate granule density i s explained in 
Section 2.24 

Polyphosphate granule density 
Basal region Mid-region Subapical 

Calothrix sp. D184 4 1 1 

Calothrix sp. 0251 1-3 1-2 0-2 

Calothrix sp. D267 3-4 1-2 1-2 

Calothrix sp. D283 3 +-1 +-1 

C. brevissima D155 1-2 1 1 

C. membranacea D179 3 1 1 

C. scopulorum D256 4 1-2 0-2 

Dichothrix sp. D280 3 +-1 +-1 

Gloeotrichia 
ghosei D277 3 2-3 0 

Ri v u l a r i a sp. D403 4-5 3-4 0 

Ri v u l a r i a sp. D404 4 3 0 

Homoeothrix sp. D402 1-2 1 1 

H. Crustacea D401 1-2 1 0-1 

Anabaena. 
cy l i n d r i c a D2A NA 1-2 NA 
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than i n the r e s t of the trichome, though i n S t r a i n s £156 and £277 

only about 20% of the trichomes showed t h i s e f f e c t . F a r t of the 
apparently greater granule density of the basal c e l l s may have been 
due to t h e i r greater width, since the whole c e l l content of granules 
was resolved into a s i n g l e two dimensional plane (Section 2 . 2 4 ) . 

Nevertheless, t h i s greater granulation at l e a s t sometimes 
represented an absolute increase, since i n newly d i f f e r e n t i a t e d 
trichomes the granulation of the 2-4 c e l l s next to the basal hetero-
cyst was sometimes higher than that of the other c e l l s , even though 
there was l i t t l e d i f f e r e n c e i n t h e i r s i z e . P o s s i b l y the lower 
granulation of the c e l l s i n the apioal region was r e l a t e d to t h e i r 
meristematic condition ( c f . Section 2 . 121 ) . 

I n S t r a i n s £277 j £403-and £ 4 0 4 the granulation decreased to 
zero towards the apices of a l l trichomes, whether or not h a i r s 
were present. I n S t r a i n s £251 and £ 2 5 6 granules were absent from 
the a p i c a l 5-10 c e l l B of about 20}i> of the trichomes; the pattern 
of granulation i n these two s t r a i n s was not c o r r e l a t e d with other 
aspects of trichome morphology, including the presence or absence 
of h a i r s i n S t r a i n £ 2 5 1 . I n S t r a i n £401 polyphosphate decreased 
to zero at the apices of trichomes which tapered i n t h i s region, 
regardless of whether there was any vacuolation of the c e l l s , but 
there was no change i n the density of granulation a t the t i p s of 
trichomes with untapered apices. The density of granulation was 
uniform along the trichomes of Anabaena c y l i n d r i c a , and showed no 
gradients i n r e l a t i o n to the heterocysts. 

There was considerable v a r i a t i o n between the s t r a i n s i n the 
o v e r a l l l e v e l of granulation, taking the trichome as a whole. 
The s t r a i n s are arranged below i n sequence according to the l e v e l 
of polyphosphate i n control trichomes: 

Changes i n the thickness and pigmentation of the sheaths 
were recorded ( i n c l u d i n g the dif f u s e mucilage sheath of Anabaena 
c y l i n d r i c a ) . The majority of s t r a i n s had c o l o u r l e s s sheaths i n 
the control medium, but older c u l t u r e s of S t r a i n s £ 1 8 4 , £ 2 5 1 , £ 2 5 6 , 

£40 3 > £ 4 0 4 > £256 > £ 1 8 4 > £277 > £267 > £251 > 

£2A 
£179 
£280 
£ 2 8 3 

£156 
> £ 4 0 1 

£402 

( i v ) Sheath characters and e x t r a c e l l u l a r pigment production 
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£ 2 8 0 and D404 normally contained some trichomes with brown pigmented 
sheath bases. I n these s t r a i n s , a change i n sheath pigmentation 
was scored + (Table 5 « 7 ) only i f there was an increase above t h i s 
1 evel. 

(v) E f f e c t s on heterocysts 
The majority of s t r a i n s had only single basal heterocysts 

under control conditions, and i t was -therefore easy to a s s e s s 
changes i n frequency when secondary heterocysts developed under 
p a r t i c u l a r d e f i c i e n c i e s . Control c u l t u r e s of S t r a i n D251 however 
had a r e l a t i v e l y high frequency of secondary b a s a l , i n t e r c a l a r y 
and pseudo-intercalary heterocysts, making i t d i f f i c u l t to estimate 
f u r t h e r i n c r e a s e s i n heterocyst frequency. I n the two R l v u l a r i a 
s t r a i n s , D403 and D404, secondary basal heterocyst frequency was 
again quite high; i n addition, many short daughter trichomes 
remained associated with the parent trichomes (Section 2 . 1 2 1 ) , and 
i t was d i f f i c u l t to d i s t i n g u i s h between t h i s phenomenon and the 
formation of pseudc—intercalary heterocysts. For these three 
s t r a i n s , therefore, only very marked inc r e a s e s i n heterocyst 
frequenoy were recorded. 

Since there was u s u a l l y considerable v a r i a t i o n i n heterocyst 
s i z e within a s i n g l e c u l t u r e of any of the s t r a i n s , again only 
marked e f f e c t s were scored. Only apparently healthy heterocysts 
were taken into account when scoring t h i s character. 

( v i ) E f f e c t s on the development of spores 
This character was scored only f o r S t r a i n s D2A and D277 

(Section 2 . 1 2 l ( v ) ) . 
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TABLE 5.9 

Changes in extent of spore development in Gloeotrichia ghosei D277 
and Anabaena c y l i n d r i c a D2A under deficiencies of P0 4 > Fe. Mg, Ca, 

Mo and SO, 
4 

+ = increase; - = decrease; 0 = no change 

Str a i n Deficiency 
PO Fe Mg Ca Mo SO 

Gloeotrichia ghosei D277 + 0 

Anabaena c y l i n d r i c a D2A + + 0 0 
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5.3 Phosphate d e f i c i e n c y 
5.31 Heterocystous s t r a i n s 

( i ) Induction of d e f i c i e n c y 
A s i n g l e subculture into low phosphate medium was s u f f i c i e n t 

to induce obvious l i m i t a t i o n of growth of a l l s t r a i n s . Phosphate 
d e f i c i e n t c u l t u r e s of S t r a i n s D2A, D179, D267 and D283 were yellow 
i n colour, those of S t r a i n s D I 8 4 , D251, D256, D280 and D404 were 
dark brown, and those of S t r a i n s D I 5 6 and D277 were buff coloured. 
S t r a i n D403 d i f f e r e d from the others i n that i t appeared ' h e a l t h i e r 1 

i n low phosphate medium than i n f u l l medium. I t s growth was 
i n i t i a l l y more rapid i n the low phosphate medium, and the c u l t u r e s 
were brighter green. Nevertheless, the f i n a l y i e l d was lower i n 
the d e f i c i e n t medium, though the difference i n y i e l d was not 
apparent u n t i l quite l a t e . 

( i i ) E f f e c t s on h a i r development (Table 5*4) 
As described i n Chapter 4 , h a i r development increased i n 

S t r a i n s D251, D277, D403 and D404, and S t r a i n s D I 8 4 , D256 and D280 
also produced long h a i r s . I n each case, the development of h a i r s 
caused an increase i n the t o t a l trichoma length; measurements of 
h a i r length i n S t r a i n s D256 , D277, £403 and D404 are given i n 
Tables 5 . 1 2 , 5 . 1 4 , 5.16 and 5.17 r e s p e c t i v e l y . F i g s 5.1, 5.2 
and 5>3 show control and phosphate d e f i c i e n t trichomas of S t r a i n s 
D I 8 4 , D256 and D403. 

I n s i x of the seven s t r a i n s , the increase i n h a i r frequency 
was observed before any macroscopic signs of phosphate deficiency; 
i n S t r a i n D256 the f i r s t observation of h a i r s coincided with the 
onset of obvious growth l i m i t a t i o n (within the l i m i t s of the 
spacing of the observations). 

I n S t r a i n s DI84, D251 and D256, the h a i r s which developed i n 
low phosphate medium o c c a s i o n a l l y contained one to several apparently 
normal vegetative c e l l s , i n e i t h e r an a p i c a l ( F i g . 5*4&) or an 
i n t e r c a l a r y ( F i g s 5»4h and 5 .4c) p o s i t i o n . The t r a n s i t i o n between 
these vegetative c e l l s and the adjacent h a i r c e l l s was u s u a l l y 
abrupt ( F i g . 5 *4b), but there was sometimes a t r a n s i t i o n zone of 
p a r t i a l l y vacuolated c e l l s ( F i g . 5 * 4 c ) . T h i s phenomenon was 
observed i n h a i r s of d i f f e r e n t lengths and i n c u l t u r e s of various 
ages, including ones i n which growth had apparently ceased. T h i s 
seemed to reduce the l i k e l i h o o d of i t s being simply an e a r l y stage 
i n h a i r development. The apparent absence of t h i s phenomenon i n 
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tbe other s t r a i n s i s not conclusive, since the character was not 
searched f o r s y s t e m a t i c a l l y . 

( i i i ) E f f e c t s on trichome dimensions and tapering (Table 5.5) 
The dimensions of trichomas from phosphate d e f i c i e n t and 

control c u l t u r e s of S t r a i n s D156, Dld4, D256, D267, D277, D2tS3, 
D403 and D404 are shown i n Tables 5.10, 5.11, 5 .12 , 5.13, 5 .14, 

5 .15t 5.16 and 5.17 r e s p e c t i v e l y . 
No e f f e c t s on basal diameter were detected i n any of the 

s t r a i n s . The development of h a i r s by S t r a i n s DIU4, D256. and D280 
caused a decrease i n the ap i c a l diameter of the trichomes as a 
whole, but ignoring the presence of h a i r s , and comparing the 
width of the most d i s t a l vegetative c e l l in. the two media, then 
onjly S t r a i n D256 Bhowed a decrease i n subapical diameter under 
phosphate d e f i c i e n c y (Table 5*12). There was an increase i n 
subapioal width i n S t r a i n D277 (Table 5«14)» and no apparent change 
i n the other s t r a i n s with h a i r s . I n S t r a i n DI56 the a p i c a l one 
or two c e l l s were often (frequency score = 3) narrower than i n 
the control medium, but there was no s i g n i f i c a n t difference i n 
subapical width (Table 5.10). 

The length of the vegetative region of the trichomes (excluding 
the h a i r ) decreased i n S t r a i n s DI84 (Table 5.11) and D277 (Table 
5.14), increased i n S t r a i n D403 (Table 5*16) and was unchanged i n 
S t r a i n s D251, D256 (Table 5 . 1 2 ) , D280 and D404 (Table 5.17). 

Apart from changes associated with h a i r development, there was 
no e f f e c t of phosphate def i c i e n c y on tapering of trichomes, apart 
from a s l i g h t decrease i n S t r a i n £277 and a nominal increase i n 
S t r a i n D I 5 6 . 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5 .6 ) 

I n S t r a i n D403 the vegetative c e l l s were r a t h e r longer i n 
phosphate d e f i c i e n t trichomes than i n control trichomes ( F i g s 5«3a 
and 5 .3b). I n the other s i x s t r a i n s i n which h a i r development 
had increased or been induced, the c e l l shapes of trichomes with 
h a i r s appeared the same as those of control trichomes, apart from 
a short t r a n s i t i o n zone between the vegetative c e l l s and the h a i r , 
where the c e l l s were elongated and narrowed. There was an increase 
i n the average length of the vegetative c e l l s i n two more s t r a i n s 
of Rivulariaoeae, D267 ( F i g . 5 .5 ) and D283 ( F i g . 5.6), and i n 
Anabaena c y l i n d r i c a D2A. This increase g e n e r a l l y occurred through­
out the trichome, with no evident p o l a r i t y of response, but i n 
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S t r a i n D283 the a p i c a l c e l l was sometimes (frequency score = 2) 
rather more markedly elongated ( F i g . 5»6). The s l i g h t l y narrower 
a p i c a l c e l l s i n some trichomas of S t r a i n 1)156 were mentioned above. 

(v) Cytological e f f e c t s other than h a i r formation (Table 5.7) 
Only R i v u l a r i a sp. D4Q3 retained i t s o r i g i n a l (bright green) 

c e l l colouration under phosphate deficiency. C e l l s of the other 
s t r a i n s became pale green, yellow or buff i n colour (Table 5.7). 
I n older c u l t u r e s of S t r a i n s D2A, DI56, D179, D267 and D283 some 
of the c e l l s l y s e d , causing fragmentation of many of the trichomes. 

I n two s t r a i n s , D I 5 6 and D277, the vegetative c e l l s of some 
of the trichomes (frequency score = 2) became v e s i c u l a t e d . This 
was quite d i s t i n c t from h a i r formation, since the vacuoles' never 
occupied more than about 10$ of the c e l l p r o f i l e , and there was 
no marked Changs- i n c e l l dimensions. I n both s t r a i n s t h i s vacuol-
at i o n generally occurred i n c e l l s along the whole length of the 
triichomes, but i n S t r a i n D I56 the v e s i c l e s were sometimes confined 
to the a p i c a l one or two c e l l s ; t h i s was not n e c e s s a r i l y c o r r e l a t e d 
with the narrowing of these c e l l s mentioned i n ( i i ) above. 

There was a decrease i n polyphosphate granulation i n every 
s t r a i n . I n a l l the s t r a i n s of Rivulariaceae the granules were 
l o s t from the trichome apices before they disappeared from the 
basal c e l l s . This was po s s i b l y due to the f a c t that the t o t a l 
amount of polyphosphate was greater i n the basal c e l l s (Table 5*3), 
so that a uniform deorease i n granulation along the trichome would 
a f f e c t these c e l l s r e l a t i v e l y l e s s than the more sparsel y granul­
ated apioal c e l l s . I n most cases, polyphosphate granules were 
undetectable i n any of the trichomes a f t e r a few days' growth i n 
the f i r s t subculture to low phosphate medium, but i n S t r a i n s £277> 
B403 and D404 polyphosphate granulation was more p e r s i s t e n t . 
Though reduced i n number, granules were s t i l l apparent a f t e r 
four weeks i n the f i r s t subculture, even i n trichomes with long 
h a i r s . I n S t r a i n D404 a few (frequency score = 1) of the trichoraes 
were granulated, but i n the basal region only; i n S t r a i n D277 some 
triohomes (frequenoy score = 2) had granules i n a l l the vegetative 
o e l l s , but at a lower l e v e l than i n control trichomes; i n S t r a i n 
D403 a l l the triohomes were granulated, but at ah estimated 50% 
of the control l e v e l (which was high i n t h i s s t r a i n t Table 5»3; 
p.148). A second subculture into low phosphate medium achieved 
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complete l o s s of granules f o r S t r a i n s V2^^ and D/J04, but i n S t r a i n 
D403 every trichome was s t i l l granulated, though now only i n the 
basal region. Only a f t e r a t h i r d subculture, scored at three 
weeks, was t o t a l l o s s of polyphosphate observed f o r t h i s s t r a i n . 

There was a marked increase i n cyanophycin granulation i n 
a l l 12 s t r a i n s (Chapter 4 ) . Generally, a l l the vegetative c e l l s 
were granulated, but granules were often, though not always, absent 
from the a p i c a l one or two c e l l s i n S t r a i n s D156, D267 and D283, 
whether or not these c e l l s were elongated or narrowed. I n S t r a i n s 
D256 and L277 oyanophycin granules were not uncommonly observed 
i n the cytoplasmic strands of the h a i r c e l l s . 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production (Table 5.7) 
An increase i n sheath thickness was observed i n phosphate 

d e f i c i e n t c u l t u r e s of a l l the s t r a i n s of R i v u l a r i a c e a e , and i n 
Anabaena q y l i n d r i o a there was an obvious increase i n the production 
of mucilage. 

As mentioned i n Chapter 4> almost every trichome of phosphate 
d e f i c i e n t c u l t u r e s of S t r a i n s D164, JD251, D256, D280 and D404 had 
a dark brown sheath. 

( v i i ) E f f e c t s on heterocysts (Table 5.8) 
The heterocysts i n phosphate d e f i c i e n t c u l t u r e s of Anabaena 

c y l i n d r i c a D2A were rather more widely spaced than those i n 
control trichomes (separated by 25-50 c e l l s , r a t h e r than 15-20 c e l l s ) . 
There was no obvious e f f e c t of phosphate d e f i c i e n c y on the frequency 
of heterocysts i n the other s t r a i n s examined. 

Heterocyst dimensions were measured f o r seven s t r a i n s ; three 
of these (D2561 Table 5.12; D267: Table 5.13; D283: Table 5.15) 
showed no s i g n i f i c a n t change i n heterocyst s i z e . I n S t r a i n D403 
(Table 5«l6) there was an increase i n heterocyst length; i n 
S t r a i n DI84 (Table 5.H) there was a decrease i n heterocyst length, 
and i n S t r a i n s DI56 (Table 5.10) and D277 (Table 5.14) there was 
a decrease i n heterocyst width. 

( i x ) Response of phosphate d e f i c i e n t c u l t u r e s to the addition 
of phosphate (Table 5.18) 
(includes responses of Homoeothrix s t r a i n s ) 

K 2HE0 4 ( f o r HAD) or KH 2

P ° 4 ^ f o r H C h u - 1 0 - D ) w a s a d d e d t o t h e 

phosphate d e f i c i e n t c u l t u r e s to give the normal l e v e l of PO^-P. 
The pH of the HEPES-buffered media remained steady to within 0.1 unit 
following the addition. At the time the addition was made, 
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polyphosphate granules were completely absent l'rom a l l the c u l t u r e s . 
Polyphosphate granules appeared i n tho c e l l s very soon a f t e r the 
addition of PO^-P; since t h i s was such a marked and rapid response, 
i t was studied over a shorter time s c a l e than was used i n scoring 
responses to the addition of other n u t r i e n t s . Following the 
addition of phosphate, samples were taken f o r examination and 
polyphosphate s t a i n i n g a f t e r 5» 1 0 , 20 and 30 min, and 1 , 2 , 3, 
16 and 24 h; t h e r e a f t e r the cultures were examined every 24 h 
u n t i l they had f u l l y recovered and growth had recommenced. 

Table 5 . 1 8 summarizes the times at which various responses 
were observed. For ease of comparison, the responses of the two 
Homoeothrix s t r a i n s are described i n t h i s s e c t i o n a l s o . 

a) Granulation of vegetative c e l l s 
Polyphosphate granules appeared i n the vegetative c e l l s of 

a l l the s t r a i n s w ithin minutes of the addition of phosphate. I n 
the majority of s t r a i n s granules were v i s i b l e when the algae were 
f i r s t examined, a f t e r 5 min, but they were slower to appear i n 
S t r a i n s D251 and D403 (10 min), D277 and D404 (20 min) and D401 

(30 min). I t seemed possible that the slower response of S t r a i n D401 

might have been due to i t s lower incubation temperature (15°C; 
Table 5«l)» the experiment was therefore repeated f o r t h i s s t r a i n 
at 25°C (with a 24 h pre-incubation at 25°C before the addition 
of phosphate), but there was l i t t l e d i fference i n response between 
the two temperatures. 

I n a l l s t r a i n s , when granules were f i r s t observed, they 
were present i n a l l the vegetative c e l l s , and the absolute amount 
of granulation was very s i m i l a r i n each c e l l along the trichome. 
The granules increased i n s i z e and number during the incubation} 
the absolute amount of granulation was approximately the same i n 
each c e l l f o r the f i r s t 30-60 min, but i n the Hivulariaceae the 
t o t a l granulation of the l a r g e r basal c e l l s l a t e r became greater 
than that of the other c e l l s . This was probably due to t h e i r 
greater size,; since the actual cytoplasmic density of granules 
appeared very s i m i l a r i n a l l c e l l s . 

I t was rather d i f f i c u l t to determine the time at whioh the 
granulation reached i t s maximum l e v e l , since once the granule 
density was very h i g h , . i t was hard to estimate f u r t h e r i n c r e a s e s . 
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However, most of the s t r a i n s showed l i t t l e further- increase i n 
granulation i n the vegetative c e l l s a f t e r 2-3 h; S t r a i n s D4Q3 and 
£351 did not reach t h i s endpoin^ u n t i l 16 and 24 h r e s p e c t i v e l y . 
I n a l l 14 s t r a i n s , the maximum l e v e l of granulation reached was 
higher than that of control trichomes. Every vegetative o e l l 
became densely granulated (s c o r i n g 4-5x Section 2.24), and the 
b a s a l - a p i c a l gradients of granule density c h a r a c t e r i s t i c of control 
trichomes '(Table 5.3) were not apparent. As a c t i v e growth 
recommenced, granulation returned to the normal control l e v e l . 

hi) Granulation of hc,,> ouiis. 
I n a l l the s t r a i n s with h a i r s , polyphosphate granules also 

developed i n the cytoplasmic strands of the h a i r c e l l s . There 
was some v a r i a t i o n i n the pattern and rate of t h i s response. I n 
S t r a i n s D251, D256, £280 and D401 granules were f i r s t observed i n 
the h a i r c e l l s at the same time as i n the vegetative c e l l s , but 
i n S t r a i n s DI84, £277, X>403 and £404 the h a i r o e l l s did not appear 
granulated u n t i l some time a f t e r the vegetative c e l l s . In. S t r a i m 
£256., the normal vegetative c e l l s that were o c c a s i o n a l l y seen i n 
a s e r i e s of h a i r c e l l s ( c f . ( i i ) above) showed granulation the 
same as that of the other vegetative c e l l s ( i . e . greater than 
that of the adjacent h a i v o e l l s ) . 

I n S t r a i n s £251, £401 and £403 the majority of the h a i r o e l l s 
developed polyphosphate granules, but i n Straiins £256, £277/, D280 
and £404 no more than 10$ (estimated) of these c e l l s became 
granulated. Often a s i n g l e h a i r contained both granulated and 
non-granulated c e l l s , with no obvious pattern, i n t h e i r d i s t r i b u t i o n . 
I n S t r a i n £184 only a few h a i r o e l l s were granulated i n i t i a l l y , 
but a f t e r longer incubation the majority had v i s i b l e granules. 
There was an increase i n the s i z e and number of granules i n the 
h a i r o e l l s of a l l s t r a i n s during the incubation, but only S t r a i n 
£184 showed an increase i n the frequency of h a i r o e l l s showing 
granulation. 

c) Shedding of h a i r s 
Within about 48 h of the addition of phosphate, the vegetative 

o e l l s began to divide i n a l l the c u l t u r e s , but no evidence was 
obtained f o r the d i v i s i o n of h a i r c e l l s i n any of the s t r a i n s . 
H a i r s were eventually l o s t i n a l l s t r a i n s following the addition 
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of phosphate; at the time of shedding, the h a i r c e l l s s t i l l 
contained the maximum l e v e l of polyphosphate reached e a r l i e r i n 
the incubation, Two d i s t i n c t , types of response were observed i n 
the shedding of h a i r s . I n S t r a i n s D I 8 4 , D251 , D256 and D280 , 
h a i r l o s s occurred i n a s s o c i a t i o n with the r e l e a s e of hormogonia, 
which occurred about two days a f t e r the addition of phosphate. 
The h a i r s sometimes seemed to l y s e completely, but more often 
appeared to be shed more or l e s s i n t a c t , by l y s i s of only a few 
c e l l s at the base of the h a i r . I n the e a r l y phases of hormogonium 
re l e a s e , f r e e hbrmogonia were quite often observed with a few 
r e s i d u a l h a i r c e l l s or t r a n s i t i o n zone c e l l s s t i l l attaohed. 

I n S t r a i n s D277 , £401, £403 and D404 the h a i r s were l o s t at 
a much e a r l i e r stage. Obvious fragmentation of the h a i r s began 
within 2-3 h of the addition: of phosphate, and no i n t a c t h a i r s were 
v i s i b l e i n the c u l t u r e s a f t e r 16 h. These changed occurred i n 
the absenoe of any evident c e l l d i v i s i o n of the vegetative c e l l s . 
I n S t r a i n s D403 and £ 4 0 4 the h a i r s were shed by l y s i s of o e l l s 
at t h e i r base, l e a v i n g a short s e r i e s of t r a n s i t i o n zone o e l l s 
at the triohome apex. Hormogonia were not r e l e a s e d u n t i l some 
hours latter. I n S t r a i n s D277 and D4OI h a i r s were also l o s t i n 
thiB manner, but there was much more extensive l y s i s of h a i r c e l l s 
other than those at the h a i r base. Many o£ the vegetative c e l l s 
a l s o l y s e d i n these two s t r a i n s , at various points along the 
trichomes, causing them to fragment int o short lengths. The end 
r e s u l t was r a t h e r s i m i l a r to a mass development of hormogonia, 
except that the fragments derived from a l l p a r t s of the triohomes, 
not only from the apices, and they did not show g l i d i n g m o t i l i t y 
l i k e the normal hormogonia i n 06-ntrol c u l t u r e s of these s t r a i n s . 
Many of the fragments nevertheless l a t e r appeared to develop 
into normal tapered triohomes. 

As a check that the very rapid l o s s of h a i r s that occurred i n 
these four s t r a i n s was not due to an osmotic e f f e c t of the added 
phosphate, the experiment was repeated, f o r S t r a i n £277» with a 
s o l u t i o n of NaCl of the same i o n i c concentration as the KgHPO^ 
used i n the e a r l i e r experiment. The addition of NaCl had no 
e f f e c t on the morphology of the phosphate d e f i c i e n t trichomes 
during 7 days' incubation, which suggested that osmotic e f f e c t s 
were u n l i k e l y to be important i n causing the l y s i s of the h a i r c e l t . 

I n S t r a i n s £251, D277, £403 and £404, which normally possessed 
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h a i r s i n the control medium, h a i r s again developed a f t e r the 
i n i t i a l phase of hormogonium r e l e a s e , but with a length and 
frequency c h a r a c t e r i s t i c of control c u l t u r e s . A l l the c u l t u r e s 
reached a normal f u l l y i e l d within 7-10 days of adding phosphate. 
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Table 5 * 1 0 Trichome dimensions (um) of Calothrix sp. D I 5 6 , grown f o r 
1 9 days i n HAD with l.Ox and O.Olx the normal l e v e l of PO^-P 
Measurements were r e s t r i c t e d to trichomes with 
basal diameters — 6 . 5 urn. 
Each value i s the mean of 20 measurements. 

control P-defi .cient difference probabil 
mean mean 

basal width 6 . 8 + 0 . 1 1 6.61 0 . 0 7 0 . 2 * 0 . 1 3 0 . 0 8 3 

subapical width 5 . 3 1 0 . 1 0 5 . 4 1 0 . 0 7 0 . 1 1 0 . 1 0 0 . 7 4 1 

a p i c a l width 5 . 2 ± 0 . 1 1 4.71 0 . 0 3 0 . 5 1 0 . 1 1 0 . 0 0 1 

length 1 9 1 1 1 2 1 8 2 1 1 1 9 1 16 0 . 5 9 4 

heterocyst width 7 . 4 ± 0 . 1 2 6.61 0 . 1 3 0 . 8 + 0 . 1 5 * 0 . 0 0 1 

heterocyst length 7 . 2 ± 0 . 1 4 6.81 0 . 2 8 0 . 4 1 0 . 2 9 0 . 1 8 0 

Table 5.H Trichome dimensions (um) of Calothrix sp. D I 8 4 grown f o r 24 
days i n HAD with l.Ox and O.Olx the normal l e v e l of P0,-P 

4 
Measurements were r e s t r i c t e d to trichomes with basal 
diameters S 9 Mm. 
Each value i s the mean of 20 measurements. 
( i t was not possible to make accurate measurements 
of h a i r length i n t h i s s t r a i n , as the h a i r s were very 
long, and densely interwoven.) 

control P - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

basal width 1 0 . 1 1 0 . 2 3 1 0 . 7 1 0 . 2 5 0.61 0 . 3 3 0 . 1 0 0 

subapical width 4 . 4 1 0 . 0 8 4 . 3 1 0 . 0 9 0 . H 0 . 1 0 0 . 3 0 0 

h a i r width - 2 . 8 1 0.08 

trichome length 3 9 6 1 2 4 1 4 4 H 9 2 5 2 1 32 ^ 0 . 0 0 1 
(minus h a i r ) 

heterocyst width 8.610 . 2 5 8 .3 1 0 . 3 6 0 . 3 * 0 . 4 1 0 . 4 3 8 

heterocyst length 8 . 3 1 0 . 2 3 6 . 3 1 0.23 2 . 0 1 0 . 3 0 -tO.001 
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Table 5*12 Trichome dimensions (urn) of Calothrix scopulorum D25.6 
grown f o r 20 days i n HAD with l.Ox and O.Olxi the normal 
l e v e l of P0„-P 

4 
Measurements were r e s t r i c t e d to trichomes of basal 
diameters 8 . 0 - 9 * 0 urn. 
Each value i s the mean of 20 measurements. 

control P-deficient difference p r o b a b i l i t y 
mean mean 

basal width 8 . 3 * 0.08 8 . 4 + 0 . 0 9 0 . 1 * 0 . 1 4 0 . 2 5 8 

subapical width 3 . 4 * 0 . 0 5 3.01 0 . 0 5 0 . 4 1 0 . 0 6 -cO.001 

h a i r width - 2 . 0 1 0 . 0 5 

trichome length 1 0 1 * 7 1 2 0 * 9 1 9 1 1 2 0 . 1 5 4 
(minus h a i r ) 

h a i r length - 3 6 1 * 6 0 

t o t a l trichorae 101 i 7 4 8 H 6 3 380 * 66 < 0 . 0 0 1 
length 

h a i r as % - 71 + 2 . 4 
trichome length 

heterocyst width 6 . 0 * 0 . 2 5 6 . 6 ± 0 . 1 6 0 . 6.*0 . 2 4 0 . 0 2 3 

heterocyst length 5.1*0 . 1 9 5.1±0.18 0 . 0 * 0 . 2 1 O .853 

Table 5«13 Trichome dimensions (um) of Calothrix sp. D267 grown f o r 
22 days i n HAD with l.Ox and O.Olx the normal l e v e l of PO^-P 
No r e s t r i c t i o n was placed on the basal diameter of the 
trichomes measured. 
Each value i s the mean of 20 measurements. 

control P-deficient difference p r o b a b i l i t y 
mean mean 

basal width 5 . 5 1 . 0 . 1 5 5 . 1 1 0 . 1 4 0 . 4 * 0 . 2 2 0 . 0 9 2 

subapical width 2 . 8 i 0.06 3 .0 ± 0 . 0 5 0 . 2 i 0 . 0 7 0 . 0 3 8 

length 109 * 7 1 6 5 * 13 56 t 17 0 . 0 0 5 

heterocyst width 5 . 4 i i 0 . 1 6 5 . 0 * 0.28 0 . 4 * 0 . 3 8 0 . 2 8 d 

heterocyst length 5 . 8 * - 0 . 1 9 4.81 0 . 1 5 1 . 0 * 0.26 0 . 0 0 2 
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Table 5 . 1 4 Trichoma dimensions (um) of Gloeotriohia ghosei D277 
grown f o r 16 days i n HAD with l.Qx and O.Olx the normal 
l e v e l of P0„-P 

4 
Measurements were r e s t r i c t e d to trichomes of 
basal diameter 6 . 5 um. 
Each value i s the mean of 20 measurements. 

control P - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

subapical width 4 . 4 * 0 . 1 3 5 . 3 * 0 . 5 9 0 . 9 1 0 . 2 0 ^ 0 . 0 0 1 

h a i r width 3 . 0 + 0 . 1 8 2 . 3 1 0 . 1 3 0 . 7 + 0 . 2 3 0 . 0 0 7 

trichome length 478 + 38 2 4 6 + 31 232 + 53 « : 0 . 0 0 1 
(minus h a i r ) 

h a i r length 9 7 * 1 3 I8l6± 219 1719 * 227/ < 0 . 0 0 1 

t o t a l trichome 557 * 41 2069 + 231 1492 * 242 - :0 .001 
length 

h a i r as $ 17 1 2 8 4 * 3 67 * 4 0 . 0 0 1 
trichome length 

heterocyst width 1 0 . 8 * 0 . 2 8 8 . 9 ± 0 . 3 0 1 . 9 ± 0 . 4 5 < 0 . 0 0 1 

heterocyst length 12 . 2 + 0.34 1 0 . 6 * 0 . 3 9 1 . 6 * 0 . 4 8 0 . 0 0 5 

Table 5.15 Trichome dimensions (um) of Cal o t h r i x sp. D283 grown f o r 
32 dayB i n HAD with l.Ox and O.Olx the normal l e v e l of PO^-P 
Measurements were r e s t r i c t e d to trichoraes of 
basal diameter ^ 5 * 5 um. 
Each value i s the mean of 20 measurements. 

control P - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

basal width 6 .1 + 0 . 1 0 6 . 0 + 0 . 0 9 0 . 1 + 0 . 1 1 0 . 6 1 4 

subapical width 2 . 9 t 0.06 3 .0 i 0 . 0 6 0 . 1 ± 0 . 0 8 0 . 5 0 0 

length 197 * 20 2 0 4 * 17 7 ± 24 0 . 7 6 9 

heterocyst width 6 . 2 *o.15 6 . 4 1 0 . 1 4 0 . 2 + 0 . 1 7 O . 464 

heterocyst length 6 . 2 J 0 . 2 3 5 . 5 * 0 . 2 5 0 . 7 t 0 . 3 9 0 . 0 6 2 
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Table 5.16 Trichome dimensions (urn) of R i v u l a r i a sp. D403 grown f o r 
17 days i n the second subculture to HAD with l.Ox and O.Olx 
the normal l e v e l of PO.-P 

4 
No r e s t r i c t i o n was placed on the basal diameter of the 
trichomes measured, but a l l measurements were made on 
trichomes with h a i r s . 
Each value i s the mean of 20 measurements. 

control 
mean 

P- d e f i c i e n t 
mean 

difference probabil 

basal width 6 . 4 - 0 . 0 8 6 . 0 ± 0 . 1 8 0 . 4 1 0 . 2 2 0 . 0 3 8 

subapioal width 2 .1 + 0 . 0 7 2 . 1 1 0 . 0 9 0 . 0 1 0 . 1 2 1 .000 

h a i r width 1 . 5 1 0 . 0 3 1.61 0 . 0 5 0 . 1 1 0 . 0 6 0;171 

trichome length 
(minus h a i r ) 

8 3 ! 5 1 5 5 1 7 7 2 1 1 1 ^ 0 . 0 0 1 

h a i r length 1 4 1 1 9 9 H 4 85 1 14 ^ 0 . 0 0 1 

t o t a l trichome 
length 

9 7 1 6 2 5 4 1 19 157 1 20 * 0 . 0 0 1 

h a i r as % 
trichome length 

1 5 1 1 . 2 361 2 . 9 21 * 3.1 ^ 0 . 0 0 1 

heterocyst width 6 . 2 + 0 . 0 9 6 . 4 1 0 . 1 8 0 . 2 + 0 . 1 9 0 . 5 4 1 

heterocyst length 5 . 8 + 0 . 1 4 8 . 1 1 0 . 2 1 2 . 3 ± 0 . 2 3 0 . 0 0 1 

Table 5 . 1 7 Extent of h a i r development i n R i v u l a r i a sp. D404 grown f o r 
28 days i n HChu 10-D with l.Ox and 0 . 0 5 x the normal l e v e l 
of PO^-P (measurements i n um) 
No r e s t r i c t i o n was placed on the basal diameter of trichomes 
measured, but a l l measurements were made on trichomes 
with h a i r s . 
Kach value i s the mean of 20 measurements. 

control P - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

trichome length 3 3 8 1 29 3691 18 3 1 1 26 O .251 
(minus h a i r ) 

h a i r length 206 + 22 7 88 * 50 582 1 5 7 * 0 . 0 0 1 

t o t a l trichome 5 4 4 1 36 1 1 5 7 1 60 6 1 3 1 64 * 0 . 0 0 1 
length 

h a i r as % 39 1 3 6 7 ± 1 2 8 + 3 <.0.001 
trichome length 
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ft** 
« i 

10 um 

(a) Control (HAD) 

(b) P0„-deficient 4 

F i g . 5.1 Control and phosphcte 
d e f i c i e n t trichomes of 
Calothrix sp. DI84. 
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(a) Control (HAD) 

c. 10 c e l l s 

(b) PO^-deficient 

10 urn 

Fi g - 5.2 Control and phosphate d e f i c i e n t trichoraes of 
Ca l o t h r i x scopulorum D256. 
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(a) 

o) 

PO •deficient 

(b) 

( a ) - ( b ) Controls (HAJD) 

10 um 

F i g . 5«3 Control and phosphate d e f i c i e n t 
trichomes of R i v u l a r i a sp. J403. 
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i 

a) 

( a ) - ( b ) C a l o t h r i x sp. DI84 

1 
10 urn 

F i g . 5.4 Hairs of phosphate d e f i c i e n t 
C a l o t h r i x sp. D1&4 and Calot h r i x sp 
D251, showing i n t e r c a l a r y vegetative 
c e l l s 

1 

( c ) Calothrix sp. D251 
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I" J~l I I l I l I 111 r i i i -rr-rrp 

(a) Control (HAD) 

(b) PO^-deficient 

F i g . 5*5 Control and phosphate d e f i c i e n t trichomas 
of C a l b t h r i x sp. D267. 

10 pra 

<QQJXT 1 l l I 1 D i l l i I i II HIInm.: 6o :" i n n r u 

(a) Control (HAD) 

(b) PCK-deficient 4 
F i g . 5.6 Control and phosphate d e f i c i e n t trichomes 

of C a l o t h r i x sp. D283 
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5*32 Homoeothrix s t r a i n s 
( i ) Induction of d e f i c i e n c y 

Growth l i m i t a t i o n and morphological symptoms of d e f i c i e n c y 
were apparent i n both s t r a i n s a f t e r a few days' growth i n the f i r s t 
subculture to low phosphate medium. Cultures of S t r a i n D401 

beoame brownish yellow i n colour, and those of S t r a i n D402 yellow. 

( i i ) E f f e c t s on h a i r development (Table 5.4) 
No h a i r s were produced by S t r a i n D402, but many long c o l o u r l e s s 

h a i r s (frequency score = 5) developed i n S t r a i n D401 i n low phos­
phate medium, appearing at about the same time as l i m i t a t i o n of 
y i e l d . The c e l l s of these h a i r s were highly vacuolated, much 
narrower than normal a p i c a l c e l l s , and as much as ten times as 
long as broad. They were thus quite d i s t i n c t from the short s e r i e s 
of p a r t l y vacuolated c e l l s which normally developed at the apices 
of trichomes under n i t r a t e d e f i c i e n c y (Section 3 -33 ) . F i g . 5*8 

shows a short h a i r developed at the apex of a phosphate l i m i t e d 
trichome of S t r a i n D401 ( c f . F i g . 3.4» which i l l u s t r a t e s trichome 
apices of t h i s s t r a i n under n i t r a t e l i m i t a t i o n ) . 

( i i i ) E f f e c t s on trichorae dimensions (Table 5«5) 

There was no e f f e c t upon the trichome dimensions of S t r a i n D401, 
apart from the marked narrowing of the a p i c a l c e l l s i n a s s o c i a t i o n 
with h a i r development. I n S t r a i n 1)402 also there was no s i g n i f ­
i c a n t d i f f e r e n c e i n subapical diameter between the two media, but 
the enlarged a p i c a l c e l l s ( S e c t i o n 3.33) were wider i n the low 
phosphate medium (Table 5 .19j F i g . 5«7 / ) . 

Table 5.19 Subapical and a p i c a l width (jila) of Homoeothrix sp. 
D402 grown f o r 11 days i n HChu 10-D with l.Ox and 
0.05x the normal l e v e l of PO^-P 
Each value i s the mean of 30 measurements. 

control P - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

subapical 1 .93*0.01 1 .95 ± 0.01 0 .021 0.01 0.023 
width 

a p i c a l I . 9 5+O.OI 2 .21 ± 0 . 0 5 0.26 + 0.04 ^0.001 
width 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5.6) 
Both s t r a i n s of Homoeothrix showed an increase i n the length 

of the vegetative c e l l s along the whole trichome ( i n addition to 
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the changes associated with h a i r development i n S t r a i n D401). 
I n S t r a i n JD402 the c e l l s reached length:width r a t i o s of 1.5:1 to 
3.0:1; the maximum length reached was greater than that seen i n 
n i t r a t e l i m i t e d control cultures ( o f . Kigs 5.7 and 3.5). Enlarged 
a p i c a l c e l l s l i k e those seen i n control trichomes also developed 
i n low phosphate c u l t u r e s of S t r a i n D402; they were both wider 
and longer than those i n the control medium (Table 5.19; f'ig. 5.7). 

(v) C y t o l o g i c a l e f f e c t s other than h a i r formation (Table 5.7) 
The vegetative c e l l s of both s t r a i n s became pale green and 

then y e l l o w i s h green. I n older (10 days) c u l t u r e s of S t r a i n D402 
many trichoraes (frequency score = 4) developed one or more small 
v e s i c l e s i n the a p i c a l 1-4 c e l l s , sometimes g i v i n g them a spongy 
appearance. Apart from the enlargement of the a p i c a l c e l l , these 
vacuolated c e l l s did not otherwise d i f f e r from those immediately 
below. I n S t r a i n D401, small vacuoles developed i n the elongated 
vegetative c e l l s along the whole length of the trichome. 

Polyphosphate granules became undetectable i n both s t r a i n s 
a f t e r a few days i n low phosphate medium. As i n the heterocystous 
s t r a i n s , the basal few c e l l s retained t h e i r granules f o r longer 
than the other c e l l s . 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production 
(Table 5.7) 

There was no obvious e f f e c t on sheath thickness i n e i t h e r 
s t r a i n , and no sheath pigmentation was observed. 

( v i i ) Response of phosphate d e f i c i e n t c u l t u r e s to the addition 
of phosphate (Table 5.Id) 

Responses to the addition of phosphate were described i n 
Section 5 . 3 l ( i x ) , with those of the heterocystous s t r a i n s . 
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5.33 Summary of r e s u l t s 
a) Heterocystous s t r a i n s 

1. 7 of the 11 s t r a i n s of Rivulariaceae (Dld4, D251, D256, D277, 

D280, B403» D404) showed a marked increase i n h a i r development 
under phosphate deficiency; 4 of these s t r a i n s had at l e a s t some 
ha i r s i n f u l l medium, but the other 3 had none. The 4 remaining 
s t r a i n s did not develop h a i r s , but i n a l l except D179 there were 
s l i g h t modifications i n the a p i c a l one or two c e l l s . 

In. older phosphate d e f i c i e n t c u l t u r e s of S t r a i n s D2A, D156, 
D179» JJ267 and D263 many of the trichomes fragmented as a r e s u l t 
of c e l l l y s i s . Such fragmentation was not observed i n c u l t u r e s of 
the s t r a i n s which developed h a i r s . 

2. There was a l o s s of polyphosphate granules, and an increase i n 
cyanophycin granulation i n every s t r a i n ( c f . Chapter 4 ) . The 
vegetative c e l l s became l e s s green i n colour i n every s t r a i n except 
D403. 

3. Large deposits of polyphosphate r a p i d l y formed i n the vegetative 
c e l l s of a l l the s t r a i n s following the addition of phosphate to 
phosphate starved c u l t u r e s . The granules f i r s t appeared rather 
l a t e r i n the four s t r a i n s which normally had at l e a s t some h a i r s 
i n the control medium (D251, D277, D403, D4O4). I n a l l s t r a i n s the 
granules appeared simultaneously i n each vegetative c e l l along the 
trichome. Granules also formed i n the cytoplasmic strands of the 
ha i r c e l l s i n the 7 s t r a i n s with h a i r s . 

4. The h a i r s were l o s t following the addition of phosphate. I n 
each case the h a i r c e l l s contained t h e i r maximum l e v e l of poly­
phosphate at the time they were shed. I n S t r a i n s DI84, D251, D256 

and D2d0 the l o s s of h a i r s took place i n a s s o c i a t i o n with the 
release of horraogonia, about 48 h a f t e r the addition of phosphate, 
but i n S t r a i n s D277, D4Q3 and D404 the h a i r s were shed within 
2-3 h, and i n S t r a i n D277 many of the vegetative c e l l s also l y s e d . 
A l l 4 s t r a i n s i n the l a t t e r group were ones with h a i r s i n the 
control medium. 
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b) Homoeothrix s t r a i n s 
1. Only S t r a i n D401 developed h a i r s under phosphate deficiency. 
These were much longer and more frequent than the ones seen i n 
n i t r a t e l i m i t e d control c u l t u r e s . 

2. The vegetative c e l l s of both s t r a i n s became rather elongated, 
and i n S t r a i n D401 they developed small vacuoles. Both s t r a i n s 
became yellow under phosphate deficiency. The enlargement of the 
ap i c a l c e l l s that occurred i n some trichomes of S t r a i n D402 was 
more marked i n low phosphate medium than i n control medium, and 
these c e l l s sometimes developed small vacuoles. 

3. Lik e the heterocystous s t r a i n s , both s t r a i n s of Homoeothrix 
ra p i d l y synthesieed polyphosphate granules following the addition 
of phosphate to the phosphate starved c u l t u r e s . I n S t r a i n D401 
the h a i r c e l l s a l s o developed polyphosphate granules. The h a i r s 
of S t r a i n D401 lys e d 2-3 h a f t e r the addition of phosphate, and as 
observed i n S t r a i n D277» many of the vegetative c e l l s also l y s e d . 
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5 pa 
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F i g . 5 . 7 Trichome apices of phosphate 
d e f i c i e n t Homoeothrix sp. D402 
(see pp. 1 7 5 - 1 7 6 ) ; c f . control 
trichomes i n F i g s 2 . 5 b and 3 . 5 . 

5 urn 

F i g . 5«8 Trichome apex, with h a i r , 
of Homoeotnrix Crustacea D4OI 
under phosphate d e f i c i e n c y , 
( c f . control trichome i n 
F i g . 3 . 4 ) 
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5.4 I r o n d e f i c i e n c y 

5.41 Heterocystous s t r a i n s 

( i ) Induction of de f i c i e n c y 
A l l s t r a i n s except one showed growth l i m i t a t i o n a f t e r a single 

subculture into HiPES-buffered medium without added iron; S t r a i n 
D403 required a fu r t h e r subculture. Iron d e f i c i e n t c u l t u r e s of 
S t r a i n s D2A, D179, D184, D256, D267, D283 and D403 became i n i t i a l l y 
pale b l u i s h green, and l a t t e r l y yellow; those of S t r a i n s DI56 , 

D277 and D404 were buff coloured, and those of S t r a i n s D251 and 
D280 were brown. 

( i i ) E f f e c t s on h a i r development (Table 5«4) 

A high proportion of trichomes developed long h a i r s i n 
S t r a i n s D251, D256 and D403. The extent of h a i r development i n 
S t r a i n s D256 and D403 i s i l l u s t r a t e d by the trichome dimensions 
given i n Tables 5 .22a and 5*251 F i g s 5«9t> and 5.13 show i r o n 
d e f i c i e n t trichomes of these s t r a i n s . I n i r o n d e f i c i e n t c u l t u r e s 
of S t r a i n Dl84» a few trichomes (frequency score = +) developed 
very short h a i r s of not more than one or two c e l l s ( F i g . 5»10c). 
There was no increase i n the frequency or length of h a i r s i n t h i s 
s t r a i n even a f t e r s e v e r a l weeks of culture i n the i n i t i a l medium, 
and three sucoessive subcultures through i r o n d e f i c i e n t medium. 
I n S t r a i n D277 some of the triohomes (frequency score = l ) devel­
oped h a i r s which were longer than those of control trichomes (up 
to 50% of the t o t a l trichome length, as against 5-20% f o r the 
c o n t r o l ) , though there was no obvious increase i n the t o t a l number 
of h a i r s . 

I n S t r a i n s DI84, D251 and D277 the e f f e c t s on h a i r development 
were f i r s t observed at about the same time as growth l i m i t a t i o n 
became apparent. I n S t r a i n D403 h a i r s appeared before any signs 
of growth l i m i t a t i o n , but i n S t r a i n D256 they were observed only 
a f t e r the onset of growth l i m i t a t i o n . I n S t r a i n s D251 and D256, 
vegetative c e l l s were occa s i o n a l l y observed i n an i n t e r c a l a r y 
p o s i t i o n i n the h a i r s , very much as described f o r phosphate d e f i c i e n t 
cultures (Section 5 « 3 ( i i ) i p. 157) . This was not observed i n 
the other s t r a i n s , but no systematic search was made. 

There was no e f f e c t on the frequency or length of h a i r s i n 
S t r a i n D404, and none of the remaining s i x s t r a i n s produced any 
h a i r s . 
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( i i i ) E f f e c t s on trichorae dimensions and tapering (Table 5 .5 ) 

I n seven s t r a i n s (DI56, D179» D184, D256, D267, D283, D403) 
there was a decrease i n the average basal diameter i n ir o n d e f i c i e n t 
c u l t u r e s . The trichomas a l l had basal diameters that f e l l within 
the normal range, but there was an increased proportion of trichomes 
with narrower bases; t h i s was p a r t i c u l a r l y apparent i n the l a t e r 
stages of growth. The lower average basal diameter i s i l l u s t r a t e d 
f o r s t r a i n s D267 and D403 by the dimensions shown i n Tables 5.23 
ans 5.25 (the measurements on the other s t r a i n s were r e s t r i c t e d 
to trichomes of a p a r t i c u l a r basal diameter, so the e f f e c t i s 
obscured f o r these s t r a i n s ) . 

The main f a c t o r contributing to the decrease i n basal diameter 
was the development of pseudo-intercalary heterocysts i n many of 
the triohomes (see ( v i i ) below), g i v i n g r i s e to numerous naixow-
based 'daughter* trichomes, which did not seem to develop f u r t h e r 
( F i g s 5>10a and 5 « H b ) . Some of the narrower based trichomes 
also seemed to r e s u l t from a f a i l u r e of r e c e n t l y d i f f e r e n t i a t e d 
trichomes to complete, t h e i r normal, development; thus a higher 
than normal proportion of immature trichomes was present i n the 
cultures at l a t e r stages of the def i c i e n c y . There was no evidence 
that any shrinkage of pr e - e x i s t i n g trichome bases occurred; trichomes 
of normal basal diameter were also observed i n a l l the aff e c t e d 
s t r a i n s . I n S t r a i n s D251, D277, .1)280 and D404 there was no e f f e c t 
upon the basal diameter, and the diameter of triohomes of Anabaena 
c y l i n d r i c a was s i m i l a r l y unaffected by ir o n d e f i c i e n c y . 

The increases i n h a i r development i n S t r a i n s DI84, D251, D256 

and D403 caused a decrease i n the average a p i c a l diameter of 
these s t r a i n s ; i n S t r a i n s DI84 and D256 there were also e f f e c t s 
on the subapical diameter of trichomes without h a i r s (Tables 5.21 
and 5*22b). I n both these s t r a i n s , the vegetative c e l l s i n the 
subapical region of ir o n d e f i c i e n t trichomes were narrower than 
those from the same region i n control trichomes ( F i g s 5 « 9 c and 5 .10b); 

i n S t r a i n DI84 the c e l l s i n t h i s region were even narrower than 
the very a p i c a l c e l l of HAD-grown trichomes (Table 5«2l). There 
might be 20 or more c e l l s i n the narrower a p i c a l region i n these 
two s t r a i n s , but fur t h e r down the trichome there was always a 
region where the diameter was the same as that of a normal trichome 
apex. I n S t r a i n i>256, i n which many (frequency score = 3) of the 
trichomes did have h a i r s , the narrowing of the apices of trichomes 
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without h a i r s may have been simply an e a r l y stage i n h a i r develop­
ment. However, the c e l l s at the apex were not markedly elongated 
( f i g . 5 . 9 c ) , and the frequency of h a i r s did not increase as the 
cultures aged, so the two e f f e c t s may have been separate phenomena. 
A very s i m i l a r narrowing of the apice6 of i r o n d e f i c i e n t trichomes 
was seen i n S t r a i n D283, which did not produce h a i r s (Table 5 . 2 4 ) ; 
again only r e l a t i v e l y few c e l l s i n the a p i c a l region were affected 
( F i g . 5.11c). I n S t r a i n s D156 (Table 5.20) and D179 a l s o , there 
was a decrease i n the subapical diameter of the trichomes, but i n 
these two s t r a i n s the reduction i n diameter took place throughout 
almost the whole of the trichome, and not merely i n the a p i c a l 
few c e l l s ; only a few c e l l s i n the basal region were not obviously 
narrowed. The responses j u s t described f o r S t r a i n s DI56 and D179 
seemed to develop independently of the e f f e c t s on basal diameter 
(see above): narrower subapical regions were seen i n trichomes of 
normal basal diameter as well as i n those with narrower bases. 

The t o t a l length of trichomes increased i n iron d e f i c i e n t 
c u l t u r e s of S t r a i n s J)256 (Table 5 .22a), D403 (Table 5.25) and 
( s l i g h t l y ) D277, as a r e s u l t of h a i r development. I n S t r a i n D403 
the length of the vegetative part of the trichomes was also greater 
(Table 5*25) . The very v a r i a b l e dimensions of trichomes of S t r a i n 
D25I made i t d i f f i c u l t to estimate whether h a i r formation increased 
the average trichome length. The short h a i r s developed by S t r a i n 
DI04 had a n e g l i g i b l e e f f e c t on the length of the trichomes. 
There was no consistent e f f e c t on trichome length i n the other 
seven s t r a i n s . Q u a l i t a t i v e observations suggested that i n the i n i t i a l 
stages of growth, trichome length was s i m i l a r i n control and i r o n 
d e f i c i e n t c u l t u r e s of each s t r a i n . I n l a t e r stages of def i c i e n c y , 
there was a decrease i n the average trichome length, since many 
short trichomes accumulated, as a r e s u l t of pseudo-intercalary 
heterocyst development. (The measurements on S t r a i n s DI56 (Table 
5.20), D256 (Table 5.22b) and D283 (Table 5.24) show an increase 
i n trichome length f o r each s t r a i n under i r o n d e ficiency. However, 
these measurements were taken on trichomes of a p a r t i c u l a r base 
width category ( c f . Section 2.22), and at l e a s t part of the 
apparent increase i n length probably a c t u a l l y r e f l e c t s the reduced 
basal diameter i n these s t r a i n s . Thus control trichomes of a 
s i m i l a r length would be ones with wider bases, and would therefore 
be excluded from the s i z e category selected.) 

I t was rather d i f f i c u l t to assess o v e r a l l changes i n the 
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tapering of the trichomes, since i n many s t r a i n s there was a 
decrease i n both basal and subapical diameter. However, as 
explained above, the changes i n average basal diameter seemed to 
be due mainly i f not e n t i r e l y to a l t e r a t i o n s i n the proportions 
of d i f f e r e n t types of trichomes present, whereas the changes i n 
subapical diameter were absolute decreases, and apparently occurred 
i n trichomes of a l l basal diameters. Thus, ignoring changes 
associated with h a i r development, decreases i n subapical diameter 
caused ah o v e r a l l increase i n the degree of tapering i n S t r a i n s 
U156, D179, DI84, D256 and D283 (Table 5.5). 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5*6) 
The narrowing of the a p i c a l part of trichomes i n S t r a i n s Dld4, 

D256 and D2d3 was described above. I n each of these s t r a i n s , 
the c e l l s i n some, but not a l l of the narrowed a p i c a l regions had 
a greater length:width r a t i o than those of control trichomes. 
The absolute length of the c e l l s was not n e c e s s a r i l y greater, but 
the decrease i n width gave them a more elongated appearance,(Figs 
5.9c and 5.10b). I n some trichomes from each of these s t r a i n s 
ths narrower c e l l s at the apex had the same ( u s u a l l y quadrate) 
shape as those of control trichomes, and were thus absolutely 
shorter ( F i g . 5»Ho). The shape of the c e l l s below the a p i c a l 
region i n these s t r a i n s was not obviously affected. 

I n S t r a i n s D2A, DI56, D179 and D267 ( F i g . 5.12) there was an 
increase i n the average length of c e l l s along the whole trichome. 
I n Strains. DJ56 and D179 • inany of the. c e l l s were also narrower 
(see ( i i i ) above). 

(v) C y t o l o g i c a l e f f e c t s other than h a i r formation (Table 5«7) 
The vegetative c e l l s of a l l s t r a i n s became pale greyish or 

b l u i s h green at about the same time as other symptoms of deficiency 
became apparent. I n l a t e r stages, the c e l l s became brownish 
yellow. I n S t r a i n s D156, Dld4 and D277 the vegetative c e l l s of 
many trichomes (frequency score = 3) developed small vacuoles. 
A smaller proportion (frequency score = l ) of trichomes of S t r a i n 
D283 were s i m i l a r l y affected. There was no apparent p o l a r i t y i n 
t h i s response: c e l l s were equally affected along the whole trichome. 
Normal h a i r s were present on the vacuolated trichomes of S t r a i n D277* 

There was no consistent e f f e c t of i r o n d e f i c i e n c y onj polyphosphate 
granulation, but some s t r a i n s gave quite marked responses. 
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I n S t r a i n s DI84 , D267, D277 and D283 there was a decrease i n the 
l e v e l of granulation along the whole trichomei the gradients of 
d i s t r i b u t i o n (Section 5.23; Table 5.3) remained, but at a lower 
density. Sometimes there was a complete l o s s of granules from the 
ap i c a l region, probably beoauee. the t o t a l granulation of control 
trichomes was lowest i n t h i s region. There was no apparent 
c o r r e l a t i o n between the presence or absence of polyphosphate i n 
the a p i c a l region, and the changes i n dimensions of the c e l l s i n 
S t r a i n s DI84 and D283, or the presence of h a i r s i n S t r a i n DI84. 
I n S t r a i n s DI56 and D179 the majority of trichomes (frequency 
score = 4) were completely devoid of granules; the other filaments 
had a normal l e v e l of granulation. 

I n S t r a i n D404 there was a marked increase i n polyphosphate 
granulation i n a l l the vegetative c e l l s of i r o n d e f i c i e n t trichomes 
but as i n the control, the granulation always decreased to zero 
i n the t r a n s i t i o n zone below the h a i r . I n Anabaena c y l i n d r i o a D2A 

there was much v a r i a t i o n i n response between i n d i v i d u a l c e l l s , 
even i n a s i n g l e trichome. I n some c e l l s (frequency score = l ) 
the granulation was normal; i n others (frequency score = 3) granule 
were completely absent, and i n the remaining c e l l s the granulation 
had markedly increased. Taking the population as a whole, there 
was an o v e r a l l increase i n the l e v e l of polyphosphate granulation. 

Polyphosphate granulation i n the remaining s t r a i n s (D251, 
D256, 1)280 and D403) was not affected by iron deficienoy. I n 
S t r a i n s D251 and D403 the granulation always decreased to zero 
i n the 5-10 vegetative c e l l s below the t r a n s i t i o n zone to the 
h a i r ( t h i s was also the case i n control trichomes of S t r a i n D403, 
but not always i n S t r a i n D25l)> i n S t r a i n D256 the c e l l s below the 
t r a n s i t i o n zone might or might not contain polyphosphate. On one 
occasion, a normal vegetative c e l l was observed i n one of the 
h a i r s i n a sample of S t r a i n D256 stained f o r polyphosphate 
( c f . ( i i ) above). The granulation of t h i s c e l l was the same as 
that of the vegetative c e l l s i n the subapical region, while the 
surrounding h a i r c e l l s were devoid of granules. There was no 
apparent c o r r e l a t i o n between the e f f e c t s on polyphosphate i n the 
d i f f e r e n t s t r a i n s , and other aspects of t h e i r response to i r o n 
d e f i c i e n c y , such as h a i r formation, or e f f e c t s on apioal diameter. 

No obvious e f f e c t on cyanophycin granulation was found i n 
any of the s t r a i n s . 
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( v i ) Sheath oharaoters and e x t r a c e l l u l a r pigment production 
(Table 5.7) 

Increased production of sheath material was observed i n a l l 
the s t r a i n s . The basal part of the wider based triohomes beoame 
s l i g h t l y darker brown pigmented i n S t r a i n s DI84 and £251 , and the 
sheath bases of S t r a i n £280 beoame dark brown. There was no 
obvious production of e x t r a c e l l u l a r pigment i n the other nine 
s t r a i n s . 

( v i i ) E f f e c t s on heterocysts (Table 5.7) 

There vas an obvious increase i n heterooyst frequency i n 
S t r a i n s DI56, £179, £184 ( F i g . 5.10a), £256, £267 (.Fig, 5.12), 
£280 and D283 ( F i g . 5 . U ) . The type of secondary heterocyst 
produced ( b a s a l , i n t e r c a l a r y or pseudo-intercalary) v a r i e d somewhat 
between s t r a i n s ; most s t r a i n s developed more than one type, and 
a l l three were quite often observed i n a s i n g l e s t r a i n (Table 5 .8 ) . 

I n t e r c a l a r y and pseudo-intercalary heterocysts developed i n 
a l l regions of the trichomes, including the a p i c a l region, and 
whatever t h e i r p o s i t i o n of development, the heterocysts seemed to 
r e t a i n the same dimensions as the vegetative c e l l s from which they 
had d i f f e r e n t i a t e d ( f i g s 5 .10a, - 5 . l i b and 5 . 1 2 c ) # There was no 
apparent tendency f o r the vegetative o e l l s adjacent to the newly 
formed heterocysts to enlarge. I n S t r a i n £ 2 8 3 , about h a l f of the 
pseudo-intercalary heterocysts formed i n p a i r s , separated by an 
i n t e r c a l a r y d i s c . T h i s l e d to the formation of one or more lengths 
of trichome with a heterocyst at each end, but s t i l l r e t a i n i n g a 
tapered morphology ( F i g . 5 . H o ) . The development of s i n g l e pseudo-
i n t e r c a l a r y heterocysts often produced many short tapered daughter 
filaments i n the a p i c a l part of the o r i g i n a l triohomes. T h i s 
phenomenon was almost equivalent to the d i f f e r e n t i a t i o n of hormo-
go n i a _in s i t u , without p r i o r r e l e a s e from the parent trichome, but 
the heterocysts also developed i n the wider p a r t s of the trichomes, 
below the zone from which hormogonia were normally released. 
T h i s i s i l l u s t r a t e d f o r S t r a i n DI84 i n F i g . 5 .10a. 

Heterocyst dimensions were measured i n s i x s t r a i n s . S i g n i f i c a n t 
changes were found i n S t r a i n £403 (heterocysts longer! Table 5*25)» 

S t r a i n DI84 (heterocysts s h o r t e n Table 5.21) and S t r a i n £267 
(heterocysts narrower* Table 5*23). 
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( v i i i ) E f f e c t s on the development of spores (Table 5.9) 

I n i r o n d e f i c i e n t c u l t u r e s of Anabaena c y l i n d r i c a D2A spores 
developed e a r l i e r , and i n greater numbers, than i n the control 
medium. I n S t r a i n D277 very few of the trichomes developed 
spores i n the ir o n d e f i c i e n t medium, whereas the majority of 
trichomes i n control c u l t u r e s had produced spores by the end of 
the growth period. 

( i x ) Response of i r o n d e f i c i e n t c u l t u r e s to the addition of i r o n 
I r o n was added to the d e f i c i e n t c u l t u r e s as a solu t i o n of 

FeC1^.6H 2 0 and Na^EDTA.ZH^O, to rest o r e both compounds to t h e i r 
normal l e v e l . 

I n each oase, the vegetative c e l l s regained t h e i r normal 
colour i n 12-24 hours; c e l l d i v i s i o n and hormogonium r e l e a s e were 
apparent by 48-72 hours. There was no effeot on the h a i r s i n 
S t r a i n s DI84, D251, D256 or D403 u n t i l hormogonia began to be 
released, when they were normally shed by l y s i s of a few c e l l s 
j u s t above the t r a n s i t i o n zone. The short h a i r s of S t r a i n LI84 

often remained attached to the hormogonia as they were released. 
There was no apparent tendency f o r h a i r s to be shed within 2-3 hours 
of the addition of iiron, as had been seen i n S t r a i n s D277> D4Q3 

and 1)404 following the addition of phosphafe to phosphate d e f i c i e n t 
c u l t u r e s (Section 5 . 3 l ( i x ) ) . No evidence was seen of d i v i s i o n of 
h a i r c e l l s i n any of the cu l t u r e s . 

When cultures of Anabaena c y l i n d r i o a D2A were examined 36 

hours a f t e r the addition of Pelll-EDTA, the medium had beoome a 
deep reddish brown colour, though the sheath material was not 
pigmented. 
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Table 5.20 Trichome dimensions (urn) of Cal o t h r i x brevissima DI56 grown 
f o r 19 days i n HAD and HAD-Fe 
Measurements were r e s t r i c t e d to trichbmes of 
basal diameter 2 6 , 5 urn. 
Each value i s the mean of 20 measurements. 

control F e - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

basal width 6.8*0.11 7.010.15 0.210.18 O.505 

subapical width 5 .3*0.10 4 .610.06 0.7*0.10 ^0.001 

trichome length 191112 258122 671 26 0.019 

heterooyst width 7.410.12 7.21 0.19 0.210.24 0 .614 

heterocyst length 7.210.14 7.910.40 0.7*0.45 0.103 

Table 5*21 Trichome dimensions (pm) of Cal o t h r i x sp. DI84 grown f o r 
24 days i n HAD and HAD-Fe 
Measurements were r e s t r i c t e d to trichomes of 
baBal diameter i 9 urn* 
Eaoh value i s the mean of 20 measurements. 

control F e - d e f i c i e n t d i f f e r e n c e p r o b a b i l i t y 
mean mean 

basal width 10.1*0.23 10.01 0.18 0.1*0.31 0.612 

subapical width 4.4*0.08 3 .3*0.05 1.1* 0.10 <0.001 

a p i c a l width 3.9*0.13 3.3*0.05 0.6*0.14 0.001 

trichome length 396124 315* 32 81* 41 0.059 

heterocyst width 8.7 *0.25 7.9*0.19 0.8* 0.31 0..026 

heterocyst length 8 . 3*0 . 2 3 6.6*0.19 1.7* 0.26 <0.001 
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Table 5*22 Triohome dimensions (urn) of Calothr i x scopulorum D256 
grown f o r 20 days i n HAD and HAD-Fe 
Each value i s the mean of 20 measurements. 

(a) Measurements were r e s t r i c t e d to trichomes of basal 
diameter 8-9 Mm* and only trichomes with h a i r s were 
measured i n the HAD-Fe cultu r e 

control F e - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

basal width 8 . 3 * 0.08 8 . 2 * 0.08 0 . 1 * 0.09 0.666 

subapical width 3 . 4 * 0 . 0 5 2 . 6 * 0.08 0 . 8 1 0 . 1 0 -10.001 

h a i r width - 2 . 1 1 0.06 

trichome length 1 0 1 * 7 1 1 0 1 6 9 * 1 0 O.367 
(minus h a i r ) 

h a i r length - 60* 5 

t o t a l trichome 1 0 1 1 7 1 7 0 1 8 6 9 1 1 1 ^0 .001 
length 

h a i r as % - 35 * 2 .4 
trichome length 

heterocyst width 6 . 0*0 . 2 5 6 . 4 * 0 . 1 9 0 . 4 * 0 . 3 3 0.235 

heterocyst length 5 . 1 1 0 . 1 9 5 . 4 * 0 . 1 4 0 . 3 * 0.25 0.192 

(b) Measurements were r e s t r i c t e d to trichomes of basal 
diameter 8-9 Mm> and only trichomes without h a i r s 
were measured i n the HAD-Fe cultu r e 

control F e - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

basal width 8 . 3 1 0 .05 8.3* 0.08 0.0* 0.10 1.000 

subapioal width 3 . 4 1 0 . 0 5 2.810.08 0.6*0 . 0 9 <0.001 

trichome length 1011 7 155* 8 5 4*11 -£0.001 

heterocyst width 6 . 0 * 0 .25 6.81 0 .15 0.8*0.2 0.012 

heterocyst length 5.1 * 0 .19 5 . 9 * 0.16 0.8*0.23 0.004 
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Table 5«23 Trichorae dimensions (ura) of Calothrix sp. D267 grown f o r 
22 days i n HAD and ilAIM-'e 
No r e s t r i c t i o n was placed on the basal diameter of the 
trichomes measured. 
ftach value i s the mean of 20 measurements. 

control Fe-deficient difference p r o b a b i l i t y 
mean mean 

basal width 5 . 510 .15 4.81 0.10 0 . 7 1 0 . 1 6 <0 .001 

subapical width 2.8 + 0.06 2.9 + 0.07 0 .1 + 0.10 0.629 

trichoma length 110 + 7 63 + 3 47 1 7 <0 .001 

heterocyst width 5 . 410 .16 4 .510 .10 0 . 9 1 0 . 1 9 <0 .001 

heterocyst length 5.«i 0.19 4.8 + 0.19 1 .010.27 0.039 

Table 5.24 Trichome dimensions (ura) of Calothrix sp. D283 grown f o r 
21 days i n the second subculture to HAD and HAD-Fe 
Measurements were r e s t r i c t e d to trichomes of basal 
diameter — 5 • 5 M01* 
Each value i s the mean of 20 measurements. 

/ 

c o n t r o l Fe-deficient difference probabil 
mean mean 

basal width 6.2+ 0.10 6 .11 0.10 0 .1 + 0.12 0.657 

subapical width 3 .11 0.03 2 . 9 1 0.06 0 . 2 ± 0.07 0.014 

apical width 3 .1+0 .03 2 .110 .07 1.0 + 0.09 0.001 

trichome length 1191 8 2871 17 168 + 19 <0 .001 

heterocyst width 5 . 5 ± 0 . 1 2 5.710 . 14 0*21 0.15 0.162 

heterocyst length 5.1+ 0.26 5 . 4 1 0 . 2 0 0 . 3 1 0.25 0.240 
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Table 5«25 Trichome dimensions (um) of Ri v u l a r i a sp. D403 grown f o r 
17 days i n the second subculture to HAD and HAD-Fe 
No r e s t r i c t i o n was placed on the basal diameter of the 
trichomas measured, but a l l measurements were made on trichoraes 
with h a i r s . 
Each value i s the mean of 20 measurements. 

con t r o l Fe-deficient difference p r o b a b i l i t y 
mean mean 

basal width 6 . 4 1 0.08 5 . 5 1 0 . I d 0 . 9 1 0.23 0.001 

subapical width 2.1 + 0.07 2 . 0 1 0.07 0 . H 0 . 1 2 0.328 

h a i r width 1.5 ± 0 . 0 3 1 .510.05 0 . 0 1 0.06 0.789 

trichome length 831 5 121 1 5 38 ± 7 -cO.001 
(minus h a i r ) 

h a i r length 141 1 49 1 4 35 ± 5 -iO.OOl 

t o t a l trichome 971 6 1 7 H 8 741 8 <0 .001 
length 

h a i r as % 15± 1.2 281 1.9 131 2..1 <0.001 
trichome length 

heterocyst width 6 . 2 1 0.09 6 . 0 1 0.11 0 .210 .15 0.098 

heterocyst length 5 . 81 0.14 7.9 10 .24 2 . 1 1 0.28 < 0 . 0 0 1 



- 1 9 1 -

a 

10 urn 

F i g . 5*9 Control and i r o n d e f i c i e n t trichomes of Calothrix 
aoopuloruiq D256. 

(a) Control (HAD). 
(b) Fe-deficient trichome with h a i r ( c f . F i g . 5»2 ) . 

(c) Fe-deficient trichome with narrowing of apical c e l l s . 
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(b) 

i. 
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10 ]xm 

(e) 

Fig. 5*10 I r o n d e f i c i e n t trichomes of 
Calothrix sp. DI84 ( c f . c o n t r o l 
trichome i n F i g . 5«la). 
(a) Production of pseudo-intercalary 

heterocysts i n apical region. 
(b) Harrowing and vacuolation of 

c e l l s i n apical region. 
(c) Trichome apex with short h a i r 

( c f . PO.-deficient trichome i n 
Fig. 5.£b). 
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Pig. 5«H Control and i r o n d e f i c i e n t trichomes of Calothrix sp. D263 

(a) (b) 

(c) 

10 um 

(a) Control (HAD). 
(b) Fe-deficient trichome with pseudo-intercalary heterocysts, and 

narrowing and elongation of c e l l s i n apical region. 
(c) Apex of Fe-deficient trichome with narrowing, but not elongation 

of c e l l s . 
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.Fig. 5*12 Control and i r o n d e f i c i e n t trichomes of Cal o t h r i x sp. D267. 
(a) Control (EAT). 
(b) Fe-deficie.it trichoma w i t h secondary basal heterocyst 

and elongation of vegetative c e l l s . 
(c) F e -deficient triohome with secondary basal and 

i n t e r c a l a r y hetorocysts. 

Fi g . 5 « 1 3 I r o n d e f i c i e n t trichome of 
R i v u l a r i a sp. D403. 
( c f . c o n t r o l and P0 .- d e f i c i e n t 
t r i c h c j i e s i n Fig . 5*3) 

10 jam 

http://icie.it
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5.42 Homoeothrix s t r a i n s 

( i ) Induction of deficiency 
Neither s t r a i n developed any signs of deficiency a f t e r three 

successive subcultures through HEPES-buii'ered medium without added 
i r o n . Further subcultures were therefore made i n t o medium without 
HEPtiS (Section 5«22). S t r a i n D401 developed symptoms of deficiency 
a f t e r a single subculture to t h i s low i r o n medium; a second subculture 
was required, before growth of St r a i n D402 was l i m i t e d . 

I r o n d e f i c i e n t cultures of S t r a i n D401 were pinkish i n colour, 
and S t r a i n D402 became a pale b l u i s h green. Both s t r a i n s retained 
these colours even at the end of the growth period, by whioh time the 
control cultures had turned yellow. 

( i i ) E ffects on h a i r development (Table 5*4) 
Ir o n deficiency had no e f f e c t on h a i r formation i n e i t h e r 

s t r a i n . 

( i i i ) E f fects on trichome dimensions and tapering (Table 5*5) 

I n S t r a i n £401 the trichomas i n i r o n d e f i c i e n t cultures 
developed tapering apices, sometimes with vacuolated c e l l s , a few 
days e a r l i e r than i n c o n t r o l cultures. I n both media the appearance 
of tapering apices coincided with the cessation of growth. The trichome 
di d not obviously d i f f e r i n dimensions i n the two media. 

The diameter of trichomes of St r a i n D402 decreased under i r o n 
deficiency (Table 5^26). The e f f e c t was f i r s t seen at about the 
same time as the onset of growth l i m i t a t i o n . The decrease i n diameter 
took place along the whole v i s i b l e length of the trichomes, but 
the trichome bases were seldom v i s i b l e . 

Table 5.26 Subapical and apical width (um) pf Homoeothrix sp. D402 
grown f o r 11 days i n the 5*^ subculture to HChu 10-D 
and Chu lO-D(-Fe) 
Each value i s the mean of 30 measurements. 

control Fe-defioient difference p r o b a b i l i t y 
mean mean 

subapical 1 . 9 3 1 0.01 1.62 * 0.01 0..3H0.11 -£0.001 
width 

apical 1.95 + 0 . 0 1 1 . 7 4 2 0 . 0 3 0 . 2 1 * 0 . 0 3 < 0 . 0 0 1 
width 
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( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5 .5 ) 

The development of tapered apices i n S t r a i n B401 was mentioned 
above. The changes i n c e l l shape i n the apical region were very 
much the same as those described f o r n i t r a t e l i m i t e d cultures i n 
Section 3.33. I n i r o n l i m i t e d trichomas however, the c e l l s below 
the apical region did not elongate l i k e those i n n i t r a t e l i m i t e d 
trichomes: they retained a length:width r a t i o . o f about 1:1. 

(v) Cytological e f f e c t s other than h a i r formation (Table 5 . 7 ) 

Cells of both s t r a i n s became less green, and correspondingly 
appeared pinkis h (D401) and bluish (D402) respectively. A few 
(frequency score = l ) of the i r o n d e f i c i e n t trichomes of S t r a i n 
D401 developed small vacuol. i n every c e l l . 

Polyphosphate granulation increased i n S t r a i n D401 under i r o n 
deficiency; a l l the c e l l s were affected to a s i m i l a r extent, but 
as i n the c o n t r o l , the granulation decreased to zero at the apices 
of trichomes w i t h an apical taper. Polyphosphate granulation was 
unchanged i n S t r a i n D402. 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production 
(Table 5 .7 ) 

There was no obvious e f f e c t upon sheath thickness or pigment­
a t i o n i n e i t h e r s t r a i n of Homoeothrix. 

( v i i ) Response of i r o n d e f i c i e n t cultures to the a d d i t i o n of i r o n 
Both cultures regained t h e i r normal colour w i t h i n one day of 

the addition of Felll-KDTA, and hormogonia began to be produced 
s h o r t l y afterwards. The trichomes of S t r a i n D401 were a l l quite 
normal i n appearance, but some of the trichomes of S t r a i n D402 
remained rather narrower than normal. A f t e r a b r i e f period of 
growth, both s t r a i n s developed the symptoms shown by control 
oultures at the end of the growth period (Section 3.33). 
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5.43 Summary o f . r e s u l t s 
a) Heterocystous s t r a i n s 

1. Five s t r a i n s (LI84, D251, D256, D277, D403) showed increased 
h a i r development under i r o n deficiency, though i n Strains DI84 
and D277 the increase was only s l i g h t . A l l these s t r a i n s were ones 
which produced long h a i r s i n low phosphate medium. Fewer hair s 
were produced under i r o n deficiency than under phosphate deficiency, 
and the h a i r s were not as long. Two of the s t r a i n s which showed 
increased h a i r production under phosphate deficiency (D280, D404) 

d i d not do so i n low i r o n medium. 

2. 7 of the 11 s t r a i n s of Rivulariaceae showed a decrease i n the 
average basal diameter i n i r o n d e f i c i e n t c u l t u r e s , but t h i s seemed 
to r e s u l t mainly from the production of pseudo-intercalary hetero— 
cysts, and the range of basal diameters was the same as i n control 
cultures. I n f i v e s t r a i n s (DI56, D179, DI84, D256, D283) there 
was an absolute decrease i n subapical diameter that was d i s t i n c t from 
changes associated w i t h h a i r development. I n three of the f i v e 
Btrains ( D I 8 4 , D256, D2d3) the decrease i n diameter was confined to 
the trichome apices, but i n the other two, the decrease occurred 
i n a l l but the very basal region of the trichome. I n a l l these 
f i v e s t r a i n s the c e l l s i n the narrower region (but not elsewhere i n 
the trichome) were sometimes r e l a t i v e l y longer than those of control 
trichomes. I n a f u r t h e r two s t r a i n s (D2A,..D267) the length: width 
r a t i o of the c e l l s increased along the whole trichome. 

3. I n a l l s t r a i n s the c e l l s became less green i n colour under i r o n 
deficiency, and i n the e a r l y stages the colour of accessory 
phycobilin pigments was correspondingly more apparenjb. 

I n Strains DI56, DI84, D277 and D283 many of the vegetative 
c e l l s developed vacuoles, without any marked change i n c e l l shape. 
Some of the affected trichomes of Strains DI84 and D277 had h a i r s 
as w e l l , i l l u s t r a t i n g the difference between t h i s response and 
true h a i r development. 

4. Production of sheath material increased i n a l l the s t r a i n s 
under i r o n deficiency, and three s t r a i n s (DI84, D251, D280) showed 
increased production of brown sheath pigment; two of these ( D I 8 4 , 
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D251) also developed hairs i n i r o n d e f i c i e n t medium. I n i r o n 
d e f i c i e n t cultures of Anabaena o y l i n d r i c a D2A the sheath and medium 
were colourless, but f o l l o w i n g the a d d i t i o n of i r o n to the cu l t u r e 
the medium became brown i n colour. 

5 . There was a marked increase i n heterocyst frequency i n i r o n 
d e f i c i e n t cultures of a l l s t r a i n s exoept D251, D403, D404 and 
Anabaena c y l i n d r i c a D2A. 

The production of spores increased i n Anabaena c y l i n d r i c a D2A, 
but decreased i n Gloeotriohia ghosei D277. 

6. Hairs were l o s t f o l l o w i n g the a d d i t i o n of i r o n to the d e f i c i e n t 
cultures, but only i n association w i t h hormogonium release. There 
was no ra p i d l y s i s of the h a i r c e l l s l i k e that seen f o l l o w i n g the 
addition of phosphate to phosphate d e f i c i e n t cultures of c e r t a i n 
s t r a i n s . 

b) llomoeothrix s t r a i n s 
1. The morphology of S t r a i n D401 was unaffected by i r o n deficiency, 
apart from the development of small vesicles i n some of the trichome 
Tapering apices developed at about the same time as growth ceased 
i n i r o n d e f i c i e n t cultures, as i t did i n control cultures. 

Trichomas of S t r a i n D402 decreased i n diameter under i r o n 
deficiency. 

2. I n both s t r a i n s of Homoeothrix, the c e l l s remained Bhort under 
i r o n deficiency, whereas the average length of c e l l s i n con t r o l 
cultures increased as they became n i t r a t e l i m i t e d . 

Like the heterocystous s t r a i n s , both s t r a i n s of Homoeothrix 
became less green i n i r o n d e f i c i e n t c u l t u r e . 
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5«5 Magnesium deficiency 

5 .51 Heterocystous s t r a i n s 

( i ) Induction of deficiency 
A l l the s t r a i n s except D403 showed growth l i m i t a t i o n a f t e r 

two to three weeks' growth of the f i r s t subbulture to medium w i t h 
0.025x the normal l e v e l of magnesium. The l i m i t a t i o n was especially 
marked i n S t r a i n D256, which showed very l i t t l e growth i n t h i s 
medium. S t r a i n D403 developed symptoms a f t e r a second subculture. 

I n most cases, the cultures became progressively paler green, 
and l a t e r pale yellow i n colour. I n S t r a i n D156, control cultures 
of which were a deep mulberry colour, the magnesium d e f i c i e n t 
cultures became pale brown. 

( i i ) E f f e c t s on h a i r development (Table 5 .4 ) 

Only one s t r a i n , D251, showed a marked increase i n the production 
of hairs under magnesium deficiency (Table 5 » 4 ) . I n magnesium 
d e f i c i e n t oultures of S t r a i n D277, some of the trichomes (frequency 
score = 1 ) had hairs which were rather longer than those i n con t r o l 
cultures, reaching 50% of the t o t a l trichome length, as against 
5-20% i n the c o n t r o l . This response was very l i k e t h a t seen i n 
i r o n d e f i c i e n t cultures (Section 5 » 4 ( i i ) ) . I n both the affected 
s t r a i n s , the changes i n h a i r development were observed at much the 
same time as obvious growth l i m i t a t i o n became apparent, but before 
any degenerative changes were seen. I n the l a t e r stages of deficiency 
there was extensive fragmentation of the trichomes i n a l l the s t r a i n s , 
and very few i n t a c t h a i r c e l l s were seen; t h i s seemed to r e f l e c t 
the o v e r a l l degeneration of the c u l t u r e s , rather than being any 
s p e c i f i c response. 

( i i i ) E f f e c t s on trichorae dimensions and tapering (Table 5«5) 

There was a marked decrease i n trichome diameter i n a l l s t r a i n s 
except D2A and D277, i n which the dimensions were unaffected. The 
decreases i n diameter occurred only at a l a t e stage of deficiency, 
when growth had apparently ceased. I n f i v e s t r a i n s (D256, £267 

(Table 5 . 2 8 ) , S277, D283, D403) the decrease i n diameter seemed to 
occur i n the basal region only. Sometimes the decrease was r e l a t i v e l y 
s l i g h t , so t h a t the trichome s t i l l had a tapered morphology, but 
many trichomes were almost p a r a l l e l , with a diameter l i k e t h a t of 
the apical region of normal trichomes. F i g . 5 » 1 4 a shows a trichome 
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of S t r a i n D256 i n which the basal swelling i s much less pronounced 
than i n a cont r o l trichome of s i m i l a r length ( F i g , 5.9). The f i v e 
remaining s t r a i n s (DI56, D179, DI84 (Table 5.27), D251, D280) 
showed a decrease i n diameter along the whole length of the trichome. 
At l e a s t some trichomes of each of those s t r a i n s retained a tapered 
morphology, but some appeared p a r a l l e l , with a diameter less than 
that of the subapical diameter of cont r o l trichomes. I n a l l s t r a i n s , 
the decrease i n trichome diameter was observed at the same time as 
the apparent death of the basal heterocyst (see ( v i i ) below), and 
the trichomes with the most markedly narrowed vegetative c e l l s 
were ones i n which the heterocysts were colourless and collapsed, 
and sometimes detached from the vegetative c e l l s . 

Magnesium d e f i c i e n t cultures of Strains DI84, D251, D256, D280, 
D403.and S404 contained short trichomes without heterocysts^ which 
tapered towards both ends, and were surrounded by a very t h i c k 
sheath (Figs 5.14b, 5.14d). I n Strains D251 and D404 some of these 
trichomes had short ha i r s at both ends. I n a l l s i x s t r a i n s the 
diameter of the central part of these trichomes was s i m i l a r to that 
of normal hormogonia, and they were at f i r s t believed to be derived 
from hormogonia which had f a i l e d to d i f f e r e n t i a t e heterocysts and 
complete a normal development. Evidence was obtained, however, 
that at l e a s t some were probably derived from heterocystous 
trichomes. 

Fig. 5»14b shows a trichome of S t r a i n £256, tapered at both 
ends, and contained w i t h i n a sheath which has a colourless basal 
heterocyst attached. The sheath surrounding the trichome i n Fig. 
5.14c has no heterocyst attached but i t s shape suggests t h a t i t 
once contained a trichome with a basal enlargement. One end of 
the trichome appears to have broken through the basal part of the 
sheath. F i g . 5«15 shows three heterocystous trichomes from a 
magnesium d e f i c i e n t c u l t u r e of S t r a i n D404» in< which the trichome 
bases are narrowed to an increasing extent, w i t h associated 
elongation of the terminal c e l l s . These observations, and s i m i l a r 
ones i n other s t r a i n s , suggested that i n some oases one of the 
two tapered ends a c t u a l l y derived from the basal enlarged region 
of a heterocystous trichome. 

I t appeared that a l l the observed changes i n trichome diameter 
took place by actual shrinkage of e x i s t i n g trichomes, rather than 
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by de novo development of narrower trichomes. As mentioned above, 
the changes occurred a f t e r growth had apparently ceased, and i n 
old magnesium d e f i c i e n t c u l t u r e s , no trichomes of normal width 
were observed. Table 5«27b, i n which the dimensions of magnesium 
d e f i c i e n t trichomes of S t r a i n DI84 are compared with those of 
(immature) control trichomes of s i m i l a r basal diameter, i n d i c a t e s 
that the smaller diameter of the magnesium d e f i c i e n t trichomes 
was not simply due to a f a i l u r e of young trichoraes to mature.. 

While growth was taking place, the length of the trichomes i n 
most s t r a i n s was apparently unaffected by magnesium d e f i c i e n c y . 
Trichomes of S t r a i n DI84 however were considerably longer i n 
magnesium d e f i c i e n t c u l t u r e s (Table 5.27), due a t l e a s t p a r t l y to 
the elongation of c e l l s i n the a p i c a l region of the trichomes 
(see ( i v ) below). I n l a t e r stages, i n a s s o c i a t i o n with the decrease 
i n trichome diameter j u s t described, many of the trichomes of 
a l l s t r a i n s fragmented in t o short lengths, most of which had no 
heterocysts. 

Magnesium de f i c i e n c y had considerable e f f e c t s upon the 
tapering of the trichomes i n every s t r a i n of R i v u l a r i a c e a e except 
D277. The reduction i n the basal diameter i n S t r a i n s D256, D267, 
£283, D403 and D404 caused a decrease i n the degree of tapering; 
s i m i l a r l y , although a reduction i n diameter took place throughout 
the trichomes of the other s t r a i n s (DI56, D179, D I 8 4 , D251, D280), 
the e f f e c t was generally more marked i n the basal region, so that 
again the tapering was reduced. I n a l l these ten s t r a i n s , at l e a s t 
some of the trichomes became v i r t u a l l y p a r a l l e l under magnesium 
def i c i e n c y . An additional e f f e c t on tapering (not scored i n 
Table 5«5) was the development of trichomes which tapered at both 
ends, i n S t r a i n s DI84, D251, D256, D280, D403 and D404. 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table % S ) 

The narrowing of the c e l l s i n many of the s t r a i n s , and the 
elongation of the c e l l s i n the trichome bases of some s t r a i n s were 
mentioned i n ( i i i ) above. Apart from these e f f e c t s there was 
l i t t l e apparent change i n the absolute c e l l length i n the majority 
of s t r a i n s , though the narrowing of c e l l s sometimes gave them a 
more elongated appearance. I n two s t r a i n s , however, DI56 and D I 8 4 , 

there was a marked increase i n the absolute length of the c e l l s . 
I n S t r a i n DI56 the increase took place along the whole trichome: 
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the c e l l s were 3—3-5(—5) ura wide by 9-20 |ura long, against 4 .5-5.5 jura 
by 4-6 urn i n the subapical region of control trichomes. These 
elongated c e l l s o f t e n had a rather d i s t o r t e d shape, with an 
undulating p r o f i l e . I n S t r a i n DI84 c e l l length increased i n the 
apical region only. The c e l l s i n t h i s region were 2-3 Jim wide by 
8-10 um long, against 4.5-5 "ra by 3-4.5 i n c o n t r o l trichomes • 
(compare Figs 5.16 and 5.1a). The apical c e l l s of magnesium 
d e f i c i e n t trichomes of St r a i n DI84 resembled h a i r c e l l s i n t h e i r 
dimensions, but there was no sign of vacuoLation. 

(v) Cytological e f f e c t s other than h a i r formation (Table 5.7,) 

The vegetative c e l l s of a l l s t r a i n s became i n i t i a l l y pale 
green; some trichomes of S t r a i n DI56 also had brownish c e l l s . I n 
a l l s t r a i n s the c e l l s l a t e r became yellowish, and sometimes 
eventually colourless, and there was some c e l l l y s i s , causing the 
trichomes to fragment. No vacuolation of the c e l l s was seen, 
except i n the secondary development of tapering trichome ends i n 
Strains D251 and D404 (see ( i i i ) above). 

I n the majority of s t r a i n s , polyphosphate granulation was 
unaffected by magnesium deficiency. I n S t r a i n DI84 the granulation 
i n each trichome was reduced to about 50% of the control l e v e l , 
the decrease occurring uniformly along the trichome. I n S t r a i n DI56 

the majority (frequency score = 4) of the trichomes were devoid 
of granules, but the remainder had a normal l e v e l of granulation. 
The response of Anabaena c y l i n d r i c a D2A was very l i k e t h a t observed 
f o r t h i s s t r a i n under iron, deficiency (Section 5 * 4 l ( v ) ) t some c e l l s 
had no granules, some had a normal l e v e l of granulation, and some 
had an increased l e v e l ; o v e r a l l there was an estimated ( s l i g h t ) 
increase f o r the whole population. I n S t r a i n D404 granulation 
increased s l i g h t l y along the whole trichome, but i t s t i l l decreased 
to zero at the trichome apices, as i t did i n the c o n t r o l . 

An increase i n the l e v e l of cyanophycin granulation was 
observed i n Strains D I 5 6 , D I 8 4 , Dd^l and D280 under magnesium 
deficiency, but there was no obvious e f f e c t i n the other eight 
s t r a i n s . 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production 
(Table 5 .7) 

I n each s t r a i n , the thickness of the sheaths increased markedly 
i n magnesium d e f i c i e n t cultures. I n s t r a i n s w i t h c l e a r l y defined 
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sheaths, these could be seen to be 4-5 i n thickness, whereas 
control trichomes usually had sheaths of 1 um or less (see Figs 5*14 
and 5*16). A marked increase i n the brown pigmentation of the 
sheath bases occurred only i n Strains DI84 and D251 . 

( v i i ) E f f e c t s on hsterocysts (Table 5.8) 
I n each of the s t r a i n s studied, the heterocysts appeared to 

degenerate i n magnesium d e f i c i e n t conditions. They became pale, 
then colourless, and o f t e n collapsed s l i g h t l y , usually l o n g i t u d i n a l l y 
rather than l a t e r a l l y . The trichome dimensions of S t r a i n DI84 
(Table 5.27) and D267 (Table 5.28) i l l u s t r a t e the decrease i n 
heterocyst size caused by t h i s collapse. There was no other obvious 
e f f e c t on heterocyst size, apart from that associated w i t h t h e i r 
apparent degeneration. There was no tendency f o r secondary hetero­
cysts to d i f f e r e n t i a t e f o l l o w i n g the death of the o r i g i n a l ones; 
at some stage i n the degenerative sequence described, the hetero­
cysts usually became detached from the vegetative c e l l s (Figs 5«14b 
and 5.15c). 
( v i i i ) E f f e c t s on the development of spores (Table 5«9) 

Very few spores were produced by e i t h e r S t r a i n D2A or S t r a i n D277 

under magnesium deficiency; i n both s t r a i n s the spore frequency : 

was lower than t h a t i n control cultures. 

( i x ) Response of magnesium d e f i c i e n t cultures to the a d d i t i o n 
of magnesium 

I n a l l s t r a i n s , the vegetative c e l l s had regained a normal 
colour one or two days a f t e r the a d d i t i o n of MgCl2.6H20. Re-sgreening 
of colourless heterocysts was not observed, but many of the lengths 
of vegetative c e l l s produced by trichome l y s i s d i f f e r e n t i a t e d a 
basal heterocyst, and t h e i r morphology returned to normal. 

The h a i r s i n S t r a i n D251 were l o s t during the hormogonium 
release t h a t occurred about three days a f t e r the a d d i t i o n of 
magnesium; there was no r a p i d l y s i s of the h a i r s l i k e t h a t observed 
i n some s t r a i n s f o l l o w i n g the a d d i t i o n of phosphate to phosphate 
d e f i c i e n t cultures (Section 5«3l(ix)). 
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Table 5.27 Trichome dimensions (um) of Calothrix sp. DI84 grown f o r 
24 days i n HAD with l.Ox and 0 .025x the normal l e v e l of Mg 
Each value i s the mean of 20 measurements. 
(a) Measurements i n the control culture were r e s t r i c t e d 

to trichomes of basal diameter — 9 Mm? no r e s t r i c t i o n 
was placed on trichomes measured i n the magnesium 
d e f i c i e n t c u l t u r e , but none had basal diameters > 8 um. 

cont r o l 
mean 

Mg-deficient 
mean 

difference pr'obabi 

basal width 1 0 . l t 0 .23 7 . 8 + 0 .16 2 . 3 * 0.27 < 0 .001 

subapical width 4 . 4 * 0 . 0 8 2 . 9 * 0 .07 1 . 5 * 0 . 1 2 < 0 . 0 0 1 

apical ..width 3 . 9 * 0 . 1 3 2 .9 + 0.07 1 . 0 * 0 . 1 4 < 0 . 0 0 1 

trichome length 396 * 24 650 1 35 2 5 4 * 3 4 < 0 . 0 0 1 

heterocyst width 8.610 . 2 5 7 . 4 * 0 . 3 3 1 . 2 * 0.35 0 .002 

heterocyst length 8 . 3 * 0 .23 5 . 5 * 0.27 2 . 8 * 0 . 3 4 < 0 . 0 0 1 

(b) Only trichomes of basal d i a m e t e r ^ 8 um were measured 
from the control c u l t u r e ; the measurements from the 
magnesium d e f i c i e n t culture are the same as those i n (a) 

con t r o l Mg-deficient difference p r o b a b i l i t y 
mean mean 

basal width 7 . 7 * 0 . 1 1 7 . 8 * 0.16 0 . 1 + 0 .20 0.905 

subapical width 4 .4+O .O7 2 . 9 + 0 . 0 7 1 . 5 * 0 . 1 1 ^ 0 . 0 0 1 

apical width 3 . 7 * 0 . 1 2 2 . 9 + 0 ^ 0 7 0 . 8 * 0 . 1 4 < 0 . 0 0 1 

trichome length 2 4 4 * 22 6 5 0 * 35 4 0 6 * 4 8 < 0 . 0 0 1 

heterocyst width 7 . 0 * 0 . 2 2 7 . 4 + 0 .33 0 . 4 * 0 . 4 4 0.326 

heterocyst length 7 . 4 * 0 . 2 4 5 . 5 * 0 .27 1 . 9 * 0 . 3 4 < 0 . 0 0 1 

http://10.lt
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Table 5*28 Trichome dimensions (um) of Calothrix sp. D267 grown f o r 
22 days i n HAD with l.Ox and 0.025x. the normal l e v e l of Mg 
No r e s t r i c t i o n was placed on the basal diameter of the 
trichomes measured i n e i t h e r c u l t u r e . 
Each value i s the mean of 20 measurements. 

control Mg-deficient difference p r o b a b i l i t y 
mean mean 

basal width 5 . 5 1 0.15 3 . 6 ± 0.11 1.9*0.20 <0 .001 

subapical width 2 . 8 1 0.06 2 .71 0.06 0 . 1 1 0 . 0 9 0.409 

trichorae length 1101 7 73 1 4 36 1 8 <0.001 

heterocyst width 5 . 4 1 0.16 3 . 9 1 0 . 1 2 1 . 5 ± 0 . 1 8 <0.001 

heterocyst length 5 . 8 * 0 . 1 9 5 . 2 1 0 . 1 6 0.62:0.24 0.039 
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5.14 Trichomes from magnesium 
scopulorum D256, showing 
(see pp. 199-200) . 
Compare control trichome 

d e f i c i e n t c u l t u r e s of Cal o t h r i x 
tapering i n the basal region 

i n Fig. 5 . 9 a . 
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F i g . 5.15 Basal region of control and magnesium d e f i c i e n t t r i c h o m a 
of R i v u l a r i a sp. J)404» showing apparent development of 
h ^ i r s i n basal region. 
(a) Control (HChu 10-D(-N)). 
(b) -(d) Mg-deficient (see pp. 199-200) . 
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200 urn 

150 Um 

10 um 

F i g . 5.I6 Magnesium d e f i c i e n t trichome of C a l o t h r i x sp. DI84. 
(Compare the control trichome i n F i g . 5 .1a) 
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5.22 Homoeothrix s t r a i n s 

( i ) Induction of de f i c i e n c y 
Growth of S t r a i n D402 became l i m i t e d a f t e r a si n g l e subculture 

into HChu 10-D with 0.025x the normal l e v e l of magnesium, but a 
second subculture was required f o r S t r a i n D401. Magnesium d e f i c i e n t 
c u l t u r e s of S t r a i n D401 were pinkish; those of S t r a i n D402 became 
pale green and l a t t e r l y yellow. 

( i i ) E f f e c t s on h a i r development (Table 5.4) 

Neither s t r a i n produced long h a i r s under magnesium deficiency; 
a few short h a i r s developed i n S t r a i n D401, at the same frequency 
as i n control c u l t u r e s , as growth came to a h a l t . 

( i i i ) E f f e c t s on trichome dimensions and tapering (Table 5.5) 

The trichome dimensions of S t r a i n D401 were not affected by 
magnesium d e f i c i e n c y , but tapering apices developed e a r l i e r than i n 
control c u l t u r e s , though i n both media t h i s occurred at the same 
time as growth began to slow down. 

Trichomes of S t r a i n D402 became markedly narrowed under magnesium 
def i c i e n c y (Table 5«29). The decrease i n diameter occurred i n a l l 
v i s i b l e parts of the trichomes. 

Table 5*29 Subapical and a p i c a l width (um) of Homoeothrix sp. D402 
grown f o r 11 days i n the f i f t h subculture to HChu 10-D 
with l.Ox and 0.02fjx the normal l e v e l of Mg 
Each value i e the mean of 30 measurements. 

control Mg-deficient d i f f e r e n c e p r o b a b i l i t y 
mean mean 

subapical 1.931 0.01 1.511 0.02 0.42 10.02 «=0.001 
width 

a p i c a l 1 .95*0.01 1 .51±0.02 0.44*0.02 *0.001 
width 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5*6) 

The shape of c e l l s of S t r a i n D401 was not aff e c t e d , apart from 
the development of tapered apices mentioned above. There was no 
absolute inorease i n the length of the c e l l s i n magnesium d e f i c i e n t 
trichomes of S t r a i n D402, but the narrowing of the trichomes gave 
the c e l l s a more elongated appearance. The enlarged a p i c a l c e l l s 
that developed i n older control c u l t u r e s of t h i s s t r a i n (Section 3.33) 
were not observed i n magnesium d e f i c i e n t c u l t u r e s . 
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(v) C y t o l o g i c a l e f f e c t s other than h a i r formation (Table 5 .7 ) 
C e l l s of S t r a i n D401 were i n i t i a l l y pale greyish pink under 

magnesium deficiency; those of S t r a i n D402 were pale green. L a t e r , 
trichotnes of both s t r a i n s became ye l l o w i s h , and some c e l l s bedame 
co l o u r l e s s , and l y s e d , causing trichome fragmentation. Some trichomes 
(frequency score = 2) of S t r a i n D401 developed small vacuoles i n 
every c e l l . The l e v e l of polyphosphate granulation was not a f f e c t e d 
by magnesium de f i c i e n c y i n e i t h e r s t r a i n . 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production (Table 5*7) 

The thickness of the sheaths was not obviously affected by 
magnesium d e f i c i e n c y i n e i t h e r s t r a i n , and no sheath pigmentation 
was observed. 

( v i i ) Response of magnesium d e f i c i e n t c u l t u r e s to addition 
of magnesium 

S t r a i n £402 recovered i t s normal colour one day a f t e r the 
addition, and S t r a i n D401 a f t e r two days. C e l l d i v i s i o n and hormo-
gonium r e l e a s e occurred s h o r t l y afterwards i n both s t r a i n s . Both 
s t r a i n s l a t e r developed symptoms of n i t r a t e d e f i c i e n c y , l i k e the 
control c u l t u r e s (Section 3.33). 
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5 .53 Summary of r e s u l t s 

a) Heterocystous s t r a i n s 
1. Only one s t r a i n (D251) showed a .narked increase i n h a i r develop­
ment under magnesium deficiency} t h i s s t r a i n also produced more h a i r s 
i n response to i r o n and phosphate d e f i c i e n c i e s . S t r a i n D277 produced 
a few longer h a i r s under magnesium def i c i e n c y : the response was 
very l i k e that observed f o r t h i s s t r a i n under i r o n d e f i c i e n c y . 

I n S t r a i n DI84 the c e l l s i n the a p i c a l region became very 
elongated and narrowed, resembling h a i r c e l l s i n t h e i r dimensions, 
but showing no vacuolation. Marked elongation of the vegetative 
c e l l s a l s o occurred i n S t r a i n JDI56, throughout the l e % . t h of the 
trichoraes, and some of the elongated c e l l s had a d i s t o r t e d shape. 

2. Magnesium d e f i c i e n t trichomes decreased i n diameter i n a l l but 
two s t r a i n s (D277» D2A). Sometimes the whole trichome was a f f e c t e d , 
but sometimes apparently only the basal region. The change seemed 
to r e s u l t from actual shrinkage of p r e - e x i s t i n g c e l l s . F i v e s t r a i n s 
(DI84, D251, D256, D280, D403, D404), a l l of which had a marked 
basal enlargement i n control medium, developed trichomes which tapered 
at both ends, and i n at l e a s t some cases one of the tapered ends 
apparently derived from the basal region of an o r i g i n a l l y hetero­
cystous trichorae. 

3« A l l the s t r a i n s became much p a l e r green. Very marked production 
of sheath material occurred i n a l l s t r a i n s , but only D251 and DI84 

showed increased production of brown sheath pigment. 

4. I n a l l 12 s t r a i n s the heterocysts degenerated under magnesium 
de f i c i e n c y , with no tendency f o r f u r t h e r heterocysts to develop. 

5 . The h a i r s developed by S t r a i n D251 were l o s t following the addition 
of magnesium, as hormogonia were released. There was no rapid l y s i s 
of the h a i r c e l l s . 

b) Homoeothrix s t r a i n s 
The morphology of S t r a i n D401 was not a f f e c t e d by magnesium 

def i c i e n c y , but tapered apices developed as growth became l i m i t e d . 
Trichoraes of S t r a i n D402 became narrower, l i k e those of many of the 
heterocystous s t r a i n s . Both Homoeothrix s t r a i n s became l e s s green. 
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5 . 6 Calcium d e f i c i e n c y 

5 . 6 1 Heterocystous s t r a i n s 

( i ) Induction of d e f i c i e n c y 
A l l 12 s t r a i n s showed signs of d e f i c i e n c y a f t e r a s i n g l e 

subculture into medium with 0.025x the normal l e v e l of calcium. I n 
the majority of s t r a i n s the calcium d e f i c i e n t c u l t u r e s became pale 
green, and l a t e r yellow, but c u l t u r e s of S t r a i n s D251 arid D256 

retained a bright green colour despite obvious l i m i t a t i o n of growth. 
The colour of algae i n calcium d e f i c i e n t c u l t u r e s of S t r a i n D156 

was a l s o the same (mulberry) as i n control c u l t u r e s , but the medium 
became red-brown i n colour. 

Q u a l i t a t i v e changes i n the c u l t u r e s were generally observed at 
about the same time as e f f e c t s on y i e l d , but the macroscopic appear­
ance of Ahabaena o y l i n d r i c a D2A showed one change within 12 h of 
i n o c u l a t i o n i n t o low calcium medium. The inoculated filaments 
appeared to clump together, and s e t t l e d to the base of the f l a s k , 
instead of remaining suspended throughout the medium as they did i n 
the control and other media. 

( i i ) E f f e c t s on h a i r development (Table 5 . 4 ) 

The extent of h a i r development was unaffected i n a l l s t r a i n s 
except D277. I n t h i s s t r a i n some of the trichomes (frequency score = 1 

had rather longer h a i r s than those of control trichomes. T h i s 
response was very l i k e that seen i n i r o n and magnesium d e f i c i e n t 
c u l t u r e s of t h i s s t r a i n (Sections 5 » 4 l ( i i ) and 5»5l(ii))» Many of 
the h a i r s (frequency score = 3) i n calcium d e f i c i e n t oultures of 
S t r a i n D277 had spindle-shaped c e l l s ( F i g . 5*17)» with a diameter 
as great as 8 um i n the mid-region. I n the control medium, and i n 
the other d e f i c i e n t media, the h a i r c e l l s were c y l i n d r i c a l , with 
a diameter of 2 - 4 um. 

( i i i ) E f f e c t s on trichome dimensions and tapering (Table 5 » 5 ) 

I n S t r a i n s DI56, DI84, D256, D277 and D283 there was a decrease 
i n the average basal diameter, as a r e s u l t of the development of 
pseudo-intercalary heterocysts i n the narrower parts of the trichomes 
(see ( v i i ) below). Basal width was not affected i n the other s t r a i n s , 
and the diameter of Anabaena c y l i n d r i c a D2A was a l s o unchanged. 

I n S t r a i n s DI84 (Table 5 . 3 0 ) , D280 , D403 ( F i g . 5 .18) and D404 

there was an increase i n the subapical width of calcium d e f i c i e n t 



-213-

trichomes. The observed i n c r e a s e s did not seem to be simply the 
r e s u l t of trichome fragmentation, with l o s s of the narrowest a p i c a l 
region, since c h a r a c t e r i s t i c modifications of the a p i c a l c e l l s were 
s t i l l present (Pig. 5«l8) and the sheaths did not extend beyond 
the trichome apex. The other seven s t r a i n s of R i v u l a r i a c e a e showed 
no change i n a p i c a l or subapical width. 

Trichome length was not obviously affected by calcium d e f i c i e n c y , 
except when the development of pseudo-intercalary heterocysts 
(see ( v i i ) below) gave r i s e to shorter daughter tichomes. 

Four s t r a i n s became l e s s tapered under calcium d e f i c i e n c y , as 
a r e s u l t of the increase i n subapical width mentioned above. An 
additional e f f e c t on tapering was observed i n S t r a i n D403. Most 
of the taper of control trichomes was due to the enlargement of 
c e l l s i n the basal region, but i n calcium d e f i c i e n t trichomes the 
taper was more gradual, with a diameter c h a r a c t e r i s t i c of the basal 
enlargement of control trichomes maintained f o r as much as two 
t h i r d s of the trichome length ( F i g . 5.18). 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5»6) 
I n f i v e s t r a i n s (D2A, D156, D I 8 4 , 1)280, D404) c e l l s along the 

whole length of the trichomes were shorter under calcium d e f i c i e n c y . 
The c e l l s i n the a f f e c t e d s t r a i n s had lengthiwidth r a t i o s of 0.25:1 
to 0.5:1» against about 1:1 i n the controls (compare F i g s 5*19 and 
5.1a). I n S t r a i n D283 the c e l l s i n the basal one t h i r d of calcium 
d e f i c i e n t trichoraes were shorter than those of control trichomes, 
but c e l l s i n other regions were not affectedj i n S t r a i n D251 only 
c e l l s i n the a p i c a l region became shorter under calcium d e f i c i e n c y . 
The increase i n trichome width i n S t r a i n D403 (see ( i i i ) above) 
made the c e l l s appear r e l a t i v e l y shorter, but there was no absolute 
change i n length. 

d e l l shape was not obviously affected i n S t r a i n s D179i D267 or 
D277. 

(v) C y t o l o g i c a l e f f e c t s other than h a i r formation (Table 5»7) 
Vegetative c e l l s of S t r a i n s D251 and D256- remained green even 

a f t e r s e v e r a l weeks i n low calcium medium, and trichomes of S t r a i n 
DI56 a l s o r e t a i n e d t h e i r normal (mulberry) oolour. I n the other 
nine s t r a i n s the c e l l s beoame pro g r e s s i v e l y p a l e r , and f i n a l l y 
yellow (buff i n the case of S t r a i n D277). 

I n S t r a i n D277 the l e v e l of polyphosphate granulation decreased 
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i n a l l the vegetative c e l l s , to about 50Jb of the control l e v e l , 
but there was no apparent e f f e c t of calcium d e f i c i e n c y on poly­
phosphate i n the other s t r a i n s . No change i n the l e v e l of cyano— 
phycin granulation was observe i n any of the s t r a i n s . 

I t seemed that the clumping of trichomes of Anabaena c y l i n d r i c a D2A 
(see ( i ) above) might have been due to some e f f e c t on trichome 
m o t i l i t y . However, the g l i d i n g m o t i l i t y of the alga i n s l i d e 
preparations did not obviously d i f f e r between trichoraes from low 
calcium and control c u l t u r e s . 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production (Table 5.7) 

Production of sheath material increased i n a l l 12 s t r a i n s , 
but there was no increase i n sheath pigmentation. The red-brown 
colouration of the medium i n calcium d e f i c i e n t c u l t u r e s of S t r a i n 
D I 5 6 was mentioned i n ( i ) above. 

( v i i ) E f f e c t s on heterocysts (Table 5.8) 

There was an obvious increase i n heterocyst frequency i n a l l 
s t r a i n s except D251 and D404 ( c f . Section 5 . 2 3(v); p. 149). 

Secondary basal heterocysts developed i n each of the nine s t r a i n s of 
Riv u l a r i a c e a e showing an incr e a s e , and i n t e r c a l a r y and/or pseudo-
i n t e r c a l a r y heterocysts were also present i n most cases. Pseudo-
i n t e r c a l a r y heterocysts often occurred i n p a i r s , and secondary 
heterocysts of d i f f e r e n t types were quite often observed i n a si n g l e 
trichome ( F i g . 5.20). I n calcium d e f i c i e n t trichomes of Anabaena 
c y l i n d r i o a D2A the heterocysts were separated by 5-8 c e l l s , as 
against 15-25 c e l l s i n the control at the time of score. The incr e a s e s 
i n heterocyst frequency occurred r e l a t i v e l y l a t e , when growth had 
apparently ceased. 

An obvious increase i n heterocyst s i z e was observed only i n 
S t r a i n D256 (Table 5.31a). Detailed measurements of heterocysts 
were made, f o r only two other s t r a i n s ; they revealed a s i g n i f i c a n t 
increase i n heterocyst width i n S t r a i n D267 (Table 5»31b) , but no 
s i g n i f i c a n t e f f e c t on heterocyst s i z e i n S t r a i n DI84 (Table 5^30). 

( v i i i ) E f f e c t s on the development of spores (Table 5«9) 

Very few spores were produced by e i t h e r S t r a i n D2A or S t r a i n D277 
i n low calcium medium) i n both cases spore frequency was l e s s than 
that of control c u l t u r e s . 
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( i x ) Response of calcium d e f i c i e n t c u l t u r e s to addition of calcium 
Morphological changes following the addition of CaClg.SHgO 

to the c u l t u r e s were not followed i n d e t a i l , but a l l the s t r a i n s 
grew to a normal f i n a l y i e l d within a week of the addition. Their 
morphology a l s o returned to normal, though secondary heterocysts 
were s t i l l apparent i n some trichomes. 

5*62 Homoeothrix s t r a i n s 
Neither s t r a i n showed any signs of d e f i c i e n c y a f t e r three 

successive subcultures through HChu 10-D with 0.025x the normal 
l e v e l of calcium. Both s t r a i n s were then subcultured from t h i s 
medium into HChu 10-D with O.Olx the normal l e v e l of calcium, and 
growth l i m i t a t i o n and yellowing of the c u l t u r e s were apparent a f t e r 
a few days. 

( i i ) E f f e c t s on h a i r development (Table 5.4) 

Calcium d e f i c i e n c y had no e f f e c t on h a i r development i n e i t h e r 
s t r a i n . 

( i i i ) E f f e c t s on trichome dimensions and tapering (Table 5*5) 

Trichomes i n calcium d e f i c i e n t c u l t u r e s of S t r a i n D401 dereloped 
tapered apices e a r l i e r than those i n control c u l t u r e s ; i n both media 
t h i s change coincided with the c e s s a t i o n of growth. There was no 
other e f f e c t on trichome dimensions i n e i t h e r s t r a i n . 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5.6) 

When growth l i m i t a t i o n became apparent, the c e l l shapes of 
both s t r a i n s were s i m i l a r to those of the n i t r a t e l i m i t e d control 
c u l t u r e s at the end of the growth period, i . e . s l i g h t l y longer than 
broad, but not markedly elongated. 

(v) C y t o l o g i c a l e f f e c t s other than h a i r formation (Table 5*7) 

C e l l s i n both s t r a i n s became pale green, then yellow, and some 
trichomes (frequency score = 2) of S t r a i n D401 developed small 
vacuoles i n every c e l l . Polyphosphate granulation was not a f f e c t e d 
i n e i t h e r s t r a i n . 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production (Table 5«7) 

There was no obvious e f f e c t on:sheath development or pigment­
ati o n i n e i t h e r s t r a i n . 
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( i x ) Response of calcium d e f i c i e n t c u l t u r e s to addition of calcium 
Both s t r a i n s regained a normal appearance within two days of 

the addition, and grew to a normal y i e l d before developing the 
morphological symptoms c h a r a c t e r i s t i c of n i t r a t e l i m i t e d control 
c u l t u r e s ( S e c t i o n 3 . 3 3 ) . 

5.63 Summary of r e s u l t s 

a) Heterocystous s t r a i n s 
1. Hair development was unaffected by calcium d e f i c i e n c y i n a l l 
s t r a i n s except D277» i n which a few trichomes developed r a t h e r 
longer h a i r s , a response also given by t h i s s t r a i n under i r o n and 
magnesium d e f i c i e n c i e s . 

2. I n f i v e s t r a i n s ( D I 5 6 , D I 8 4 , D280, D404, D2A) a l l the vegetative 
c e l l s were markedly shortened under calcium d e f i c i e n c y , and i n a 
f u r t h e r two s t r a i n s (D251, D283) c e l l s i n a part of the trichome 
were s i m i l a r l y a f f e c t e d . 

Pour s t r a i n s of B i v u l a r i a c e a e ( D I 8 4 , D280, D403, D404) showed 
an increase i n subapical diameter; a l l four were s t r a i n s which had 
a marked basal enlargement i n the control medium, arid which had 
shorter c e l l s i n calcium d e f i c i e n t medium. 

3. A l l but two s t r a i n s (D251, D404) showed a marked increase i n 
heterocyst frequency. 

4. Trichomes of Anabaena c y l i n d r i c a D2A clumped together s h o r t l y 
a f t e r i n o c u l a t i o n into calcium d e f i c i e n t medium. The m o t i l i t y of 
the trichoraes i n the clumps was not obviously a f f e c t e d . 

b) Homoeothrix s t r a i n s 
Neither s t r a i n showed any change i n the dimensions of c e l l s or 

trichomes under calcium d e f i c i e n c y . As observed i n i r o n and 
magnesium "deficient c u l t u r e s , trichomes of S t r a i n D401 developed 
tapered apices e a r l i e r than they did i n the c o n t r o l s , the change 
coinciding with the c e s s a t i o n of growth i n both media. 

C e l l s of both s t r a i n s became y e l l o w i s h , and i n S t r a i n D401 
some of them developed small vacuoles. 
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Table 5.30 Trichome dimensions (um) of Caloth r i x sp. D I 8 4 grown 
f o r 24 days i n HAD with l.Ox and 0 . 0 2 5 x the normal 
l e v e l of Ca 
Measurements were r e s t r i c t e d to trichomes of basal 
diameter ^ 9 um. 
Each value i s the mean of 20 measurements. 

control 
mean 

Ca-deficient 
mean 

difference probabil 

basal width 1 0 . 1 1 0 . 2 3 10.81 0 . 2 6 0 . 7 1 0 . 3 1 0 . 0 3 0 

subapical width 4 . 4 ^ 0.08 6 . 0 1 0 . 2 2 1.610.23 < 0 . 0 0 1 

a p i c a l width 3 . 9 1 0 . 1 3 6 . 0 1 0 . 2 2 2 .1 + 0 . 2 5 < 0 . 0 0 1 

trichome length 3 9 6 1 24 248 116 1 4 8 1 29 < 0 . 0 0 1 

heterocyst width 8 . 6 t 0 . 2 5 9 . 1 1 0 . 4 1 O . 5 I O . 4 8 0 . 3 3 0 

heterocyst length 8 . 3 * 0 . 2 3 8 . 2 1 0 . 2 7 O . H 0 . 3 4 0 . 9 0 6 

Table 5*31 Heterocyst dimensions (um) of Ca l o t h r i x scopulorum D256 
and C a l o t h r i x sp. D267 i n HAD with l.Ox and 0 . 0 2 5 x the 
normal l e v e l of Ca 
Each value i s the mean of 20 measurements. 

(a) Calothrix scopulorum D256 (21 days' growth) 
Measurements were r e s t r i c t e d to trichomes of 
basal diameter 6 . 5 um. 

control C a - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

heterocyst width 5 . 6 1 0 . 1 0 6 . 2 1 0 . 0 8 0 . 6 ± 0 . 1 2 -iO.OOl 

heterocyst length 5 . 3 1 0 . 1 3 6 . 4 * 0 . 1 9 1 . 1 1 0 . 2 5 -cO.001 

(b) C a l o t h r i x sp. D267 ( 2 2 days 1 growth) 
Measurements were r e s t r i c t e d to trichomes of 
basal diameter 4*8 um. 

control C a - d e f i c i e n t difference p r o b a b i l i t y 
mean mean 

heterocyst width 4 - 9 1 0 . 1 2 5 . 6 ± 0 . 1 4 0 . 7 1 0 . 1 8 0 . 0 0 1 

heterocyst length 5 . 5 1 0 . 2 0 5 . 9 , 1 0 . 2 0 0 . 4 1 0 . 2 4 0 . 1 3 4 
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10 um 

(b) Ca-dei'icient 

(a) Control (HAD) 

i''ig. 5 . 17 i i a i r c e l l s of control and calcium 
d e f i c i e n t trichomes of G l o e o t r i c h i * 
ghosei D277. 
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I 
(a) Control (ilAD) 

1 ' 5 ^ 1 8 Control and calcium 
d e f i c i e n t trichomes of 
R i v u l a r i a sp. D403. 

i 1 

10 ura 
(b) Ca-deficient 

j.''ig. 5.19 Calcium d e f i c i e n t trichome 
of Cal o t h r i x sp. DI84 
(compare control trichome 
i n F i g . 5.1a). m 
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0 0 (c) 

10 urn 

F i g . 5.20 Secondary heterocysts i n calcium 
d e f i c i e n t trichomes of (a) Gloeo-
t r i c h i a ghosei D277 and 
( b ) - ( c ) C a l o t h r i x scopulorum J-'256. 
(See p. 214) 
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5.7 Molybdenum deficiency 

5.71 Heterocystous s t r a i n s 

( i ) Induction of deficiency 
Strains DI56, D179, DI84, D267, D277, D280 and D404 became 

yellow i n the f i r s t subculture i n t o medium without added molybdenum; 
Strains D2A, D251 and D283 required two subcultures, and Strains 
D256 and D403 three subcultures. Yellowing normally coincided 
with obvious reduction i n y i e l d , but i n Strains DI84 and D251 
cultures turned yellow a f t e r the f i r s t and second subcultures 
respe c t i v e l y , but two (DI84) and four (D251) subcultures were 
required before y i e l d was obviously reduced. A l l subcultures 
a f t e r the second were made i n t o medium without HEPES (Section 5.22). 

( i i ) E f f e c t s on h a i r development (Table 5.4) 
There was no e f f e c t of molybdenuni deficiency on h a i r develop­

ment i n any of the s t r a i n s , apart from e f f e c t s r e l a t e d to the 
i n h i b i t i o n of o v e r a l l trichome development (see ( i i i ) below). 

( i i i ) E f f e c t s on trichorae dimensions and tapering (Table 5.4) 
I n a l l the s t r a i n s of Rivulariaceae the development of 

hormogonia seemed to be i n h i b i t e d as molybdenum deficiency developed. 
They d i f f e r e n t i a t e d a basal heterocyst, but there was l i t t l e or 
no c e l l d i v i s i o n or increase i n length, and basal enlargements 
did not develop. I n S t r a i n 1)277 h a i r s also f a i l e d to develop on 
the young trichomes, but i n Strains D403 and £404 some short hairs 
did form. 

The average length and basal diameter of the trichomes 
decreased i n a l l the s t r a i n s as a r e s u l t of t h i s i n h i b i t i o n of 
development, but i n a l l cases trichomes of normal dimensions 
formed a high proportion of the population. Subapical and apioal 
width were unaffected i n a l l t h e . s t r a i n s , and the dimensions of 
Anabaena c y l i n d r i c a D2A were also unchanged. 

The young trichomes whose development was stunted were less 
tapered than "average 1 c o n t r o l trichomes, due to t h e i r f a i l u r e 
to develop basal enlargements, or, i n S t r a i n D277, to produce h a i r s . 
However, t h i s seemed merely to r e f l e c t t h e i r i n h i b i t e d growth, 
rather than being a .specific response. 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5.6) 
Cell shape was unaffected by molybdenum deficiency i n a l l 

the s t r a i n s . 
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(v) Cytological e f f e c t s other than h a i r formation (Table 5.7) 
The vegetative c e l l s became yellow i n a l l 12 s t r a i n s j t h i s 

e f f e c t was seen f i r s t i n the short trichomes whose development 
appeared to be stunted, but the longer trichomes l a t e r became 
y e l l ow also* Some trichomes (frequency score = 2) of Strains SI84, 
D267 and D277 developed small vacuoles i n every c e l l . 

There was no obvious e f f e c t on the l e v e l of polyphosphate 
or cyanophycin granulation i n any of the s t r a i n s . 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production (Table 5»7) 

Sheath thickness increased i n a l l s t r a i n s . I n the R i v u l a r i -
aceae t h i s was most marked i n the short, stunted trichomes; these 
had d i s t i n c t sheaths, whereas cont r o l trichomes at an equivalent 
stage of development had only very t h i n sheaths. 

( v i i ) E f f e c t s on heterocysts (Table 5.8) 

An obvious increase i n heterocyst frequency was observed i n 
a l l the s t r a i n s . I n most s t r a i n s secondary heterocysts of more 
than one type were produced, often i n a single trichome. I n 
Anabaena c y l i n d r i c a D2A the heterocysts i n molybdenum d e f i c i e n t 
trichomes were separated by 8-15 c e l l s , as against 20-30 i n control 
trichomes at the time of scoring. 

I n Strains D256, D267, D277 and D283 there was a marked 
increase i n the size of the (primary) basal heterocysts (Table 5»32j 
F i g . 5.21). 

( v i i i ) E f f e c t s on the development of spores (Table 5.9) 
Molybdenum had no e f f e c t on spore development i n e i t h e r 

S t r a i n D2A or St r a i n D277. 

( i x ) Response of molybdenum d e f i c i e n t cultures to ad d i t i o n 
of molybdenum 

A l l cultures regained t h e i r normal colour w i t h i n 48 h of the 
addit i o n of 118^00^.21120, and c e l l d i v i s i o n and hormogonium release 
were apparent s h o r t l y afterwards. Normal y i e l d s were achieved 
5-10 days a f t e r the a d d i t i o n , and morphologies also returned to 
normal, apart from the presence of residual i n t e r c a l a r y hetero­
cysts. 
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5»72 Homoeothrix s t r a i n s 

( i ) Induction of deficiency 
No deficiency symptoms were apparent i n e i t h e r s t r a i n u n t i l 

the f i f t h subculture i n t o Chu 10-D (without HEPES) without added 
molybdenum, and even then, the difference i n y i e l d between +Mo 
and -Mo cultures was only s l i g h t . 

( i i ) Morphological response 
There was no change i n the morphology of e i t h e r s t r a i n i n 

the d e f i c i e n t medium, but the symptoms c h a r a c t e r i s t i c of n i t r a t e 
l i m i t e d cultures developed two or three days e a r l i e r than they 
d i d i n cont r o l c u l t u r e s . 

( i i i ) Response of cultures to the add i t i o n of molybdenum 
Na^MoO^^HgO was added to the cultures one day a f t e r they 

had begun to t u r n yellow. Wo re-greening or growth was observed 
i n e i t h e r s t r a i n , and the same r e s u l t was obtained when the add i t i o n 
was repeated a f t e r a f u r t h e r subculture to the d e f i c i e n t medium. 
This suggested that growth of the algae was not i n f a c t l i m i t e d 
by shortage of molybdenum. As mentioned above, the y i e l d i n 
molybdenum d e f i c i e n t medium was only s l i g h t l y less than t h a t i n f u l l 
medium. I t seemed possible that there was i n s u f f i c i e n t NOy-N 
remaining i n the molybdenum d e f i c i e n t medium to permit f u l l recovery 
of the algae f o l l o w i n g the addition of molybdenum. 

5.73 Summary of r e s u l t s 

a) Heterocystous s t r a i n s 
1. Molybdenum deficiency l e d to stu n t i n g of normal trichome 
development i n a l l s t r a i n s , but there was no s p e c i f i c e f f e c t on 
ha i r development or trichome dimensions. 

2. Heterocyst frequency increased i n a l l s t r a i n s , and i n Strains 
D256, D267, D277 and D233 there was also an increase i n hetero­
cyst size. A l l s t r a i n s became markedly yellowed. 

b) Homoeothrix s t r a i n s 
I t was d i f f i c u l t to obtain symptoms of molybdenum deficiency i n 

ei t h e r s t r a i n . The symptoms observed were the same as those of 
n i t r a t e l i m i t e d c u l t u r e s , but appeared rather e a r l i e r . 
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Table 5.32 Heterocyst dimensions (pm) of Strains D256, D267, D277 
and D283 i n HAD and HAD-Mo 
Each value i s the mean of 20 measurements. 
(a) Calothrix scopulorum D256 (21 days i n 3rd subculture) 

Measurements r e s t r i c t e d to trichomes of basal width 3-10 urn 

con t r o l Mo-deficient difference p r o b a b i l i t y 
mean mean 

heterocyst width 6.4 + 0.15 8.4+O.I8 2.0*0.22 <=0.001 

heterocyst length 5.2 + 0.24 6.4*0.13 1.210.23 -^0.001 

(b) Calothrix sp. D267 (22 days i n 2nd subculture) 
Measurements r e s t r i c t e d to trichomes of basal width 4*8 pro. 

co n t r o l Mo-deficient difference p r o b a b i l i t y 
mean mean 

heterocyst width 4-910.12 6.4+-O.I6 1.5X0.19 ^0.001 

heterocyst length 5-5 *0.20 6.3 *0.22 0-.8lO.31 0.026 

(c) Gloeotrichia ghosei D277 (16 days i n 2nd subculture) 
Measurements r e s t r i c t e d to trichomes of basal 
width 6.5-8,0 um. 

contro l Mo-deficient difference p r o b a b i l i t y 
mean mean 

heterocyst width 9.7*0.18 11.610.48 1.9 + 0.52 -=0.001 

heterocyst length 12.2 + 0.50 13.8+0.40 1.6 + 0.73 0.039 

(d) Calothrix sp. D283 (21 days i n 2nd subculture) 
Measurements r e s t r i c t e d to trichomes of basal width 5*5 pm 

contro l Mo-deficient difference p r o b a b i l i t y 
mean mean 

heterocyst width 5.5 + 0.12 7.6 +0.17 2.1+0.22 <0.001 

heterocyst length 5.1 + 0.26 6.9 +0.24 1.7 + 0.39 <0.001 

http://0-.8lO.31
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Fig. 5.21 Secondary heterocysts and increased heterocyst size i n 
(a) Calothrix sp. D267 and (b) Calothrix sp. D283. 
under molybdenum deficiency. 
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5.8 Sulphate deficiency 

5»8l Heterocystous s t r a i n s 

( i ) Induction of deficiency 
Strains D179, DI84, D256 and D280 showed a reduction, i n . y i e l d 

a f t e r a single subculture i n t o medium with 0.025* the normal l e v e l 
of SO^-Sj Strains DI56, D277, ̂ 404 and D2A required a second 
subculture. The four s t r a i n s which s t i l l showed no l i m i t a t i o n of 
growth were then subcultured i n t o HAD with O.Olx the normal l e v e l 
of S04~S. Growth of Strains D251 and D403 was l i m i t e d i n the 
f i r s t subculture, but growth of Strains -D267 and D283 not u n t i l the 
second. 

I n several s t r a i n s q u a l i t a t i v e e f f e c t s on the low sulphate 
cultures appeared i n the apparent absence of e f f e c t s on y i e l d . 
Thus i n early subcultures, Strains DI56, D251, D277 and D403 each 
grew to the same (estimated) f i n a l y i e l d as the c o n t r o l , but then 
turned yellow, while the control remained normal i n colour. A f u r t h e r 
subculture of each s t r a i n was required before y i e l d was obviously 
reduced. Cultures of a l l the s t r a i n s eventually became yellow 
under sulphate deficiency. 

( i i ) E f f e c t s on h a i r development (Table 5«4) 

Hair development was unaffected by sulphate deficiency i n a l l 
s t r a i n s except D277. I n t h i s s t r a i n , some of the triohomes 
developed rather longer h a i r s , a response very l i k e that given by 
t h i s s t r a i n under deficie n c i e s of i r o n , magnesium and calcium. 

( i i i ) E f f e c t s on trichome dimensions and tapering (Table 5«5) 
None of the s t r a i n s of Rivulariaceae showed any obvious 

a l t e r a t i o n of trichome shape or dimensions, except i n association 
with the c e l l l y s i s and trichome fragmentation which occurred i n 
the most advanced stages of deficiency. I n Anabaena c y l i n d r i c a D2A 
some of the trichomes i n sulphate d e f i c i e n t cultures (frequency 
score = 3) were rathor wider than control trichomes, measuring 
5-6.5 urn i n diameter, against 3.5-5 A1"1 i n "the c o n t r o l . 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5.6) 
No modifications of c e l l shape were observed i n any of the 

s t r a i n s . 
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(v) Cytologioal e f f e c t s other than h a i r formation (Table 5.7) 
I n a l l 1? s t r a i n s there was marked yellowing of the c e l l s at 

the end of the growth period i n sulphate d e f i c i e n t medium. The 
c e l l s became progressively paler, and f i n a l l y almost colourless, 
and i n the l a t e r stages of t h i s sequence, many c e l l s lysed, causing 
the trichomes to fragment. As mentioned i n ( i ) above, t h i s some­
times occurred when the f i n a l y i e l d appeared the same as t h a t of 
the c o n t r o l . 

A marked increase i n the l e v e l of polyphosphate granulation was 
observed i n a l l s t r a i n s except D403. The very high control l e v e l of 
granulation i n t h i s s t r a i n (Table 5*3) made i t d i f f i c u l t to estimate 
whether f u r t h e r increases had occurred. I n S t r a i n D277 granules 
were present i n the cytoplasmic strands of most of the h a i r c e l l s . 
I n the other s t r a i n s with h a i r s (D251, E403, D404) the granules 
extended as f a r as the t r a n s i t i o n zone, but were not seen i n the 
hairs themselves. I n the majority of s t r a i n s , the increase i n 
polyphosphate granulation occurred before any other symptoms, but 
i n Strains B2A, D179, DI84 and D256, the increase was observed only 
a f t e r the y i e l d was obviously reduced. 

The high l e v e l s of polyphosphate i n the c e l l s made i t 
impossible to determine e f f e c t s on cyanophycin granulation. 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production (Table 5« 
Sheath thickness increased i n a l l s t r a i n s , but no e f f e c t s on 

sheath pigmentation were observed. 

( v i i ) E f f e c t s on heterocysts (Table 5.8) 
Heterocyst size and frequency were unaffected i n a l l s t r a i n s , 

but l i k e the vegetative c e l l s , the heterocysts became yellow i n 
colour. 

( v i i i ) E f f e c t s on the development of spores (Table 5*9) 
Spore frequency decreased i n S t r a i n D277» but i t was not 

affected i n S t r a i n D2A. 

( i x ) Response of sulphate d e f i c i e n t cultures to addition of sulphate 
A l l s t r a i n s regained a normal colour w i t h i n 2-3 days of the 

ad d i t i o n of NagSO^, and began to produce hormogonia. Changes i n 
polyphosphate were not followed i n d e t a i l , but the l e v e l of 
granules had returned to normal by the time a f u l l y i e l d had been 
reached. 
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5.82 Homoeothrix s t r a i n s 

( i ) Induction of deficiency 
The f i r s t two subcultures were made i n t o HChu 10-D wi t h 0.025x 

the normal l e v e l of sulphate. The second subculture produced 
yellowing of both s t r a i n s , but there was no apparent e f f e c t on 
y i e l d ; f u r t h e r subcultures were therefore made i n t o medium wit h O.Olx 
the normal l e v e l of sulphate, and growth of both s t r a i n s became 
l i m i t e d i n . t h e second subculture to t h i s medium. 

( i i ) E f f e c t s on h a i r development (Table 5.4) 

Sulphate deficiency had no e f f e c t on h a i r development i n 
e i t h e r s t r a i n . 

( i i i ) E f f e c t s on trichome dimensions (Table 5»5) 
Trichome dimensions i n S t r a i n D401 were not obviously affeoted 

by sulphate deficiency, but tapered apices developed e a r l i e r than 
i n control c u l t u r e s , coinciding with the cessation of growth. 
Trichomes of S t r a i n D402 decreased i n diameter (Table 5 .33) , the 
decrease occurring along the whole v i s i b l e part of the trichomes. 

Table 5.33 Subapical and apical width (um) of Homoeothrix sp D402 
grown f o r 11 days i n the f i f t h subculture t o HChu 10-D 
with l.Ox and O.Olx the normal l e v e l of SO, 

4 
Each value i s the mean of 30 measurements. 
control S-deficient difference p r o b a b i l i t y 
mean mean 

subapical 1*93*0.01 1 . 7 1 ± 0 « 0 2 0 .21*0.02 < 0.001 
width 

apical 1.95*0.01 1.74*0.02 0 .21*0.02 <0.001 
width 

( i v ) E f f e c t s on the shape of vegetative c e l l s (Table 5.6) 
Despite the narrowing of the trichomes of S t r a i n D402, the 

c e l l proportions remained s i m i l a r to those i n the c o n t r o l ; thus 
t h e i r absolute length was smaller.' As i n control trichomes, there 
was a s l i g h t increase i n absolute c e l l length as the cultures aged. 
S t r a i n D401 showed no changes i n c e l l shape other than those 
associated w i t h the development of tapered apices. 

(v) Cytological e f f e c t s other than h a i r formation (Table 5.7) 

The c e l l s of both s t r a i n s became yellow before any e f f e c t s on 
y i e l d were seen; i n older cultures the trichomes became almost 
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colourless, and fragmented i n t o short sections. I n S t r a i n D401 
some trichomes (frequency score = 2) developed small vacuoles i n 
each c e l l . 

Polyphosphate granulation increased i n both s t r a i n s , though i n 
S t r a i n D401 the granulation s t i l l decreased to zero at the apices 
of tapered trichomes, as i n the c o n t r o l . 

( v i ) Sheath characters and e x t r a c e l l u l a r pigment production (Table 5 . 7 ) . 
No modification of sheath characters was observed i n e i t h e r 

s t r a i n . 

( v i i ) Response of sulphate d e f i c i e n t cultures to addition of sulphate 
Both s t r a i n s regained t h e i r normal colour, and recommenoed 

growth 2-3 . days a f t e r the addition of Na2SO^. 

5.83 Summary of r e s u l t s 

a) Heterocystous s t r a i n s 
1. Sulphate deficiency had l i t t l e morphological e f f e c t on any of 
the s t r a i n s , though S t r a i n D277 developed a few longer h a i r s , as i t 
did under deficie n c i e s of i r o n , magnesium and calcium. 

2. A l l s t r a i n s except D433 showed a marked increase i n polyphosphate 
granulation. I n S t r a i n D277 granules were present i n the h a i r c e l l s , 
which normally lacked v i s i b l e granulation. 

3. A l l s t r a i n s eventually became yellow, and the trichomes fragmented. 
I n several cases t h i s occurred i n cultures which showed no l i m i t a t i o n 
of growth, and a f t e r growth had ceased. This seemed to imply that 
sulphate was required f o r the maintenance of c e l l i n t e g r i t y , even in 
a non-growing state. 

b) Homoeothrix s t r a i n s 
The two st r a i n s of Homoeothrix responded i n much the same way 

as the heterocystous s t r a i n s , showing an increase i n polyphosphate 
granulation, and yellowing and fragmentation of the trichomes. I n 
Str a i n D432 the trichomes also decreased i n diameter. 

I n S t r a i n D401 trichomes i n sulphate d e f i c i e n t cultures 
developed tapered apices e a r l i e r than those i n cont r o l cultures; i n 
both cases the change occurred at the same time as growth became 
l i m i t e d . 
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6 FURTHER EXPERIMENTS ON HAIR DEVELOPMENT UNDER DEFICIENCIES OF 
PHOSPHATE, IRON AND MAGNESIUM 

6.1 Response of a f u r t h e r f i v e s t r a i n s to deficienciea of i r o n 
and magnesium 

Eight of the 13 s t r a i n s of Rivulariaceae studied i n the experi­
ments described i n Chapter 5 showed increased h a i r development 
under phosphate deficiency; four of these also produced more ha i r s 
under i r o n deficiency, and one did so under magnesium deficiency. 
Calcium, molybdenum and sulphate deficiencies had l i t t l e e f f e c t on 
h a i r development i n any of the s t r a i n s . Five of the s t r a i n s which 
were known to be capable of forming hairs under phosphate deficiency 
(Chapter 4) were not included i n the experiments described i n 
Chapter 5» and i t was of i n t e r e s t to see whether any of these f i v e 
s t r a i n s would also show increased h a i r development under i r o n or 
magnesium deficiency. 

The f i v e s t r a i n s (D126, D253, D266, D269, D270) were inoculated 
i n t o AD and i n t o i r o n and magnesium d e f i c i e n t versions of t h i s 
medium (Table 5*2). The methods followed were the same as those 
described i n Section 5.2; incubation was at 25°C, 2500 l x , without 
shaking. The d e f i c i e n t cultures were scored f o r the f o l l o w i n g 
characters: increased h a i r development; changes i n heterocyst 
frequency; development of brown sheath pigment, and changes i n poly­
phosphate granulation. 

Strains D253, D266 and D269 produced many long hairs i n i r o n 
d e f i c i e n t medium,and S t r a i n D270 produced a few short h a i r s ; there 
was no change i n h a i r frequency or length i n S t r a i n D126. Magnesium 
deficiency had no e f f e c t on h a i r formation i n any of the s t r a i n s . 
A l l the i r o n d e f i c i e n t cultures showed a marked increase i n hetero­
cyst frequency, and S t r a i n D253 developed brown sheath pigmentation 
under t h i s condition. Polyphosphate granulation decreased i n 
St r a i n D269 under i r o n deficiency, and i n Strains D253» D266 and D269 
under magnesium deficiency; i t was unchanged i n the other s t r a i n s in 
both conditions. Table 6.1 summarizes some of the responses to 
phosphate, i r o n and magnesium deficiencies of the 13 s t r a i n s known 
to be capable of hai r formation, incorporating r e s u l t s from Chapters 
4 and 5 as well as the r e s u l t s j u s t described. 

Of a l l the treatments tested, phosphate deficiency had the 
most marked e f f e c t on h a i r development. None of the s t r a i n s which 
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had been found to develop hairs did not show an increase i n h a i r 
formation under t h i s condition. Further experiments on h a i r 
development were therefore concentrated on i t s r e l a t i o n s h i p w i t h 
the supply of phosphute; these experiments are described i n 
Chapters 7-10. 

6.2 Hair development by 13 st r a i n s under n u t r i e n t d e f i c i e n c i e s 
i n the presence of NOyN 

6.21 Heterocystous s t r a i n s 
The experiments described i n Section 3.1 showed that a high 

l e v e l of combined nitrogen caused marked suppression of h a i r 
development i n heterocystous s t r a i n s which normally developed many 
hairs i n AD medium (Dl26, D277, D404)» though not i n s t r a i n s which 
produced only a few short hairs (D251, D403). I t was of i n t e r e s t , 
therefore, to see whether the heterocystous s t r a i n s which had 
shown increased development of hairs under p a r t i c u l a r d e f i c i e n c i e s 
would also do so i n the presence of combined nitrogen. 

The heterocystous s t r a i n s which had shown marked increases 
i n h a i r development under deficiencies of phosphate, i r o n and 
magnesium are shown i n Table 6.1 (the s l i g h t increase i n h a i r length 
of some trichomes of S t r a i n D277 under i r o n , calcium, magnesium 
and sulphate deficiencies i s ignored). Each of these s t r a i n s was 
inoculated i n t o AD + 10 mM HEPES, wit h the,addition of e i t h e r 
10 mM NaCl (= HAD-N) or 10 mM NaNÔ  (= HAD+N). These cultures were 
used as inocula f o r HAD-based d e f i c i e n t media, made up as described 
i n Section 5.22 (Table 5.2), but with 10 mM NaCl or NaMÔ  added, 
to make -N and +N versions. Each s t r a i n was inoculated i n t o the 
-N and +N version of the d e f i c i e n t medium or media which had given 
increased h a i r formation i n the e a r l i e r experiments, and i n t o 
complete medium controls. The incubation conditions were those 
given i n Table 5*21 and Section 6.1. Cultures were scored f o r 
the presence of hairs when growth was obviously l i m i t e d , with a 
second subculture i f necessary. 

I n HAD+N the morphological response of each s t r a i n was the 
same as that described i n Section 3.12. Strains D126, D277 and D404 
produced predominantly p a r a l l e l trichomes, and the other nine s t r a i n s 
predominantly tapered trichomes. The o v e r a l l morphology of the 
trichomes developed i n each of the d e f i c i e n t media +N was very s i m i l a r 
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to that i n HAD+N, though modified by the presence of ha i r s . Each 
of the d e f i c i e n t media which had induced increased hair development 
i n a par t i c u l e i r s t r a i n i n the HAD-N version also did so i n the 
HAD+N version. I n Strains D126, D277 and D404 the frequency of 
hairs was lower, and the hairs were shorter, i n the HAD+N contr o l 
as compared with the HAD-N control ( c f . Section 3.12). I n phosphate 
d e f i c i e n t HAD+N, the frequency of h a i r s was very s i m i l a r to t h a t 
i n f u l l HAD+N, but the hairs were longer (though not as long as 
those i n phosphate d e f i c i e n t HAD-N). As i n f u l l HAD, the h a i r s 
were present at the ends of long (up to 2 mm) trichoraes, which 
were otherwise p a r a l l e l . I n the other nine s t r a i n s , the frequency 
and appearance of the hairs that developed i n d e f i c i e n t cultures 
were very s i m i l a r i n the presence and absence of NOy-N. Thus a l l 
the s t r a i n s produced many long hairs under phosphate deficiency, 
and the h a i r s developed i n i r o n and magnesium d e f i c i e n t media were 
rather shorter. Strains DI84 and D270, which produced only a few, 
very short h a i r s under i r o n deficiency i n HAD-N, also gave t h i s 
response i n HAD+N without added i r o n . The hairs i n a l l nine s t r a i n s 
developed at one end of the 'Homoeothrix'-like trichomes, and at 
both ends of the 'Ammatoidea'-like trichomes. 

Thus i n each s t r a i n the c h a r a c t e r i s t i c responses to the presence 
of NÔ -N and to p a r t i c u l a r n u t r i e n t d e f i c i e n c i e s occurred s i m u l t ­
aneously. I n the three s t r a i n s with long h a i r s i n f u l l AD medium, 
fewer hai r s were produced i n the media +N0^» and the hairs were 
shorter. However, the length of the h a i r s increased under phosphate 
deficiency i n the presence and absence of NÔ . The seven s t r a i n s 
t h a t had no hairs i n AD medium, and the two s t r a i n s t h a t had only 
a few short h a i r s a l l showed an increase i n h a i r development under 
the various d e f i c i e n c i e s , and there was no obvious suppressive 
e f f e c t of NÔ -N on the production of hair6. 

6.22 Homoeothrix Crustacea D40I 
S t r a i n D401 did not produce hair s i n f u l l Chu 10-D medium i n 

the presence of s u f f i c i e n t NOyN to allow active growth, but 
tapered apices, and some short h a i r s , were developed as growth 
became l i m i t e d by the a v a i l a b i l i t y of n i t r a t e (Section 3.33). 
However, from the r e s u l t s described i n Chapter 5» i t seemed t h a t 
the development of apices of t h i s type was a r e l a t i v e l y non-specific 
response to growth l i m i t a t i o n , rather than a s p e c i f i c e f f e c t of 
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nitrogen deficiency. Long hairs were observed only i n low phosphate 
medium. The r e l a t i v e l y low l e v e l of J\iÔ -N i n Chu 10-D (6.83 rag l " 1 ) 
meant that control cultures began to develop symptoms of n i t r a t e 
deficiency a f t e r about a week of incubation. Although the long 
h a i r s c h a r a c t e r i s t i c of phosphate d e f i c i e n t cultures appeared at a 
time when the control trichomes were s t i l l predominantly untapered, 
i t d id seem possible that i n c i p i e n t n i t r a t e deficiency might have 
had some influence i n producing the response. 

S t r a i n D401 was therefore inoculated i n t o HAD+N and HAD+N with 
O.Olx the normal l e v e l of PÔ -P (Table 5 .2 ) . The i n i t i a l l e v e l of 
NĈ -N i n HAD+N (140 mg l " 1 ) was about 20x t h a t i n Chu 10-D. The 
incubation conditions were those shown i n Table 5.1. 

I n HAD+N, the trichome apices remained untapered f o r about 
3-4 weeks, and only then began to show any evidence of growth 
l i m i t a t i o n , w i t h the development of some tapered apices, and a few 
short h a i r s . Growth was obviously l i m i t e d a f t e r s i x days i n the 
low phosphate medium, and many long h a i r s had been produced. The 
appearance of the trichomes was very much as described f o r phosphate 
d e f i c i e n t Chu 10-D cultures (Section 5*32). This r e s u l t suggested 
t h a t the development of long hairs, by S t r a i n D401 i n low phosphate 
medium was u n l i k e l y to be due to nitrogen deficiency. 
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7. MORE DETAILED STUDY OF ONSET OF PHOSPHATE DEFICIENCY IN 
CALOTHRIX STRAINS DI84 AND D267 

7.1 I n t r o d u c t i o n 
I n the experiments described i n Chapter 5» d e t a i l e d morphological 

scores were generally made at a time when h a i r s , i f produced, 
were f u l l y developed and present at a high frequency. R e l a t i v e l y 
few observations had been made on cultures at the time ha i r s 
f i r s t developed, but a general impression had been gained that h a i r 
formation seemed to be one of the e a r l i e s t responses, preceding 
changes such as increased cyanophycin granulation, or production 
of brown sheath pigment. Hairs also seemed to appear at an e a r l i e r 
stage of growth than the morphological changes seen i n s t r a i n s 
which did not develop h a i r s . 

I n order to confirm or refut e these impressions, a more 
de t a i l e d study was made of the appearance of symptoms of phosphate 
deficiency i n two s t r a i n s , one of which (DI84) developed h a i r s 
under t h i s deficiency, and one of which (D267) d i d not, r e l a t i n g 
the morphological changes to the growth curves of the algae. The 
development of long, h i g h l y vacuolated hairs by S t r a i n DI84 would 
be expected to lead to a f a l l i n o v e r a l l chlorophyll content under 
phosphate deficiency, and a loss of t h e i r normal b r i g h t green colour 
was a symptom of phosphate deficiency i n both s t r a i n s . I n an 
attempt to quantify these changes, chlorophyll a was also estimated. 

7.2 Methods 
Strains DI84 and D267 were selected f o r t h i s experiment, 

since both grew r e l a t i v e l y r a p i d l y , and S t r a i n D267, though not 
producing h a i r s , underwent a f a i r l y clear-cut morphological change 
(elongation of the vegetative c e l l s ) under phosphate deficiency 
(Section 5 .31). The algae were inoculated as uniformly as possible 
(Section 2.34) i n t o 25 ml aliquots of AD + 5 mM HEPES (= HAD), w i t h 
K^HPO^ to give l.Ox and 0.02x the normal l e v e l of 44-5 mg l " 1 PÔ -P. 
The low phosphate l e v e l used was higher than that used f o r the 
e a r l i e r experiments (Chapter 4; Section 5.3)» w i t h the aim of 
delaying the onset of deficiency u n t i l measurable growth had taken 
place. The incubation conditions were those shown i n Table 5*2; 
the f l a s k s were moved around the culture tanks each day, to minimize 
e f f e c t s of v a r i a t i o n i n l i g h t i n t e n s i t y between the sides and centre. 
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Cultures were harvested every 2-3 days f o r 23 days, taking 
four r e p l i c a t e f l a s k s f o r each treatment; the r e p l i c a t e s were 
pooled f o r the f i r s t three harvests (days 0 -5) . Dry weight and 
chlorophyll a determinations were made as described i n Section 2.5-
Since i t seemed possible that chlorophyll degradation products 
might be present i n the low phosphate c u l t u r e s , allowance was made 
f o r the presence of phaeophytin i n the extracts when c a l c u l a t i n g 
the chlorophyll values (Section 2.52). For S t r a i n DI84, the 
equation used wast 

C. = 2.10(Ab - Aa) x 13.1 x ^ a 1 

and f o r S t r a i n D267: 

C = 2.12(Ab - Aa) x 13.1 x ̂  ( c f . Section 2.52). 

The morphology of the algae was scored from a set of fl a s k s which 
were not used f o r q u a n t i t a t i v e harvests. 

7.3 Results 
Dry weight and chlorophyll values f o r the two st r a i n s are 

p l o t t e d i n Figs 7.1 and 7 .2 , with the times at which the chief 
morphological changes were observed indicated on the graphs (see 
also p. 239). 

a) Calothrix sp. DI84 
There was no change i n the morphology of S t r a i n DI84 during 

the f i r s t f o u r days of culture i n low phosphate medium, and poly­
phosphate and cyanophycin granulation also remained at the co n t r o l 
l e v e l s . Hairs were f i r s t observed on day 5» w i t h a frequency 
score of 2, and forming about 20-50% of the t o t a l trichome length. 
The majority of trichomes (frequency score = 4)» including those 
v i t h h a i r s , s t i l l contained polyphosphate granules, but at an 
estimated 50% of the cont r o l l e v e l , with granules v i s i b l e i n the 
basal one t h i r d of the trichomes only. The re s t of the trichomes 
had no v i s i b l e polyphosphate granulation. There were no other 
morphological or c y t o l o g i c a l changes, and the macroscopic appearance 
of the low phosphate and control cultures was the same. 

When the algae were next examined, on day 7, the frequency of 
trichomes w i t h hairs had increased to 4i and the hairs were longer, 
forming about 50-80% of the t o t a l trichome length. There was no 
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Pig. 7.1 Growth of Calothrix sp.. DI84 i n HAD with i n i t i a l 
l e v e l s of 44.5 (•) and O.89 ( O ) mg l " 1 PĈ -P 

Morphological responses at the times indicated by 
arrows are shown on p. 239* 

For c l a r i t y , standard e r r o r bars are shown separately. 
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o) 20 

i 
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i 
days 

Pig. 7.2 Growth of Calothrix sp. D267 i n HAD wit h i n i t i a l 
l e v e l s of 44.5 (•) and 0.89 ( O ) rag l"1 PO^-F 

Morphological responses at the times indicated by 
arrows are shown on p. 239. 
For o l a r i t y , standard e r r o r bars are shown separately. 



-239-

Key to Jfifis 7.1 and 7.2 (morphological changes i n low phosphate cultures) 

a) Calothrix sp. DI84 (Pig. 7.1) 

A B, C 

Hairs few many many 

Polyphosphate reduced absent absent 

Cyanophycin normal increase large increase 

Brown sheaths normal increase large increase 

Hormogonia many many few 

b) Calothrix sp. D267 (Fig. 7.2) 

A B C 

Cell elongation none Bl i g h t marked 

Polyphosphate reduced absent absent 

Cyanophycin normal normal increase 

Hormogonia many many few 

detectable polyphosphate granulation i n any of the trichomes, but 
cyanophycin granulation had increased s l i g h t l y . Some of the 
trichomes (frequency score = 2) had s l i g h t l y brown pigmented sheaths. 
This gave the cultures a f a i n t brown colour when viewed macro— 
sco p i c a l l y , but there was no other difference from the c o n t r o l 
cultures. Despite the presence of hairs i n the cul t u r e s , many 
hormogonia were s t i l l present,, and hormogonium release s t i l l appeared 
to be tak i n g place. 

On day 10, almost every trichome i n the low phosphate cultures 
had a h a i r , and the hair s were very long, often exceeding BOfc of 
the t o t a l trichome length. Cyanophycin granulation had now markedly 
increased, and most of the trichomes had brown sheaths. A s l i g h t 
p a ling i n the colour of vegetative c e l l s was also apparent at 
t h i s time. Very few hormogonia were observed i n the low phosphate 
cultures at t h i s stage, but they were s t i l l abundant i n the control 
cultures. 

There was l i t t l e apparent change i n the o v e r a l l morphology 
of the alga a f t e r t h i s time, but the very great length, of'the 
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hai r s made i t d i f f i c u l t to estimate whether f u r t h e r increases i n 
h a i r length occurred. The thickness and pigmentation of the 
sheaths, and the l e v e l of cyanophycin granulation, a l l showed 
slow increases throughout the experiment. The morphology 6 f the 
alga i n c o n t r o l cultures was e s s e n t i a l l y unchanged during the 
experiment, apart from an increase i n the average basal diameter 
( o f . Section 2.121) and a reduction i n the frequency of hormogonia. 

b) Calothrix sp. D267 
In t h i s s t r a i n , the f i r s t change that was observed i n low 

phosphate cultures was a decrease i n the l e v e l of polyphosphate 
granulation, on day 5» The granulation was unaffected i n about 
h a l f the trichomes, but i n the r e s t of the population the l e v e l of 
granulation was an estimated 50% of that of co n t r o l trichomes, 
and granules were present only i n the basal few c e l l s . There was 
no change i n the morphology of the alga u n t i l day 7> when many of 
the trichomes (frequency score = 3) had developed rather elongated 
c e l l s ( c f . Section 5»3l(iv)). Polyphosphate granules were now 
undetectable i n a l l the c e l l s ) there was no increase i n cyanophycin 
granulation. The algae were s t i l l normal i n colour. 

By day 10, the low phosphate cultures were yellow macro-
soopically, and almost a l l the trichomes had yel l o w i s h , elongated 
c e l l s . An increase i n the l e v e l of cyanophycin granulation was 
also now apparent. For the f i r s t time, the frequency, of hormogonia 
was observed to be well below that i n control c u l t u r e s , and the 
sheaths of trichoraes i n the low phosphate medium were now obviously 
t h i c k e r than those of control trichomes. No other s p e c i f i c changes 
i n trichome morphology were observed, but p a r t i a l fragmentation 
of the trichomes was seen i n low phosphate cultures on day 15» 
and t h i s increased towards the end of the experiment (frequency 
score = 2 by day 28). As i n S t r a i n DI84, there was l i t t l e change 
i n the appearance of control cultures during the experiment. 

I n both s t r a i n s , chlorophyll showed l i t t l e increase i n low 
phosphate cultures a f t e r days 7-10, but dry weight continued to 
increase up to the end of the experiment, on day 28 (Pigs 7.1 and 7*2). 
Much of the increase was probably due to the production of sheath 
material; c e r t a i n l y the sheaths of phosphate d e f i c i e n t trichomes 
increased i n thickness during the experiment. Adsorption of 
ions from the medium by the sheaths could perhaps also have 
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contributed to the increase i n dry weight. I n the high phosphate 
cultures, chlorophyll and dry weight were s t i l l increasing i n both 
s t r a i n s on day 28. There was no marked change i n chlorophyll as 
percent dry weight (Table 7.1) i n e i t h e r s t r a i n , which suggested 
that balanced growth was s t i l l taking place. I t was possible, 
however, t h a t the increases i n chlorophyll took place i n response 
to self-shading e f f e c t s , and that the increases i n dry weight 
were due to increased sheath development and/or adsorption of ions. 

There was a f a l l i n % chlorophyll content i n both s t r a i n s 
i n low phosphate medium (Table 7.1). I n Table 7.1 the percentage 
chlorophyll values f o r the low phosphate cultures on days 7 i 10, 
13, 22 and 28 are also expressed as a percentage of the high 
phosphate value f o r that s t r a i n on day 10, to give an i n d i c a t i o n of 
the extent to which chlorophyll content was reduced. The percentage 
f a l l i n chlorophyll content was not s i g n i f i c a n t l y d i f f e r e n t 
(P — 0.05) between the two s t r a i n s , despite the presence of h a i r s 
i n S t r a i n D184, but the comparison i s complicated by the production 
of abundant sheath m a t e r i a l , which would contribute to the dry 
weight value, by both s t r a i n s . 

7.4 Summary of r e s u l t s 
1. The r e s u l t s confirmed the impression that at l e a s t i n S t r a i n DI84, 
the appearance of hairs was the f i r s t clear-cut response to a low 
concentration of phosphate, and t h a t hairs developed before growth 
became l i m i t e d . When hairs f i r s t developed, polyphosphate granules 
were of t e n present i n trichomes with h a i r s , though they were 
usually present i n the basal c e l l s only. This seemed t d imply 
t h a t h a i r s were produced before the trichomeB were completely 
phosphate starved. Other symptoms of phosphate deficiency i n 
S t r a i n DI84 d i d not appear u n t i l 2-5 days l a t e r , when almost a l l 
the trichomes had long h a i r s . 

2. I n S t r a i n D267, no change i n trichome morphology wa6 observed 
before the polyphosphate granules had disappeared completely; a 
p a r t i a l loss of polyphosphate was the f i r s t detectable symptom. 

3. I n both s t r a i n s , the i n i t i a l responses i n the low phosphate 
medium were observed before there was any divergence i n dry weight 
or chl o r o p h y l l l e v e l between the high and low phosphate cul t u r e s . 
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Despite the obvious l i m i t a t i o n of growth i n the low phosphate 
cul t u r e s , they continued to show increases i n dry weight throughout 
the experiment. This seemed l i k e l y to be due mainly to the 
production of sheath material. 

4. There was a f a l l i n chlorophyll content (as % dry weight) i n 
both s t r a i n s under phosphate deficiency, and the percentage f a l l 
was very s i m i l a r i n Hie two s t r a i n s , despite the development of 
long vacuolated hairs by S t r a i n DI84. However, the comparison 
was complicated by the c o n t r i b u t i o n of sheath material to the dry 
weight value i n both s t r a i n s . 
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8 GROWTH AND HAIR DEVELOPMENT IN 6 STRAINS OF RIVULARIACEAE IN. 
AD MEDIUM WITH INCREASED LEVELS OF POy-P 

4 

8.1 I n t r o d u c t i o n 
The experiment described i n Chapter 4 showed that seven of 

the heterocystous s t r a i n s would produce hai r s when the i n i t i a l 
concentration of phosphate i n AD medium was reduced one hundredfold, 
to 0.44 mg 1 ^ PO^-P, but t h e i r h a i r development was suppressed i n 
the f u l l medium, w i t h an i n i t i a l phosphate concentration of 44.5 mg 1 
PÔ -P. Five heterocystous s t r a i n s did produce hai r s i n f u l l AD 
medium; a l l these also showed increased h a i r development i n the 
low phosphate medium. By analogy with the former group of st r a i n s , 
i t seemed possible that the development of hairs i n these f i v e 
s t r a i n s might be suppressed by increasing the phosphate concentration 
above the normal AD l e v e l . 

8.2 Methods 
AD medium was made up with 10 mM HEPES (= HAD), and KgHPO^ 

was added to give l.Ox, 2.Ox, 10.Ox and 20.Ox the normal l e v e l of 
44.5 mg 1 * PÔ -P. Since these increases considerably increased 
the t o t a l i o n i c concentration of the medium, a series of controls 
was run, containing NaCl at the same i o n i c concentration as the 
KgHPO^. I n retrospect, controls containing KC1 would c l e a r l y have 
been more s u i t a b l e . The pH of a l l media was adjusted to 7.0, 
instead of the usual 7*4) to reduce p r e c i p i t a t i o n at the highest 
phosphate concentrations. There was no apparent p r e c i p i t a t i o n i n 
media wi t h l.Ox, 2.Ox or 5.Ox the normal l e v e l of phosphate) at 
10.Ox the normal l e v e l , the medium appeared clear, but small c r y s t a l s 
could be seen associated with the a l g a l filaments on microscopic 
examination; at 20.Ox the normal l e v e l , a f i n e white p r e c i p i t a t e 
was v i s i b l e i n the f l a s k s . 

Six s t r a i n s were used f o r the experiment: Strains D126 and 
D277» which produced many hairs i n AD medium; Strains D251 and D403, 

which produced a few short h a i r s , and Strains DI84 and D267, which 
had no hai r s i n AD, though S t r a i n DI84 produced them at lower 
le v e l s of PÔ -P (Chapter 4 ) . The l a s t two s t r a i n s were included 
as c o n t r o l s , to indicate whether any responses shown by the s t r a i n s 
with h a i r s were s p e c i f i c to t h i s group, or were more general e f f e c t s . 
S t r a i n D404, which also .produced long ha i r s i n AD medium, was not 
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used, because of i t s poor growth i n AD medium ( c f . Section 5*22). 
Cultures were incubated, with shaking, i n c u l t u r e tanks at 25°C 
or 32°C (D251) ( c f . Section 2 . 3 5 1 ) , with a l i g h t i n t e n s i t y of 
2500 l x . Growth and morphology were scored a f t e r 7 and 21 days. 

8 . 3 Results 
The extent of growth i n control and experimental media a f t e r 

21 days i s shown i n Table 8.1. 
Increasing the concentration of K̂ HPÔ  to more than twice 

the normal l e v e l was i n h i b i t o r y to a l l the s t r a i n s except D267» 
and S t r a i n D126 was i n h i b i t e d by twice the normal l e v e l . I n a l l 
s t r a i n s , a decrease i n growth below a score of 3 (Table 8.1) was 
associated w i t h yellowing of the algae; the yellowing increased 
progressively as phosphate concentration increased, and growth 
extent decreased. The st r a i n s varied i n t h e i r apparent s e n s i t i v i t y 
to increased phosphate concentration; they are arranged below i n 
sequence according to s e n s i t i v i t y : 

D126 > D403 > D277 > D251 > DI84 > D267 

The s t r a i n s w i t h hairs i n AD medium were the ones most se n s i t i v e 
to increased phosphate concentration, whereas those without hairs 
were r e l a t i v e l y t o l e r a n t , showing perceptible, though rather poor 
growth at lOx the normal l e v e l of K̂ HPÔ . The behaviour of 
Str a i n D4Q3 was more s i m i l a r to that of the two s t r a i n s (D126, D277) 
with many hair s i n AD than to that of St r a i n D251» which i t more 
closely resembled i n h a i r frequency and length. The differences 
i n growth extent that were observed a f t e r 21 days were s t i l l 
apparent a f t e r a f u r t h e r 21 days' c u l t u r e , which suggested that 
t o t a l growth, and not merely growth r a t e , was i n h i b i t e d by the 
high K 2HP0 4 l e v e l s . 

Increased i o n i c concentration i n the medium did not appear to 
be responsible f o r the growth i n h i b i t i o n , since most s t r a i n s 
showed no response to increased NaCl concentration u n t i l at le a s t 
the concentration equivalent t o lOx the normal l e v e l of K^PO^ 
(Table 8.1). Growth of S t r a i n D403 was reduced at NaCl l e v e l s 
equivalent to 5 * "the normal l e v e l of KgHPO^ and above, but the 
colonies remained green i n colour. 

Since some p r e d i p i t a t i o n occurred at the highest l e v e l s of 
K̂ HPO some of the e f f e c t s seen could have been due to changes 
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i n the medium r e s u l t i n g from c o - p r e c i p i t a t i o n of other components. 
However, differences i n response between the algae were obvious 
even i n media without apparent p r e c i p i t a t i o n , so i t seemed u n l i k e l y 
t h a t the e f f e c t s were wholly due to t h i s e f f e c t . 

I n the s t r a i n s with h a i r s , the o v e r a l l morphology and the 
extent of ha i r development were the same i n each of the media i n 
which reasonable growth had occurred .(score 3 and above), and 
the cultures were more or less normal i n colour. I n media wi t h 
higher l e v e l s of KgHPO^, the algae were y e l l o w i s h , and many of 
the trichomes were extensively fragmented. There was a decrease 
i n the number of hairs t h a t were seen i n such c u l t u r e s , but t h i s 
seemed l i k e l y to be a consequence of the general fragmentation of 
the trichomes, rather than a s p e c i f i c e f f e c t upon the h a i r s . I n 
the two s t r a i n s without h a i r s , the morphology was unaffected at 
2x and 5x the normal l e v e l of KgHPO^. At l e v e l s above t h i s , the 
trichomes were yell o w i s h , and fragmented, but there was no other 
e f f e c t upon morphology. I n Strains DI84, D251 and D267 many 
u n d i f f e r e n t i a t e d hormogonia were present i n the media with higher 
concentrations of K̂ HPÔ , presumably r e f l e c t i n g the i n h i b i t i o n of 
growth i n these media. None of the s t r a i n s showed any morphological 
response to increased NaCl concentration, even when growth was 
s l i g h t l y i n h i b i t e d . 

Thus although phosphate deficiency caused marked increases 
i n the development of hairs i n the s t r a i n s which possessed them 
i n AD medium, i t was not apps.rently possible to suppress h a i r 
development e n t i r e l y by providing very high l e v e l s of phosphate, 
except as a r e s u l t of the fragmentation of trichoraes at the highest 
l e v e l s of phosphate. Some other f a c t o r presumably c o n t r o l l e d h a i r 
development in these s t r a i n s . 

8.4 Summary of r e s u l t s 
Increasing the KgHPO^ concentration of AD medium to more than 

2 -5x the normal l e v e l of 44.5 mg l - 1 PÔ -P i n h i b i t e d the growth of 
a l l s i x s t r a i n s tested. The two s t r a i n s with many hairs i n AD 
(D126, D277), and one of the s t r a i n s with few hairs i n AD (D403) 
were more i n h i b i t e d than the other three s t r a i n s (DI84, D251, D267). 

Hair frequency and length were not affected by increases i n 
phosphate concentration, apart from reductions i n frequency assoc­
i a t e d with trichome fragmentation. Thus i t was not apparently possible 
to suppress h a i r formation by r a i s i n g the phosphate concentration. 
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9 FURTHER STUDY OF DEVELOPMENT OF POLYPHOSPHATE GRANULES IN 
VEGETATIVE CELLS AND HAIR CELLS OF CALOTHRIX SP. DI84 

9 . 1 I n t r o d u c t i o n 
The r e s u l t s described i n Section 5 « 3 l ( i x ) showed that h a i r 

c e l l s as wel l as vegetative c e l l s were able to develop polyphosphate 
granules f o l l o w i n g the a d d i t i o n of phosphate to a phosphate starved 
culture. Polyphosphate synthesis i s an energy-requiring process 
(Harold, 1966; Section I . 6 3 ) , and i t seemed tha t t h i s response 
was a p o t e n t i a l means of comparing the physiology and energy 
requirements of h a i r c e l l s and vegetative c e l l s . As a simple 
experiment, i t seemed of i n t e r e s t t o compare the e f f e c t s of dark 
incubation and pre-incubation on polyphosphate granule formation 
by h a i r c e l l s and vegetative c e l l s . 

9.2 Methods 
Calothrix sp. DI84 was grown f o r 21 days i n quadruplicate 

f l a s k s of AD + 5 mM HEPES, with O.Olx the normal l e v e l of PO.-P 
4 

(Table 5 . 2 ) . A f t e r t h i s time, polyphosphate granules had completely 
disappeared and almost every trichome had along hair . For f o u r 
days preceding the a d d i t i o n of phosphate, two of the f l a B k s were 
covered with aluminium f o i l , w i t h the aim of depleting stored 
energy reserves. At the end of the four days, the algae had become 
bluer green i n colour, but t h e i r morphology was unchanged. 
Immediately before the addition of phosphate, the aluminium f o i l 
was removed from one of the f l a s k s , and one of the two f l a s k s 
pre-incubated i n the l i g h t was wrapped i n f o i l . The four d i f f e r e n t 
experimental treatments were designated as fo l l o w s : 

pre-incubation condition during 
condition incubation + PO. 

4 

l i g h t l i g h t = LL 

dark l i g h t = DL 

l i g h t dark = LD 

dark dark = »D 
KpHPO. was added to each f l a s k , to give the normal l e v e l of 

- 1 

44*5 mg 1 PÔ -P. Samples were examined and stained f o r poly­
phosphate a f t e r 5f 10 , 20 and 30 min, and 1 , 2 , 3, 5» 8 and 24 h, 
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and every 24 h the r e a f t e r u n t i l no f u r t h e r changes i n granulation 
were seen. The experiment was performed three times. 

9.3 Results 
The times at which various responses occurred are shown i n 

Table 9.1. The r e s u l t s were very s i m i l a r each time the experiment 
was performed. 

Granules were v i s i b l e i n the vegetative c e l l s a f t e r 5 min 
i n a l l the treatments except DD, where they were not seen u n t i l 
10 rain a f t e r the ad d i t i o n of phosphate. The granulation of the 
DD treated trichomes was s l i g h t l y less than t h a t of the other 
treatments f o r the f i r s t 30 min, but a f t e r t h i s time there was no 
discernible difference i n the granulation of the vegetative c e l l s 
between the four treatments. Granulation i n a l l treatments increased 
during the f i r s t 3 h of the incubation, but there was l i t t l e 
apparent increase a f t e r t h i s time. 

Granules were f i r s t v i s i b l e i n a small proportion of the hai r 
c e l l s of the LL, DL and LD treated cultures a f t e r 2, 3 and 8 h 
respectively. The size of the granules increased up to about 24 h; 
the frequency of granulated h a i r c e l l s also increased in the LL 
and DL treatments, but not i n the LD treatment. Granulation of 
the h a i r c e l l s was never observed i n the DD treatment. 

A f t e r 48 h, trichoiaes i n the LL and DL f l a s k s had begun to 
produce t y p i c a l gas-vacuolate hormogonia, and the h a i r s , s t i l l 
containing polyphosphate, were shed as described i n Section 5 » 3 l ( i x ) . 
No hormogonium production was observed i n the LD or DD c u l t u r e s , 
even a f t e r 10 days* incubation with phosphate (one experiment o n l y ) , 
and the h a i r s remained i n t a c t . When the aluminium f o i l was 
removed from the LD and DD f l a s k s a f t e r three days' incubation, 
and the cultures examined a f t e r 24 h, the granulation of the h a i r 
c e l l s had reached the same high frequency as observed i n the LL 
and DL f l a s k s , and hormogonia had begun to form i n the subapical 
region. The subsequent hormogoniura release and h a i r shedding 
were the same as observed i n the LL and DL incubations. 

9.4 Summary of r e s u l t s 
1. Polyphosphate synthesis was able to occur i n the vegetative 
c e l l s of S t r a i n DI84 even a f t e r 4 days' dark pre-incubation, so 
presumably i t s stored energy reserves were not f u l l y depleted by 
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t h i s time. This may have been r e l a t e d to the f a c t t h a t the cultures 
were not growing a c t i v e l y at the time of the experiment, w i t h a 
corresponding reduction i n t h e i r energy requirements. The slower 
rate of granule development i n DD cultures as compared with LD 
cultures suggests that some depletion of the energy reserves of 
the vegetative c e l l s d i d occur during the dark pre-incubation. 

-ttvt. KauY aeXh 
2. Extensive production of v i s i b l e polyphosphate granules^required 
l i g h t during the incubation w i t h phosphate. Although the DD 
treated vegetative c e l l s evidently had s u f f i c i e n t energy reserves 
to synthesize large amounts of polyphosphate, there was apparently 
no t r a n s f e r of such energy reserves to the h a i r c e l l s under t h i s 
condition. 

3. The production of gas vacuoles and the release of hormogonia 
did not occur i n the dark. This was probably due to the (presumed) 
high energy requirements of hormogonium production and release, 
though the p o s s i b i l i t y of a photomorphogenetic response i s not 
excluded. 
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10 EXPERIMENTS WITH FIELD MATERIALS 

1 0 . 1 Growth and h a i r development i n R i v u l a r i a i n crude cu l t u r e 
w i t h d i f f e r e n t i n i t i a l l e v e l s of phosphate 

The r e s u l t s described i n Chapters 4 and 5 showed that phosphate 
concentration had a marked influence on h a i r development i n various 
laboratory s t r a i n s of Rivulariaceae. From the l i m i t e d data 
a v a i l a b l e , i t also appeared that very high l e v e l s of phosphate i n 
the medium were more i n h i b i t o r y to growth of s t r a i n s which had 
hairs i n AD medium than to that of s t r a i n s which did not have hair s 
(Chapter 8 ) . Several experiments were performed on the e f f e c t s 
of phosphate concentration on growth and h a i r development i n 
R i v u l a r i a from f i e l d populations, to compare with those using 
laboratory cultures. These experiments are described below. 

The media used f o r these experiments contained no added 
b u f f e r , since at the time they were performed, a HEPES b u f f e r i n g 
system had not yet been developed (Section 2 . 3 3 ) . The pHs of the 
low phosphate media were adjusted to normal with 0 .05 M NaOH ( a f t e r 
autoclaving f o r l i q u i d media; before autoclaving f o r agar media). 
Once adjusted, the pH remained f a i r l y steady throughout the period 
of growth, and did not f a l l below 7 .0 i n any of the ( l i q u i d ) media. 
I n a l l media with reduced l e v e l s of KgHPO^ or KĤ PÔ , the lower 
l e v e l of K+ was compensated f o r by the a d d i t i o n of KC1. Chu 10-D 
was made up without the addition of s i l i c a t e , to reduce the growth 
of diatoms. 

10.11 R i v u l a r i a from Croft K e t t l e i n l i q u i d media 
A d e s c r i p t i o n of t h i s material was given i n Section 2 .362 ; 

information on the s i t e i s shown i n Table 2 . 2 . 

Freshly collected colonies were inoculated i n t o AD medium 
wi t h l.Ox, O.lx, 0 . 0 5 x , 0 .025x and 0 .005x the normal l e v e l of 
44 .5 mg l " 1 PO.-P, and i n t o Chu IO-D(T-N) w i t h 20.Ox, 2.Ox, l.Ox and 
0 . 2 x the normal l e v e l of 1.78 mg 1 PÔ -P* T n e absolute l e v e l s 
of PÔ -P are shown i n Table 1 0 . 1 . 25 ml a l i q u o t s of medium were 
used, i n 100 ml conical f l a s k s ; incubation was i n a growth room 
at 15°C, w i t h a l i g h t i n t e n s i t y of 2000 l x . Growth and morphology 
were scored a f t e r 21 days (Table 1 0 . l a ) . 

Hormogonia were released by the colonies i n a l l the d i f f e r e n t 
media, forming 'haloes' around the colonies on the f l a s k base. 
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Table 10.1a Growth of R i v u l a r i a (Croft K e t t l e ) and associated algae, 
and extent of h a i r development i n R i v u l a r i a , i n AD 
and Chu 10-D(-N) with d i f f e r e n t i n i t i a l l e v e l s of PO^P 
Scored +, ++, +++; where +++ = maximum observed. 

I n i t i a l |P0^ Extent of growth Hair development 
X normal mg 1 ^ Nostoc Phormidium R i v u l a r i a ( R i v u l a r i a ) 
( i ) AD 

1.0 44.50 +++ +++ + + 

0.1 4.45 ++ +++ +++ ++ 

0.05 2.22 + +++ +++ ++ 

0.025 1.11 0 ++ +++ +++ 

0.005 0.22 0 + ++ +++ 

( i i ) Chu lO-D(-N) 

20.0 35.60 +++ +++ + + 

2.0 3.56 + +++ ++ ++ 

1.0 1.78 + +++ ++ ++ 

0.2 0.36 0 + ++ +++ 

Table 10.1b Extent of h a i r development i n R i v u l a r i a trichomes from 
AD c u l t u r e s with i n i t i a l phosphate concentrations of 
44.5 and 1.11 mg l " 1 PO^P 
Each value i s the mean of 20 measurements (urn). 
A l l d i f f e r e n c e s between means are s i g n i f i c a n t ( P 6 0 . 0 0 1 ) . 

I n i t i a l [PO .1 Total trichome Hair length Trichome length Hair as % t o t a l 
(mg l -- 1*) * length minus h a i r length 

44.50 256 118 20 1 4 236 116 7.811.5 

1.11 1008 ± 88 6301 90 3781 29 59.6+ 3.4 
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The three morphological forms described i n Section 2.362 were a l l 
observed, but the majority of trichomes had a morphology corresponding 
to that described f o r R i v u l a r i a sp. D404. I n sev e r a l of the media, 
there was heavy growth of other blue-green algae, c h i e f l y a 2 pm 
wide Phormidium sp. and a Nostoc sp. Both these algae had been 
observed i n the o r i g i n a l f i e l d m aterial, but forming only a very 
small proportion of the t o t a l population. The extent of growth 
of these contaminants i s also shown i n Table 10.1a. The most 
vigorous growth of the two contaminants, p a r t i c u l a r l y the Nostoc, 
occurred at the highest l e v e l s of phosphate used. Growth of the 
R i v u l a r i a was very poor at these high l e v e l s , and i t s maximum 
development occurred i n media with i n i t i a l phosphate concentrations 
of.about 0.2-0.5 mg l " 1 PO^-F. The poor growth of the R i v u l a r i a 
at the highest phosphate concentrations did not seem to be e n t i r e l y 
due to competitive growth of the contaminant algae, since a t 
intermediate phosphate l e v e l s there was vigorous growth of a l l the 
forms. 

The extent of h a i r development i n the R i v u l a r i a daughter 
colonies a l s o varied with the i n i t i a l phosphate concentration 
(Tables 10.1a and 10.1b). Almost a l l the trichomes had h a i r s i n 
a l l the media, but there was considerable v a r i a t i o n i n h a i r length. 
At the highest l e v e l s of phosphate, the h a i r s seldom had more than 

r 
about s i x c e l l s , and formed about 5-10% of the t o t a l -^ichome length, 
whereas at t h e i r maximum development, i n media with i n i t i a l l e v e l s 
of 1.11 mg 1 * P0^-P and below, the h a i r s formed as much as 80% of 
the t o t a l trichome length. 

10.12 R i v u l a r i a from Croft K e t t l e on agar 
F r e s h l y c o l l e c t e d colonies were inoculated onto p l a t e s of 

0.5% (w/v) agar i n AD medium, containing P0.-P at 0.5x, 0.05x, 
0.005x and O.Ox the normal l e v e l of 44.5 nig 1 . The normal 
l e v e l was not used, since the experiment described i n Section 10.11 
had shown growth to be very poor at t h i s concentration of phosphate 
(Table 10.1a). Growth and morphology were scored a f t e r 4 weeks' 
incubation at 15°C, with a l i g h t i n t e n s i t y of 2000 l x (Table 10.2). 

I n each medium, 'haloes' of about 15 mm radius had developed 
around the inoculum colonies; these consisted of numerous daughter 
colonies 0.2-0.5 mm i n diameter, a l l containing trichomes s i m i l a r 
to those of R i v u l a r i a sp. D404. As observed i n the experiment 
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Table 10.2 Growth and h a i r development i n R i v u l a r i a ( C r o f t K e t t l e ) 
incubated on AD agar with d i f f e r e n t i n i t i a l l e v e l s 
of PO^-P 4 
Each value i s the mean of 35 measurements ( a l l measure­
ments i n urn). 
Differences between means are a l l s i g n i f i c a n t (P^O.OOl) 
except where indicated. C"P̂ e i^a^ v«J*^o -fa* ea.aU cM&sc\cMf 

I n i t i a l (PO^ Growth Trichojne ^ a i r ^ Trich ?me H f i r g | g % 
X normal mg 1 (+ h a i r ) (- h a i r ) 

0.5 22.25 ++ 146 1 6 s 3 9 * 6 * 107X5 2 5 . 0 1 3 . 0 d 

0.05 2.22 +++ 1871 1 3 a 42 + 5 b 145 1 9 21.2 1 2 . l d 

0.005 0.22 + 6331 44 355138 278219° 51.9±3.3 e 

0.0 0.0 + 10061 65 6701 61 335 H 6 C 62.612.7 s 

a) P = 0.011 
b) P = 0.718 
c) P = 0.030 
d) P = 0.336 
e) P = 0.016 

i n l i q u i d media (Section 10.11), the best growth occurred with a 
r e l a t i v e l y low i n i t i a l l e v e l of P0^-P, with l e s s growth at the 
highest and lowest l e v e l s used. At the two higher l e v e l s of phosphate 
(Table 10.2), the trichomes i n the daughter colonies were profusely 
f a l s e branched, u s u a l l y with two or three successive t i e r s of 
branches. At the two lower phosphate l e v e l s , the daughter 'colonies' 
often consisted only of one trichome with perhaps 2-6 f a l s e branch 
trichomes associated. 

Hair development was again most extensive i n the media with 
lower i n i t i a l l e v e l s of P0^-P (Table 10.2). The absolute length 
of the h a i r and of the whole trichome, and the h a i r length as a 
percentage of the t o t a l trichome length, a l l increased with 
decreasing phosphate concentration. There was a l s o an increase i n 
the length of the vegetative part of the trichomes with decreasing 
phosphate concentration. This may have been r e l a t e d to the l a c k 
of hormogonium production under these conditions, since as mentioned 
above, the daughter colonies were much l e s s e x t e n s i v e l y f a l s e 
branched. 

http://ea.aU
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10.13 R i v u l a r i a from Barras f l u s h on agar 
D e t a i l s of the s i t e from which t h i s material was c o l l e c t e d 

are given i n Table 2.2. Colonies were inoculated onto p l a t e s of 
0.5% (w/v) agar i n AD medium with l.Ox, O.lx, 0.025x and 0.005x 
the normal l e v e l of 44.5 mg l " 1 PO^-P. The extent of growth and 
h a i r development were scored a f t e r four weeks at 15°C, with a 
l i g h t i n t e n s i t y of 2000 I x ; the r e s u l t s are summarized i n Table 10.3 

As did the R i v u l a r i a from Croft K e t t l e (Section 10.12) these 
colonies produced haloes of hormogonia, but there was no apparent 
tendency f o r colonies to form, and the outgrowing trichomes seemed 
to correspond to a C a l o t h r i x sp. Trichomes l i k e these had been 
observed i n the inoculum colonies, but as a very small proportion 
of the t o t a l population ( c f . Section 2.362). Unlike the R i v u l a r i a 
from Croft K e t t l e , t h i s C a l o t h r i x did not show growth i n h i b i t i o n 
at high l e v e l s of phosphate; i n f a c t i t s growth was most vigorous 
at the highest concentrations of phosphate used. However, as i n 
the experiments described i n Sections 10.11 and 10.12, the h a i r s 
produced at low phosphate l e v e l s were longer, both absolutely and 
as a percentage of t o t a l trichome length (Table 10.3b). 
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Table 10.3a Growth and h a i r development i n trichomes from colonies 
of R i v u l a r i a (Barras) incubated on AD agar with 
d i f f e r e n t i n i t i a l l e v e l s of P 0 „ - P 

4 
I n i t i a l | P 0 J Growth Hair development 

X normal mg 1" 

1.0 44.50 +++ + 

0.1 4.45 ++ ++ 

0.05 2.22 + +++ 

0.025 1.11 + +++ 

0.005 0.22 + +++ 

Table 10.3b Extent of h a i r development i n trichomes from p l a t e s 
with i n i t i a l concentrations of 44.5» 4.45 a n d 1.11 
mg l " 1 P0 - P 

4 

Each value i s the mean of 40 measurements ( a l l dimensions 
i n jim). 
Differences between means are s i g n i f i c a n t ( P ^ O . 0 0 1 ) 
except where indicated. 

n i t i a l J P O J 

(mg I " ! ) 4 J 

44.50 

4.45 

1.11 

Total trichome 
length 

l l l l 1 2 a 

162 t 20 a 

4171 51 

Hair length 

I 8 i 4 b 

60* 13 b 

350 t 45 

Trichome length 
minus h a i r 

93 2 r i O c , e 

102 + 1 2 ° ' d 

9 0 t 8 d ' 6 

Hair as % t o t a l 
length 

11.91 2.1 

27.4+4.2 

7 1 . l t 2.8 

a) P = 0.025 
b) P = 0.002 
c) P = 0.559 

d) P = 0.296 
e) P = 0.757 

http://71.lt
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10.2 Short-term incubation of R i v u l a r i a from Croft K e t t l e i n 
medium with a high l e v e l of PO^-P 

Experiments with laboratory c u l t u r e s showed that phosphate 
starved algae r a p i d l y synthesized polyphosphate following the 
addition of PO^-P. When h a i r s were present, the h a i r c e l l s a l s o 
developed polyphosphate granules, and the h a i r s were eventually 
shed (Section 5 « 3 l ( i x ) ) . I t was of i n t e r e s t to determine whether 
providing a high l e v e l of phosphate to a f i e l d sample of R i v u l a r i a 
would e l i c i t a s i m i l a r response. T h i s would confirm that the 
responses of the laboratory s t r a i n s were not simply a r t e f a c t s of 
cult u r e , and might also i n d i c a t e whether the h a i r s present i n the 
f i e l d material had developed i n response to phosphate d e f i c i e n c y . 

D e t a i l s of the material are given i n Seotion 2.362, and of the 
s i t e i n Table 2.2. Long h a i r s were present on almost a l l the trichomes 
at the time of c o l l e c t i o n . Trichomes from s e v e r a l colonies were 
stained f o r polyphosphate within one hour of o o l l e c t i o n . The 
granulation of trichoraes from each colony was very s i m i l a r . 
Polyphosphate granules were v i s i b l e i n every vegetative c e l l of 
almost every trichome. The l e v e l of granulation was quite low, 
scoring 1-2 i n the basal few c e l l s , and 1 i n c e l l s f u r t h e r up the 
trichome ( c f . Section 2 .24 )j the granulation always decreased to 
zero i n the c e l l s below the t r a n s i t i o n zone. A sin g l e colony was 
cut into pieces which were Incubated i n 6 ml v i a l s of AD medium 
at 15°C, with a l i g h t i n t e n s i t y of 1500 l x . Samples were taken 
f o r examination at time i n t e r v a l s , as described i n Section 5 » 3 l ( i x ) . 

An unequivocal increase i n the l e v e l of polyphosphate granulation 
i n the vegetative c e l l s was observed a f t e r 20 minutes* incubation. 
The presence of granules i n the c e l l s i n the i n i t i a l material 
made i t d i f f i c u l t to estimate whether any increase occurred e a r l i e r 
than t h i s . The l e v e l of granulation continued to increase up to 
24 h a f t e r the s t a r t of the incubation, and a l l the vegetative 
c e l l s reached granule d e n s i t i e s scoring 4-5 (Section 2 ,24) , with 
no apparent p o l a r i t y of response along the trichome. Granules 
were f i r s t observed i n the h a i r c e l l s a f t e r 2 h incubation, and 
these granules also increased i n density during the experiment, 
reaching a maximum at much the same time as the vegetative c e l l e . 
Less than 5% of the h a i r c e l l s (estimated) were affected, and the 
percentage did not increase during the incubation. 

There was no apparent l o s s of h a i r s u n t i l hormogonia began to 
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be released, a f t e r about 48 h. The h a i r s then became detached, 
u s u a l l y by l y s i s of one or several c e l l s at the base of the h a i r . 
A f t e r t h e i r r e l e a s e , the hormogonia u s u a l l y remained associated 
with the parent trichomes, producing small bunches of daughter 
trichomes at the top of most of the filaments. None of t h i s 
second generation of trichomes had developed h a i r s a f t e r 7 days, 
when the experiment was terminated because of overgrowth by other 
algae. O v e r a l l , the response of t h i s alga was very s i m i l a r to 
that of the phosphate starved laboratory c u l t u r e s following the 
addition of phosphate (Section 5 « 3 l ( i x ) ) . 
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11 DISCUSSION 

11.1 Introductory outline 
The aim of the work described i n t h i s t h e s i s was to determine 

the influence of c e r t a i n environmental f a c t o r s on h a i r development 
i n the Ri v u l a r i a c e a e . I n view of a possible r e l a t i o n s h i p between 
h a i r development and tapering, the l a t t e r character was also studied. 

Several reports i n the l i t e r a t u r e have described marked 
e f f e c t s of combined nitrogen on tapering i n heterocystous trichomes 
(Section 1.41), and the r e s u l t s of Fay, Stewart, Walsby and Fogg 
(1968) suggested that both tapering and h a i r development might be 
re l a t e d to a decreasing gradient of f i x e d nitrogen between the 
basal and ap i c a l c e l l s . E f f e c t s of combined nitrogen and of 
nitrogen s t a r v a t i o n on tapering and h a i r formation i n heterocystous 
and non-heterocystous s t r a i n s were therefore studied (Chapter 3? 

Section 11 .3) . 

A review of the l i t e r a t u r e indicated that h a i r development i n 
members of several a l g a l phyla has been found to increase under 
conditions of nutrient d e f i c i e n c y (Section 1.51). The e f f e c t s of 
various mineral d e f i c i e n c i e s on h a i r development were therefore 
examined (Chapters 4-6); the r e s u l t s are discussed i n Section 11.4. 

Some other quite marked morphological responses to nutrient d e f i c i e n c y 
were observed, and these are also discussed i n Section 11.4. 

Phosphate d e f i c i e n c y was found to have the most marked e f f e c t on 
h a i r formation, and f u r t h e r experiments were performed on the 
r e l a t i o n s h i p between h a i r development and phosphorus concentration, 
with laboratory c u l t u r e s (Chapters 7 and 8j Sections 11.4 and 11 .5 )1 

and with f i e l d materials (Chapter 10; Section 11 .6) . Several 
r e s u l t s suggested the p o s s i b i l i t y that s t r a i n s which produced long 
h a i r s even at high phosphate l e v e l s were better adapted to growth 
at low phosphate concentrations; t h i s evidence i s discussed i n 
Section 11.7. 

During the resarch, general observations were made on the 
morphology and development of Rivulariaceae which seemed s u f f i c i e n t l y 
relevant to be included i n the t h e s i s (Section 2 .12) , and these 
observations are discussed i n Section 11.2. 
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11.2 General observations on morphology and growth 
As a background to the experimental s t u d i e s , observations 

were made on the morphology and development of the 36 s t r a i n s of 
Rivulariaceae held i n culture (Section 2.12), and a l s o on some 
f i e l d m aterials (Section 2.362). Although tapering of the trichoraes 
was a character common to a l l the s t r a i n s , there were q u a l i t a t i v e 
as well as q u a n t i t a t i v e d i f f e r e n c e s i n t h i s character between 
s t r a i n s . I n the majority of cases, most of the tapered appearance 
seemed to be due to enlargement of the trichome next to the basal 
heterocyst during hormogonium development, rather than to narrowing 
i n the a p i c a l region. Marked decrease i n a p i c a l diameter apparently 
occurred only i n a s s o c i a t i o n with h a i r development. I n the r i c h 
AD medium used as control f o r the 34 heterocystous s t r a i n s , only 
three s t r a i n s (D126, D277, D404) had many long h a i r s ; two more 
(D251, D403) had a few short h a i r s . The proportion of forms with 
h a i r s i n the c o l l e c t i o n of s t r a i n s was considerably l e s s than 
that among the d e s c r i p t i o n s given by G e i t l e r (1932) ( c f . Section 2.121). 
Only one of the two s t r a i n s of Homoeothrix developed h a i r s i n 
control conditions ( i n Chu 10-D medium), and then only as i t s growth 
became ( n i t r a t e ) limited. 

I n the majority of s t r a i n s studied, the most a c t i v e c e l l 
d i v i s i o n appeared to take place i n the a p i c a l region, below the 
h a i r (where pre s e n t ) . Uuch rneristematic growth i s t y p i c a l of 
R i v u l a r i a c e a e (Section 1.31). Although i n some s t r a i n s the c e l l s 
i n the basal region were short and d i s c - l i k e , the apparently low 
frequency of newly formed transverse walls suggested that they 
were not a c t i v e l y d i v i d i n g . No c l e a r evidence of a basal meristem, 
as described by de Bary ( l 8 6 3 a ) , P a l l a (1893) and Fay, Stewart, 
Walsby and lpogg (1968) (Section 1.31) was found. The nature of the 
developmental pattern i n R i v u l a r i a c e a e meant that batch c u l t u r e s 
of a s i n g l e s t r a i n contained trichotnes of very v a r i a b l e morphology. 
This was observed even with clonal s t r a i n s (Section 2.363), 
i n d i c a t i n g that i t was not merely the r e s u l t of genetic v a r i a t i o n . 

Another p o t e n t i a l source of morphological v a r i a t i o n i n 
f i e l d populations was suggested by observations made during attempts 
to i s o l a t e c o l o n i a l R i v u l a r i a c e a e (Section 2.362). Evidence was 
obtained that colonies of R i v u l a r i a may contain tapered filaments 
of more than one type. I n several instances trichomes of Calothrix 
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were found among those of R i v u l a r i a ; such a s s o c i a t i o n s have also 
been described i n the l i t e r a t u r e (Bornet & Thuret, 1880; Bornet & 
F l a h a u l t , 1886b; JJutein, 1962; Sedtion 1 . 3 4 ) . Though present i n 
only small numbers, or sometimes not even detectable i n the f i e l d 
m aterial, such Ualothrix trichomes often became the dominant — ^ — j 
form i n c u l t u r e . A very s i m i l a r phenomenon was described by 
f o r e s t and Khan ( 1 9 7 2 ) , i n G l o e o t r i c h i a echinulata and G. natans 
(Section 1 . 3 4 ) • 

Some general points emerged during routine culture work. The 
s t r a i n s a l l showed rather slow r a t e s of growth, with an estimated 
doubling time of not more than 2 - 4 days. Barley ( 1968) and Lange 
( 1 9 7 1 ) have also commented on the slow growth of R i v u l a r i a c e a e i n 
c u l t u r e ( S e c t i o n 1 . 8 ) . The growth form of the algae was also 
r ather inconvenient f o r experimental purposes, c o n s i s t i n g i n most 
cases of a mat of densely interwoven filaments (Section 2 . 1 2 2 ) . 

11.3 Influence of nitrogen supply on h a i r development and tapering 

11.31 Response of heterocystous s t r a i n s to combined nitrogen 
As described i n Section 1 . 4 1 » tapered heterocystous blue-green 

algae have been found to lose t h e i r taper when grown i n the presence 
of combined nitrogen (Pearson & Kingsbury, I 9 6 6 ; Fay, Stewart, 
Walsby & Fogg, 1968; Wyatt, Martin & Jackson, 1 9 7 3 ) ; t h i s has l e d 
to speculations that tapering and h a i r development i n R i v u l a r i a c e a e 
may be r e l a t e d to a gradient of combined nitrogen along the trichome 
(Fay, Stewart, Walsby & Fogg, I 9 6 8 ; Stewart, 1 9 7 2 ) . Kirkby (1975) 

found, however, that of the three s t r a i n s of C a l o t h r i x she studied, 
only one became completely p a r a l l e l i n the presence of combined 
nitrogen. The other two s t r a i n s produced trichomes which s t i l l 
tapered, towards one or both ends, resembling Homoeothrix or 
Ammatoidea (Section 1.41). This r e s u l t implied that tapering i n 
these two s t r a i n s was u n l i k e l y to be due simply to shortage of 
combined nitrogen i n the trichome apices. To f i n d out whether 
suppression of tapering by combined nitrogen was widespread among 
Ri v u l a r i a c e a e , 34 heterocystous s t r a i n s were grown i n AD medium 
(Section 2 . 3 2 ) with and without the addition of 10 mM NaNO^ (AD+N 
and AJ)-N) (Section 3 . 1 2 ) . 
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( i ) Tapering and heterocyst development 
I n a l l except one of the s t r a i n s , which was completely 

unaltered i n morphology, there was an almost t o t a l l o s s of hetero-
c y s t s i n AD+N. Such suppression of heterocyst development by 
combined nitrogen has been reported many times (Section 1 . 42 ) . 

19 of the s t r a i n s , including the three which produced many 
long h a i r s i n AD-N, grew almost e n t i r e l y as p a r a l l e l trichomes 
i n AD+N; the remaining 14 s t r a i n s a l l produced some p a r a l l e l 
trichomes, but many tapered trichomes without heterocysts, and 
resembling Homoeothrix or AmmatoideaTwere also present. As 
described i n Section 1 .33> several e a r l i e r workers have noted the 
occurrence of occasional Ammatoidea-like trichomes i n c u l t u r e s 
of heterocystous Ri v u l a r i a c e a e (de Bary, 1863b; P o l y a n s k i i , 1928; 
Weber, 1933 ; P a l i k , 1 9 4 6 ) ; Schwabe (1960) observed Homoeothrix-
l i k e filaments i n a culture of Caloth r i x d e s e r t i c a (Section 1 . 4 1 ) . 

Though the media used by these workers were not c l e a r l y defined, 
i t seems quite possible that the e f f e c t s they describe were responses 
to combined nitrogen, i n view of the s i m i l a r i t y to the present 
author's r e s u l t s . 

The p a r a l l e l and the tapered trichomes which developed i n 
the AD+N c u l t u r e s d i f f e r e d from those i n AD-N i n several respects 
besides the absence of heterocysts. I n 16 of the 33 cases i n 
which p a r a l l e l trichomes developed i n AD+N, and i n 8 of the 14 

cases i n which tapered trichomes developed, the c e l l s were 
r e l a t i v e l y shorter i n the trichomes from AD+N, and were often 
d i s c o i d i n shape. The trichomes grown i n the presence of combined 
nitrogen a l s o tended to be vrider: i n 25 of the 33 s t r a i n s with 
p a r a l l e l trichomes i n AD+N these were wider than those i n AD-N, 
and i n 11 of the 14 s t r a i n s which developed tapered trichomes i n 
AD+N t h e i r a p i c a l diameter wtis greater than that of heterocystous 
tapered trichomes. 

Fay, Stewart, Walsby and Fogg (I968) described the growth of 
Rivul a r i a c e a e as being ' r e s t r i c t e d to c e l l s near the basal hetero— 
c y s t ' , whereas trichomes cultured i n the presence of ammonia were 
•of uniform appearance 1, and u n r e s t r i c t e d i n length, implying that 
under these conditions a l l the c e l l s were capable of growth and 
d i v i s i o n , l i k e those at the base of heterocystous trichomes. I n 
the present study, the p a r a l l e l trichornes which developed i n AD+N 
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showed no apparent l i m i t a t i o n i n length, and there was no 
evidence that c e l l d i v i s i o n was l o c a l i z e d i n uny particul.-ir region 
of the trichome; i n t h i s respect the r e s u l t s agreed with those 
of Fay, Stewart, Walsby and /ogg (1968). The present author was 
however unable to detect an obvious meristematic zone at the base 
of trichomes of any of the s t r a i n s examined (Section 2.121). 
Nevertheless, there did seem to be a tendency f o r the c e l l s of 
trichomes i n AD+N to resemble those close to the basal heterocyst 
of trichomes i n AD-N, i n t h e i r width and o v e r a l l shape. The 
s i m i l a r i t y was most marked i n s t r a i n s i n which the basal region of 
heterocystous trichomes was quite markedly enlarged, with short, 
d i s c o i d c e l l s . 

The f a c t that i n 19 of the 34 s t r a i n s tapering was completely 
l o s t i n the presence of combined nitrogen suggests that a gradient 
of combined nitrogen along the trichome may well be an important 
f a c t o r i n determining the development of a tapered morphology. 
However, since 14 s t r a i n s s t i l l produced tapered trichomes i n the 
presence of s u f f i c i e n t combined nitrogen to suppress heterocyst 
development, i t seems l i k e l y that other f a c t o r s may be involved i n 
at l e a s t some cases. The s i m i l a r i t y i n c e l l shape and dimensions 
between trichomes which developed i n AD+N, and the basal region 
of heterocystous trichomes, perhaps suggests that the c h a r a c t e r i s t i c 
appearance of c e l l s adjacent to the heterocyst may be at l e a s t 
p a r t l y due to e f f e c t s of combined nitrogen from the heterocyst. 
This r a i s e s the p o s s i b i l i t y that the influence of heterocysts on 
tapering may be to cause enlargement of the basal c e l l s , r a t h e r 
than narrowing of the a p i c a l c e l L s . As noted i n Section 2.121, 
i n most of the s t r a i n s studied the tapered morpholgy developed 
larg e l y as a r e s u l t of enlargement of c e l l s at aie end of the 
hormogonium. Nevertheless, as discussed below (Section 11.33), 
the two Hoiaoeothrix s t r a i n s both possessed basal enlargements i n 
the absence of heterocysts. 

( i i ) Hair development 
I n the two s t r a i n s which had only a few short h a i r s i n AD-N, 

the h a i r length and frequency were very s i m i l a r i n AD+N. The h a i r s 
i n these two s t r a i n s developed at the ends of the tapered trichomes 
i n AD+N. The three s t r a i n s which produced many long h a i r s i n AD-N 
a l l grew almost e n t i r e l y as long p a r a l l e l trichomes i n AD+N. 
Hairs were s t i l l developed i n AD+N, however, though they were 
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reduced i n frequency and length. The h a i r s occurred abruptly at the 
ends of the long p a r a l l e l trichomes, which were of otherwise 
uniform appearance. The r e s u l t s suggested that h a i r development 
was u n l i k e l y to be due s o l e l y to nitrogen d e f i c i e n c y at the trichome 
apex. Furthermore, the occurrence of h a i r s at the ends of other­
wise p a r a l l e l trichomes suggested that tapering and h a i r develop­
ment may not n e c e s s a r i l y be d i r e c t l y r e l a t e d phenomena. 

Most of the observations discussed above were made on cul t u r e s 
grown with NÔ -N. Ten of the s t r a i n s , including two of those with 
long h a i r s i n AD-N, were also grown i n HEPES-buffered AD with 
5 raM NH^Cl; the r e s u l t s were very s i m i l a r to those obtained with 
NaN03 (Section 3.13). 

The taxonomic imp l i c a t i o n s of the morphologioal modifications 
of members of the R i v u l a r i a c e a e grown i n the presence of combined 
nitrogen have been pointed out by Fogg, Stewart, Fay and Walsby 
( 1 9 7 3 ) . C e r t a i n l y , the s i m i l a r i t y between many of the forms 
observed i n AD+N, and members of the genera Lyngbya, Plectonema, 
Homoeothrix and Ammatoidea was often very s t r i k i n g . P a l i k ( 1 9 4 6 ) 

(Section 1 . 4 1 ) considered that Ammatoidea was probably merely a 
growth form of C a l o t h r i x , and the r e s u l t s of the present study 
suggest that t h i s could be true i n some cases. 

1 1 . 3 2 Response of Ca l o t h r i x sp. D I 8 4 to nitrogen s t a r v a t i o n 
I n a f u r t h e r study of the r e l a t i o n s h i p between h a i r develop­

ment (and tapering) and the supply of nitrogen, Calothrjx, sp. D I 8 4 

was starved of nitrogen by incubating i t under ArtQgSCCv, (Section 
3 . 2 ) . Under these conditions, the alga r a p i d l y became yellow i n 
colour, and developed numerous small vacuoles i n the c e l l s . The 
frequency of heterocysts increased markedly, to an estimated 20^ 

of the c e l l population. S i m i l a r responses have been described 
f o r Anabaena spp. under nitrogen s t a r v a t i o n (Neilson, Rippka & 
kunisawa, 1971; de Vasconcelos & Fay, 1974; Sections 1 . 4 2 and 1 . 6 2 ) . 

Since the air-gassed control i n t h i s experiment also showed l i t t l e 
growth i n comparison with the non-gassed control c u l t u r e s , i t 
was not p o s s i b l e to state unequivocally that growth of the alga 
under A^C^iCC^ was l i m i t e d by l a c k of nitrogen. Nevertheless, 
the s i m i l a r i t y of i t s responses to those observed by other workers 
did suggest that the alga was nitrogen starved. 
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There was no marked change i n ti.e shape of the Calothrix 
trichomes under nitrogen s t a r v a t i o n , apart from an increase i n 
heterocyst s i z e : the degree of tapering was unaltered, and 
there was no hint of h a i r formation, even though t h i s s t r a i n was 
known to be capable of developing h a i r s under c e r t a i n mineral 
nutrient d e f i c i e n c i e s (Chapter 5 ) . T h i s was taken as f u r t h e r 
evidence that tapering and h a i r development i n heterocystous 
Hivulariaceae are u n l i k e l y to be due s o l e l y to shortage of combined 
nitrogen i n the a p i c a l region. The secondary heterocysts which 
developed i n S t r a i n D I 8 4 under nitrogen deprivation were formed 
i n a l l regions of the trichoraes, implying that the c e l l s i n the 
a p i c a l region had the p o t e n t i a l to develop into heterocysts when 
starved of nitrogen. This suggested that i n normal tapered 
heterocystous trichomes, with a s i n g l e basal heterocyst, the a p i c a l 
c e l l s were probably not i n a severely nitrogen starved condition. 

I t could be argued that the f a i l u r e to develop h a i r s was due 
to the o v e r a l l i n h i b i t i o n of growth i n the nitrogen starved 
c u l t u r e s . However, the f a c t that the alga was s t i l l able to 
d i f f e r e n t i a t e numerous heterocysts implies that i t was capable of 
morphogenetic change under these conditions. 

11.33 Response of Homoeothrix to the supply of combined nitrogen 
Trichomes of Homoeothrix are tapered, and h a i r s may be present, 

but the trichomes do not possess heterocysts ( G e i t l e r , 1932). 
S u p e r f i c i a l l y , at l e a s t , t h i s would suggest that h a i r formation 
and/or tapering i n t h i s genus i s u n l i k e l y to be the r e s u l t of a 
gradient of f i x e d nitrogen along the trichomes, as has been 
suggested f o r heterocystous R i v u l a r i a c e a e (Section 1.41). Despite 
the absence of heterocysts, i t nevertheless seemed possible that 
Homoeothrix trichomes might be able to f i x nitrogen under s u i t a b l e 
conditions, since nitrogenase a c t i v i t y has been demonstrated i n 
several non-heterocystous blue-green algae, p a r t i c u l a r l y under 
microaerophilic conditions (Fogg, 1974; Section 1.62). I n the 
case of a c o l o n i a l form, such as H. Crustacea, i t seemed possible 
that the c o l o n i a l growth habit might have a prot e c t i v e e f f e c t 
on nitrogenase, enabling i t to function under e x t e r n a l l y aerobic 
conditions. Such a protective e f f e c t has been r e c e n t l y suggested 
by Carpenter and P r i c e (1976), f o r Trichodesmium (Section 1.62). 

Colonies of Homoeothrix Crustacea from the f i e l d were 
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therefore assayed f o r acetylene reduction a c t i v i t y (Section 3.32). 
Assays were made both d i r e c t l y a f t e r c o l l e c t i o n , under Ar : 0 2 : C 0 2 

(94*5*4.5*0.5), and a f t e r 1-4 days' incubation i n medium without 
combined nitrogen, under Ar : 0 2 : C 0 2 (79-5:20:0.5) and under Ar : C 0 2 

(99*5:0.5). A R i v u l a r i a sp. known to be capable of acetylene 
reduction was included as control. No acetylene reduction a c t i v i t y 
was detected i n the Homoeothrix colonies under any of these 
conditions. Since the R i v u l a r i a control showed a f a l l in. acetylene 
reduction during prolonged incubation under Ar : C 0 2 , i t was not 
possible to conclude that the H. Crustacea colonies were incapable 
of acetylene reduction under t h i s condition. The r e s u l t s suggested, 
however, that the colonies were not able to reduce acetylene under 
aerobic conditions, and thus probably did not f i x nitrogen i n the 
f i e l d , since they came from a well oxygenated environment ( c o o l , 
flowing water). 

The r e s u l t s obtained with heterocystous s t r a i n s of Ri v u l a r i a c e a e 
grown i n the presence of combined nitrogen (Sections 3.1 and 11.31) 

suggested the p o s s i b i l i t y that at l e a s t some forms of Homoeothrix 
might a c t u a l l y be growth forms of Cal o t h r i x or R i v u l a r i a i n which 
heterocyst development had been suppressed. To examine t h i s p o s s i b i l i t y , 
and to determine e f f e c t s of combined nitrogen on tapering and h a i r 
development, two species of Homoeothrix were incubated i n medium 
with and without the addition of NÔ -N (Section 3.33). I n medium 
with combined nitrogen, the apices of both s t r a i n s remained untapered 
as long as a c t i v e growth and hormogonium r e l e a s e continued. Both 
s t i l l possessed a tapered morphology, however, i n s o f a r as the 
basal few c e l l s of the trichomes were s l i g h t l y enlarged. T h i s was 
c l e a r l y apparent only i n young c u l t u r e s , since the trichomes became 
densely interwoven at higher c u l t u r e d e n s i t i e s . Neither s t r a i n 
showed any growth i n the absence of combined nitrogen, and bo'tU 
ra p i d l y became yellow, a common response of* blue-green algae to 
nitrogen d e f i c i e n c y (Section 1.62). There was no change i n the 
degree of tapering of Homoeothrix sp. D402, but i n n i t r a t e l i m i t e d 
c u l t u r e s of H. Crustacea D401, most of the trichomes developed 
tapered apices, and a few short h a i r s were also formed. However, 
l a t e r experiments (Chapter 5) indicated that this , response of 
St r a i n ' D401 was.' a r e l a t i v e l y non»-specif i c response to growth 
l i m i t a t i o n ( c f . Section 11 .4) . 

Neither s t r a i n of Homoeothrix showed any evidence of heterocyst 
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development, even when obviously nitrogen starved. I t thus appeared 
u n l i k e l y that e i t h e r was simply a growth form of Ca l o t h r i x or 
R i v u l a r i a . 

1 1.4 Morphological responses to def i c i e n c y of inorganic n u t r i e n t s 

11.41 General remarks 
Several published reports have described i n c r e a s e s i n h a i r 

formation i n eukaryotic algae under conditions of nutrient d e f i c i e n c y 
(Section I . 5 1 ) . Experiments were therefore performed to determine 
e f f e c t s of nutrient d e f i c i e n c y on h a i r development i n Ri v u l a r i a c e a e . 
The d e f i c i e n c i e s examined were those of phosphate, i r o n , magnesium, 
calcium, molybdenum and sulphate. Kirkby (1975) found that R i v u l a r i a 
trichomes produced longer h a i r s when cultured with r e l a t i v e l y low 
l e v e l s of inorganic phosphate (Section 1 . 4 1 ) , and phosphate d e f i c i e n c y 
was therefore studied i n rather more d e t a i l . I n addition to e f f e c t s 
on h a i r development, severa l other marked morphological responses 
to these d e f i c i e n c i e s were also recorded, both f o r t h e i r inherent 
i n t e r e s t , and because of possible r e l a t i o n s h i p s with h a i r development. 

1 1 . 4 2 Hair development i n response to nutrient d e f i c i e n c y 
Following Kirkby's (1975) findings on h a i r development i n 

R i v u l a r i a at d i f f e r e n t phosphate concentrations (Section 1 . 4 1 ) , 
a l l 34 heterocystous s t r a i n s , and the two s t r a i n s of Homoeothrix 
were screened f o r the e f f e c t s of phosphate d e f i c i e n c y on h a i r 
formation (Chapter 4)• Twelve of the heterocystous s t r a i n s and 
one Homoeothrix s t r a i n showed a marked increase i n h a i r development 
(Table 4 - 1 ) . Three of these s t r a i n s ( D 1 2 6 , D 2 7 7 , D 4 0 4 ) had many 
h a i r s i n the high phosphate control medium, and two more ( D 2 5 1 , 

D 4 0 3 ) had a few short h a i r s ; H. Crustacea D 4 0 1 also developed a 
few h a i r s , but only at the end of the growth period, i n control 
medium. The remaining seven s t r a i n s ( D I 8 4 , D 2 5 3 , D 2 5 6 , D 2 6 9 , D 2 7 0 , 

D 2 8 0 ) had no h a i r s i n f u l l AD medium. The h a i r s that developed i n 
low phosphate medium were eventually present on at l e a s t SCffc of 
the trichomes i n each affected s t r a i n , and formed as much as 80> 

of the t o t a l trichome length. 
To determine whether the development of h a i r s i n low phosphate 

medium was a s p e c i f i c response to phosphate d e f i c i e n c y , or was an 
e f f e c t of growth l i m i t a t i o n per se, 13 s t r a i n s were subjected to 
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i r o n , magnesium, calcium, molybdenum and sulphate d e f i c i e n c i e s , 
with phosphate deficiency again included f o r comparison (Chapter 5 )» 
The 13 s t r a i n s included eight of those which showed increased 
h a i r development under phosphate deficiency (DI84, D251, D256, 
D277, D280, D401, D403, D404) and f i v e which did not ( D I 5 6 , D179, 
D267, D283, D402); Anabaena c y l i n d r i c a D2A was included, as a c o n t r o l . 
Three of the 13 s t r a i n s (D251, D256, D403) developed many long 
hairs under i r o n deficiency, and one (DI84) developed a few short 
h a i r s . One s t r a i n (D251) also produced long h a i r s under magnesium 
deficiency. A l l these s t r a i n s were ones which also showed increased 
h a i r development i n low phosphate medium. I n S t r a i n D277, an 
estimated 10-20% of the trichomes developed rather longer hai r s 
under d e f i c i e n c i e s of i r o n , magnesium, calcium and sulphate, but 
there wt.s no increase i n the number of trichomes with hairs; t h i s 
response was thus d i s t i n c t from that seen i n phosphate d e f i c i e n t 
cultures. Homoeothrix Crustacea D401 developed a few short h a i r s 
as growth became l i m i t e d i n each of the d e f i c i e n t media, as i t d i d 
i n the n i t r a t e l i m i t e d control ( c f . Sections 3.33 and 11 . 3 3 ) ; again 
t h i s response was much less marked than that seen i n phosphate 
d e f i c i e n t trichomes. The responses of Strains D277 and D401 to 
deficienc i e s other than that of phosphate were so s l i g h t t h a t they 
are not treated as increases i n h a i r development i n the f o l l o w i n g 
account. (The development of short h a i r s by S t r a i n DI84 under i r o n 
deficiency i s included however, since t h i s s t r a i n had no hairs i n 
the control medium.) 

During t h i s experiment, what appeared to be normal vegetative 
c e l l s were occasionally observed among a series of f u l l y vacuolated 
h a i r c e l l s i n d e f i c i e n t cultures (Sections 5 » 3 l ( i i ) and 5 » 4 l ( i i ) ) . 
This did not appear to be simply an early stage i n h a i r development. 
The occurrence of these c e l l s perhaps implies that not a l l the 
c e l l s in the apical region were equally susceptible to whatever 
stimulus l e d to the h a i r development response. 

Of the deficiencies,'other than that of phosphate, th a t were 
tested i n t h i s experiment with 13 s t r a i n s , only those of i r o n and 
magnesium l e d to appreciable increases i n h a i r development, and a l l 
the affected s t r a i n s were ones which also showed increased h a i r 
development under phosphate deficiency. Five of the s t r a i n s which 
had shown increased h a i r development i n low phosphate medium 
(Chapter 4) had not been tested f o r the e f f e c t s of other d e f i c i e n c i e s . 
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These s t r a i n s (D126, D253, D266, D269, D2?0) were therefore screened 
f o r e f f e c t s of i r o n and magnesium deficiencies on h a i r formation 
(Section 6.1). Three of the f i v e s t r a i n s (D253, D266, D26<?) produced 
many long hairs under i r o n deficiency, and one (D270) produced a 
few short h a i r s . Magnesium deficiency did not a f f e c t h a i r formation, 
i n any of the f i v e s t r a i n s . 

Thus o v e r a l l , phosphate deficiency l e d to increased h a i r 
development i n 13 of the 36 s t r a i n s ; e i g M of these 13 also 
showed increased h a i r development under i r o n deficiency, and one 
of the eight did so under magnesium deficiency (Table 6.1; p. 231). 
I n 23 of the st r a i n s examined, no hairs were ever observed, and i t 
seemed probable that these st r a i n s did not have the genetic a b i l i t y 
to form h a i r s . Nine of the 12 heterocystous s t r a i n s which developed 
long ha i r s under phosphate deficiency were ones which had no hairs 
or very few hairs i n the control medium; these s t r a i n s a l l had 
trichomes w i t h a marked basal enlargement, and were also ones which 
retained a predominantly tapered morphology i n the presence of 
combined nitrogen (Sections 3.1 and 11 . 3 ) . A l l three (heterocystous) 
s t r a i n s which had numerous long hairs i n the cont r o l medium showed 
a marked increase i n h a i r development i n low phosphate medium, but 
t h e i r h a i r development was unaffected by i r o n or magnesium d e f i c i e n c i e 

During these experiments on n u t r i e n t deficiency, the 
impression was gained that h a i r development was one of the f i r s t 
morphological responses to occur i n low n u t r i e n t media. This was 
confirmed, f o r one s t r a i n , when a de t a i l e d study was made of the 
onset of phosphate deficiency i n Calothrix sp. DI84 (Chapter 7 ) . 
Hairs were found to appear before growth was l i m i t e d i n the low 
phosphate cu l t u r e s , and while polyphosphate granules were s t i l l 
present i n the basal c e l l s of many trichomes. This implied that 
h a i r development took place before the trichomes were f u l l y phosphate 
starved. I n Calothrix sp. D267, the non-hair forming s t r a i n used 
as control i n t h i s experiment, there was no change i n trichome 
morphology i n low phosphate cultures u n t i l a l l the polyphosphate 
granules had disappeared. 

Each of the 12 heterocystous s t r a i n s which had shown increased 
h a i r development under phosphate, i r o n or magnesium d e f i c i e n c i e s 
i n the absence of combined nitrogen was also grown to the approp­
r i a t e deficiency or de f i c i e n c i e s i n AD medium with 10 mH NaNO^ 
(Section 6.2), a l e v e l s u f f i c i e n t to suppress heterocyst development 
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(Section 3 . 1 ) . I n the nine s t r a i n s which did not have h a i r s i n the 
complete medium, h a i r development in the d e f i c i e n t media +N0^ 
was very s i m i l a r to that i n d e f i c i e n t c u ltures without WÔ j the 
h a i r s formed at the ends of both 'Homoeothrix'-like and 'Ammatoidea'-
l i k e trichomes. I n S t r a i n s D126, D277 and D404, which produced 
long h a i r s i n AD medium, h a i r development was considerably l e s s 
i n the (phosphate) d e f i c i e n t medium +N0^ than i n the same medium 
without NO^, but i t was nevertheless greater than that i n f u l l 
AD+NOy The h a i r s in these three s t r a i n s developed at the ends of 
long trichomes that were otherwise p a r a l l e l . These r e s u l t s were 
taken as f u r t h e r evidence that h a i r formation was u n l i k e l y to be 
due simply to a gradient of combined nitrogen along the trichomes 
( c f . Section 1 1 . 3 ) . 

Hair development caused an increase i n t o t a l trichome length 
whenever i t occurred (except i n S t r a i n s DI84 and 1)270 i n i r o n 
d e f i c i e n t medium), and there was thus a considerable increase i n 
surface area of the trichomes ( c f . Kirkb.y, 1 9 7 5 ) . For any 
p a r t i c u l a r s t r a i n , the h a i r s developed under i r o n or magnesium 
def i c i e n c y were not as long as those found in phosphate d e f i c i e n t 
c u l t u r e s , and fewer trichomes were affected (Table 5«4)« This 
difference held good a f t e r v a r i a b l e incubation periods, and sever a l 
subcultures. The greater length of the h a i r s formed i n low phosphate 
cu l t u r e s may have been r e l a t e d to the f a c t that h a i r s seemed to 
develop at an e a r l i e r stage of growth i n such c u l t u r e s . P o s s i b l y 
an i n a b i l i t y to store large q u a n t i t i e s of i r o n or magnesium meant 
that the onset of d e f i c i e n c y of these metals was more abrupt than 
that of phosphate d e f i c i e n c y . I f d e f i c i e n c y developed very 
suddenly, then the algae might not be able to express f u l l y t h e i r 
p o t e n t i a l f o r h a i r development. 

11.43 Other morphological responses of Hivulariaceae to 
mineral d e f i c i e n c i e s 

During experiments on e f f e c t s of nutrient d e f i c i e n c i e s on 
h a i r development (Chapters 4-6), sever a l other quite marked responses 
were observed. Some of these seemed relevant to the problem of 
trichome tapering, and some appeared to be c o r r e l a t e d with the 
a b i l i t y to develop h a i r s . Most of the responses discussed below 

were scored only from the 13 s t r a i n s used f o r the experiments 
described i n Chapter 5 (see Table 5 . 1 ) » data from other s t r a i n s 



- 2 7 2 -

are included where ava i l a b l e . The morphological responses of 
Anabaen.-L c y l i n d r i c a D2A are compared with those of the Rivulariaceae 
i n Section 11.45. 

( i ) Trichome dimensions and tapering 
a) Heterocystous s t r a i n s 

Several d e f i c i e n c i e s caused changes i n the basal and/or apical 
diameter that were not apparently r e l a t e d to h a i r development, 
wit h consequent e f f e c t s on the tapered appearance of the trichomes 
(Table 5 .5 ) . 

I n a number of cases a decrease i n the average basal diameter 
of trichomes i n the c u l t u r e was observed, while the range of 
diameters remained unchanged. This was seen i n Strains M.56, D179» 
DI84, D256, D267, D263 and D403 under i r o n deficiency, i n Strains 
DI56, DI84, D256, D277 and D283 under calcium deficiency, and i n 
a l l I I s t r a i n s under molybdenum deficiency. This e f f e c t appeared 
to be due to a combination of i n h i b i t e d trichome development, and 
the production ofpseudo-intercalary heterocysts, rather than being 
a s p e c i f i c e f f e c t on basal diameter. An absolute decrease i n 
basal diameter occurred only under magnesium deficiency; a l l the 
str a i n s except D277 were affected (Section 5 . 5 l ( i i i ) ) . I n f i v e 
s t r a i n s (D256, D267, D283, 3403, D404) the decrease i n diameter 
took place i n the basal region only, but i n the other f i v e (DI56, 
D179, DI84, D251, D280) i t was part of a decrease th a t took place 
along the whole length of the trichome. The decrease was associated 
with apparent death of the heterocysts, and seemed to involve 
actual shrinkage of pre-exists.ng c e l l s . I n some cases the shrinkage 
i n the basal region was so marked that the trichomes became tapered 
at both ends (Figs 5.14 and 5.15; pp. 206-207). A rather s i m i l a r 
narrowing of c e l l s i n the basal region of trichomes of R i v u l a r i a 
angulosa was described by G e i t l e r and Huttner (1935-36), i n 
colonies from the f i e l d ; they commented that t h i s phenomenon was 
c h a r a c t e r i s t i c of older trichomes (Section 1.31). 

Taking the trichorne as a whole, the h a i r development th a t 
occurred i n c e r t a i n s t r a i n s under phosphate, i r o n and magnesium 
deficiencies caused a decrease i n apical diameter, and thus an 
increase i n the degree of tapering. However, the tapering of the 
vegetative region was not necessarily affected by h a i r development; 
i n f a c t a change i n subapical diameter (of vegetative c e l l s ) i n 



- 2 7 3 -

association with h a i r formation was detected i n only two s t r a i n s , 
D256 (decrease) and D277 (increase), both under phosphate deficiency 
(Table 5 . 5 b ) . There were several instances of changes i n subapicai 
diameter that were not associated with h a i r development. Five 
s t r a i n s ( D I 5 6 , D179, D I 8 4 , D256, D283) showed a decrease i n subapicai 
diameter i n i r o n d e f i c i e n t medium ( i n DI56 and D179 the decrease 
was not s p e c i f i c to the apical region, but took place along the 
whole trichome). Five s t r a i n s ( D I 5 6 , D179, D I 8 4 , D251, D280) had 
narrower apices under magnesium deficiency, but i n each case the 
decrease i n diameter took place throughout the trichome. An 
increase i n apical diameter occurred i n f i v e s t r a i n s ( D I 8 4 , D256, 
D280, D403, D404) under calcium deficiency. 

Overall, the e f f e c t s on trichome dimensions i l l u s t r a t e d the 
d i s t i n c t i o n between h a i r formation, and tapering per se, and 
indicated that a change i n one of these characters i s not necess­
a r i l y associated w i t h a change i n the other. 

b.) Homoeothrix s t r a i n s 
The growth form of the two Homoeothrix s t r a i n s made observation 

of t h e i r trichome bases d i f f i c u l t (Section 2 . 1 2 1 ) , and d e t a i l e d 
measurements on these s t r a i n s were therefore confined to the apical 
region of the trichomes (Section 5 « 2 3 ) . 

The diameter of trichomes of S t r a i n D401 was not obviously 
affected by any of the de f i c i e n c i e s tested, apart from a decrease 
i n apical diameter i n association with h a i r development i n low 
phosphate medium. However, under deficie n c i e s of i r o n , magnesium, 
calcium, molybdenum and sulphate, the t r a n s i t i o n from trichomes 
with untapered apices to those with tapered apices (and occasionally 
with short hairs) occurred at an e a r l i e r time than i t d i d i n the 
n i t r a t e l i m i t e d c o n t r o l . I n each medium, t h i s change occurred 
at the same time as growth became l i m i t e d ; i t appeared to be 
rel a t e d to the cessation of hormogonium production, and a r e l a t i v e l y 
non-specific response to growth l i m i t a t i o n . 

Trichomes of S t r a i n D402 decreased i n diameter under d e f i c i e n ­
cies of i r o n , magnesium and sulphate; the decrease apparently took 
place throughout the length of the trichomes. Magnesium deficiency 
had an a d d i t i o n a l e f f e c t upon the apical c e l l s of t h i s s t r a i n , 
which did not enlarge as they c h a r a c t e r i s t i c a l l y d i d i n many of 
the control trichomes. Under phosphate deficiency, on the other 
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hand, these enlarged apical c e l l s were wider than those i n the 
c o n t r o l , though the diameter of the rest of the trichome was not 
affected. 

( i i ) Changes i n the shape of vegetative c e l l s 
( c f . Section 5 . 2 3 ( i i ) , p. 145; Table 5 .6 ) 

a) Heterocystous s t r a i n s 
The e f f e c t of each deficiency on c e l l length was consistent 

between a l l the heterocystous s t r a i n s that were affected. Thus 
under phosphate deficiency there was an absolute increase i n c e l l 
length i n three s t r a i n s , and a r e l a t i v e increase i n one s t r a i n ; 
under i r o n deficiency an absolute increase i n c e l l length occurred 
i n four s t r a i n s , and a r e l a t i v e increase i n two s t r a i n s ; under 
magnesium deficiency an absolute increase i n c e l l length occurred 
i n two s t r a i n s , and a r e l a t i v e increase i n nine s t r a i n s } under 
calcium deficiency s i x s t r a i n s showed an absolute decrease i n c e l l 
length, and one s t r a i n showed a r e l a t i v e decrease (Table 5 » ° ) . 

No e f f e c t s on c e l l shape were seen under deficiencies of sulphate 
or molybdenum. Increases i n c e l l length were seen more of t e n than 
decreases, and changes more often occurred along the whole length 
of the trichomes than i n a p a r t i c u l a r region. 

I n general, the changes i n c e l l shape were due to changes i n 
length and width only, and the c e l l s remained more or less 
c y l i n d r i c a l . However, i n S t r a i n DI56 under magnesium deficiency, 
some of the c e l l s , i n addition to being markedly elongated, also 
had a rather d i s t o r t e d shape, with an i r r e g u l a r , undulating p r o f i l e 
Cells of a very s i m i l a r appearance were described by Serbanescu 
(1966) i n colonies of Gloeotriohia natans from the f i e l d (Section 
1 . 4 1 ) . The shape of the vegetative c e l l s of S t r a i n D277 was 
unaffected by any of the d e f i c i e n c i e s , but i n calcium d e f i c i e n t 
cultures some of the h a i r c e l l s were spindle-shaped, rather than 
c y l i n d r i c a l (Section 5 . 6 l ( i i ) ; Fig. 5 . 1 7 ) . 

b) Homoeothrix s t r a i n s 
I n the two s t r a i n s of Homoeothrix, the determination of e f f e c t 

on c e l l shape was complicated by the f a c t t h a t the average length 
of the c e l l s increased towards the end of the growth period i n 
n i t r a t e l i m i t e d c o n t r o l cultures (Section 3 . 3 3 ) . I n both s t r a i n s 
under phosphate deficiency, however, there was an absolute increase 
i n c e l l length that was greater than that seen i n the co n t r o l s ; 
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i t took place without a change i n trichome diameter. I n S t r a i n D401 
under i r o n deficiency the c e l l s did not elongate at the end of 
the growth period as they did i n control c u l t u r e s , and were thus 
absolutely shorter. Cells of S t r a i n D402 became absolutely shorter 
under d e f i c i e n c i e s of i r o n and sulphate; i n each case t h i s was 
associated w i t h narrowing of the trichomes, so that the length:width 
r a t i o of the c e l l s was much the same as that of control trichomes. 

Thus considerable changes i n the shape of vegetative c e l l s 
occurred i n some s t r a i n s i n response to c e r t a i n d e f i c i e n c i e s . 
Elongation and/or narrowing of the c e l l s were the responses most 
oft e n observed, but these changes were quite d i s t i n c t from those 
seen during h a i r development. Nevertheless, the d e f i c i e n c i e s which 
most often produced c e l l elongation and/or narrowing were those 
(phosphate, i r o n and magnesium) which also had most e f f e c t upon 
h a i r development. The observed changes i n c e l l length presumably 
resulted from an al t e r e d balance between c e l l d i v i s i o n and o v e r a l l 
c e l l growth. As mentioned i n Sections 1.42 and 1.61, c e l l d i v i s i o n 
i n various micro-organisms, i n c l u d i n g blue-green algae, has been 
found to be more susceptible to i n h i b i t i o n than growth as a whole. 
I n one of the few reports of morphological e f f e c t s of n u t r i e n t 
deficiency on blue-green algae, Jensen and Sicko (1974) described 
marked increases i n c e l l length i n phosphate starved Plectonema 
boryanum, and speculated that the c e l l d i v i s i o n process was 
deranged under t h i s condition (Section 1.63). Cell elongation 
s i m i l a r to that they described was observed i n phosphate d e f i c i e n t 
trichomes of Strains D267, D283, D401, D402 and 1)403 i n the present 
study. 

( i i i ) Cytological changes 
a) Cell colour 

Most of the s t r a i n s became less green, and eventually yellow, 
under each of the defici e n c i e s tested. I n s t r a i n s with obvious 
phycobilin pigmentation, t h i s was usually reduced or l o s t . There 
were exceptions to t h i s yellowing response, however: S t r a i n D403 
remained b r i g h t green i n phosphate d e f i c i e n t medium, and Strains 
D251 and D256 did so under calcium deficiency, even though growth 
of a l l three s t r a i n s was obviously l i m i t e d . Although the y i e l d of 
St r a i n D403 was reduced i n the low phosphate medium, i t s i n i t i a l 
growth was more r a p i d , and i t s o v e r a l l appearance more healthy 
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than t h a t .ol' c ontrol cultures; i t seemed quite l i k e l y that the 
phosphate l e v e l i n f u l l AD medium w;.is supra-optimal f o r t h i s s t r a i n 
( c f . Section 1 1 . 9 ) . The response of o t r a i n D256 to calcium deficiency 
may have been re l a t e d to i t s marine o r i g i n (Table 2 . 1 ) , since the 
Ca:Mg r a t i o of seawater i s higher than that of most freshwaters. 
S t r a i n D251 was i s o l a t e d from a thermal spring (Table 2 .1 ) , where 
the water chemistry may have been at y p i c a l also. Reduced chloro­
p h y l l content i s a common response of algae to n u t r i e n t deficiency 
(Healey, 1973b; Section 1 . 6 l ) , and many of the colour changes seen 
probably represented non-specific e f f e c t s of growth imbalance. I n 
the case of i r o n and magnesium d e f i c i e n c i e s , however, there may 
have been a more d i r e c t e f f e c t upon c h l o r o p h y l l , since both these 
elements are required f o r chlorophyll synthesis (Sections I . 6 4 and 
1 . 6 5 ) . 

I r o n d e f i c i e n t cultures of the two s t r a i n s of Homoeothrix, 
D401 and D402, remained pinkish and bluish grey respectively, and 
did not t u r n yellow l i k e the nitrogen l i m i t e d controls. This was 
presumably because the algae were nitrogen s u f f i c i e n t when t h e i r 
growth became l i m i t e d , and did not use t h e i r p h ycobilin pigments 
as a nitrogen source ( c f . Allen & Smith, 1969; Section 1 . 6 2 ) . A 
very s i m i l a r r e t e n t i o n of phycobilin pigments under i r o n deficiency 
was observed by Boresch (1921) i n Phormidium r e t z i i (Section I . . 6 4 ) . 

The heterocystous s t r a i n s on the other hand, a l l eventually 
became yellow under i r o n deficiency (Section 5»4l(i))« This may 
have been because they were dependent upon nitrogen f i x a t i o n as 
a source of combined nitrogen, since t h i s process requires i r o n 
(Section I . 6 4 ) . The very marked yellowing of the c e l l s , with 
eventual c e l l l y s i s , that occurred i n a l l the s t r a i n s under sulphate 
deficiency (Section 5 . 8 )» was very s i m i l a r to that described by 
Prakash and Kumar (1971) i n Anacystis nidulans and Anabaena v a r i a b i l i s 
under t h i s condition (Section 1 .68) . 

b) Cell vacuolation 
Vacuolation of vegetative c e l l s , taking place without marked 

changes i n c e l l shape, and d i s t i n c t from that associated with 
h a i r formation, was observed i n Strains DI56, D277» D40I and D402 

under phosphate deficiency; i n Strains DI56, DI64, D277, D283 and 
B401 under i r o n deficiency; i n S t r a i n D401 under magnesium and 
calcium d e f i c i e n c i e s ; i n Strains UI84, J)267 and D277 under molybdenum 



-277-

deficiency, and i n S t r a i n D402 under sulphate deficiency (Table 5 .7) . 
The vaduolation affected a l l the vegetative c e l l s equally, 
with no evident p o l a r i t y of response, except i n Strains DI56 and 
D402 under phosphate deficiency, i n which the apical c e l l s were 
more often affected. Vacuolation occurred most often i n i r o n 
d e f i c i e n t cultures. This might have been r e l a t e d to an e f f e c t 
upon chlo r o p h y l l synthesis, since vacuolation of chloroplast 
thylakoids has been observed i n higher plants under i r o n chlorosis 
(Lamprecht, I96I ; Stocking, 1975} Section I . 6 4 ) . I n phosphate 
d e f i c i e n t Strains D277 and D401, and i n i r o n d e f i c i e n t S t r a i n DI84, 
normal h a i r s were present on many of the vacuolated trichomes. 
This r e s u l t i l l u s t r a t e d the difference between vacuolation as a 
pathological symptom, and that associated with h a i r development 
(o f . G e i t l e r , 1932; Section 1.23). 

c) Polyphosphate granulation 
Changes i n polyphosphate granulation that occurred i n 13 

s t r a i n s under d i f f e r e n t d e f i c i e n c i e s are summarized i n Table 5*7; 
e f f e c t s on ad d i t i o n a l s t r a i n s tested under i r o n and magnesium 
defi c i e n c i e s are shown i n Table. 6.1. 

Polyphosphate granules became undetectable under phosphate 
deficiency i n a l l 36 s t r a i n s examined (Chapters 4 and 5 ) . This 
response i s w e l l known f o r micro-organisms (Harold, 1966), in c l u d i n g 
blue-green algae (Stewart & Alexander, 1971? Jensen & Sicko, 1974; 
Section I . 6 3 ) . I n most s t r a i n s , polyphosphate became undetectable 
w i t h i n a few days of the f i r s t subculture to low phosphate medium, 
but i n Strains J)126, 13277, D403 and D404 more than one subculture 
was required to deplete the c e l l s of granules. A l l four s t r a i n s 
were ones wi t h at least some ha i r s i n the control medium. 

Molybdenum deficiency had no apparent e f f e c t upon polyphosphate 
granulation i n any of the 13 s t r a i n s tested, and calcium deficiency 
affected the granulation only i n S t r a i n D277» which showed a 
decrease. There was a very marked increase i n polyphosphate granul­
a t i o n i n 12 of the 13 s t r a i n s tested under sulphate deficiency: i n 
sulphate d e f i c i e n t S t r a i n D277, polyphosphate granules were even 
present i n the cytoplasmic strands of the h a i r c e l l s , though i t 
was not c e r t a i n that the granules had been synthesized a f t e r the 
h a i r c e l l s had developed. The r e s u l t s obtained with sulphate 
d e f i c i e n t cultures resemble those of Lawry (1976), who described 
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accumulation of polyphosphate by sulphur starved c e l l s of Anacystis 
nidulans and Microcystis aeruginosa. 

I r o n and magnesium deficiencies h^d more variable e f f e c t s on 
polyphosphate i n the I d s t r a i n s tested. Under i r o n deficiency, 
7, s t r a i n s showed decreased granulation, one s t r a i n showed an 
increase, and i n 10 s t r a i n s granulation was unaffected (Tables 5.7 
and 6 .1) . Polyphosphate granulation decreased i n 5 s t r a i n s under 
magnesium deficiency, increased i n one s t r a i n , and was unchanged 
i n 12 s t r a i n s . I n 12 of the 18 s t r a i n s , the e f f e c t s of iron', and 
magnesium def i c i e n c i e s on polyphosphate granulation were the same. 
The l e v e l of polyphosphate was less often affected by i r o n 
deficiency i n s t r a i n s which showed increased h a i r development under 
t h i s condition. Thus 6 of the 8 s t r a i n s which developed h a i r s under 
i r o n deficiency showed no change i n polyphosphate, and 2 showed a 
decrease, whereas only 4 of the 10 s t r a i n s which showed no change 
i n h a i r development did not show a change i n polyphosphate (5 showed 
a decrease, and one an increase i n gran u l a t i o n ) . 

When there was a decrease i n the l e v e l of polyphosphate 
granulation, the c e l l s i n the apical region o f t e n became deviod 
of granules while they were s t i l l present i n the basal c e l l s . 
This seemed l i k e l y to be due to the f a c t that the t o t a l amount of 
polyphosphate i n the basal c e l l s was greater, and possibly also 
to the more active metabolic state of the c e l l s i n the apical 
region. I n c e l l s which developed hairs i n low phosphate medium, 
polyphosphate was always undetectable i n the apical part of the 
trichomes, but i n the early stages of deficiency granules were 
sometimes present i n the basal few c e l l s . I n the case of s t r a i n s 
showing increased h a i r development under i r o n or magnesium deficiency, 
polyphosphate granules were always undetectable i n the h a i r c e l l s 
and i n the t r a n s i t i o n zone immediately below the h a i r , but i n a l l 
cases except Strains D251 and D403 under i r o n deficiency, poly­
phosphate granules extended to the base of the t r a n s i t i o n zone i n 
at least some trichomes. 

d) Cyanophycin granulation 
A marked increase i n cyanophycin granulation occurred i n 

a l l 34 heterocystous s t r a i n s tested under phosphate deficiency 
(Chapter 4 ) , and i n 4 of the 16 heterocystous s t r a i n s (DI56, DI84, 

D251, D280) tested under magnesium deficiency (Sections 5»51 and 
6 .1 ) . The response observed with phosphate d e f i c i e n t cultures 
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i s i n agreement with that described by Jensen and Sicko (1974), 
f o r Plectonema boryanum. I n an electron microscope study, they 
observed an increase i n the number of cyanophycin granules i n 
phosphate starved cultures (Section 1.63). Simon (1973) has 
shown that ( i n Anabaena c y l i n d r i c a ) t h i s nitrogen reserve polymer 
accumulates under conditions which prevent p r o t e i n synthesis. 

I n two st r a i n s (D256, D277) cyanophycin granules were qui t e 
often observed i n the cytoplasmic strands of h a i r c e l l s of phosphate 
d e f i c i e n t trichomes. Since i n S t r a i n D256 at l e a s t , the hair s 
developed i n the cultures before changes i n cyanophycin were 
observed, i t seemed q u i t e possible t h a t the granules had been 
formed by the h a i r c e l l s a f t e r they had d i f f e r e n t i a t e d . I n 14 of 
the 23 s t r a i n s which did not develop hairs under phosphate 
deficiency, cyanophycin granules were reduced i n number or even 
completely undetectable i n the apical one or two c e l l s . I n 9 of 
the 14» the apical c e l l s of many trichomes were s l i g h t l y elongated 
and/or narrowed, but the change i n shape and the lack of granules 
were not necessarily correlated (Chapter 4 ) . 

e) Sheath characters and e x t r a c e l l u l a r pigment production 
An increase i n sheath thickness was observed i n a l l the 

heterocystous s t r a i n s under each of the deficien c i e s tested. The 
most marked e f f e c t s were seen under deficiencies of phosphate, 
i r o n and magnesium. An obvious increase i n sheath thickness i n 
the two Homoeothrix s t r a i n s was observed only under phosphate 
deficiency, but the small size of t h e i r filaments made i t d i f f i c u l t 
to assess smaller changes that may have occurred. Accumulation of 
carbohydrate appears to be a common response of algae to n u t r i e n t 
deficiency (Healey, 1973b; Section 1.61). Under conditions 
unfavourable f o r growth, f i x e d CO^ may be used to form poly­
saccharides instead of c e l l components (Sangar & Dugan, 1972; 
Section 1.42). The increase i n sheath development by the s t r a i n s 
studied i n the present work was probably a s i m i l a r phenomenon. 

I n c o n t r o l cultures of Strains DI84, D251, D256, D280 and 
D4O4 some of the filaments developed brown pigmentation of the 
sheath bases as the cultures aged, but the sheaths were colourless 
i n the other s t r a i n s . Several s t r a i n s , however, developed brown 
sheath pigment under some of the deficiency conditions tested, and 
the f i v e s t r a i n s j u s t mentioned also showed increases i n sheath 



-280-

pigmentation. Dark brown sheaths were developed by 12 s t r a i n s 
under phosphate deficiency; 9 of these s t r a i n s also showed increased 
h a i r development. 4 s t r a i n s developed brown sheaths under i r o n 
deficiency; 3 of these developed hairs under t h i s c o ndition, and 
a l l 4 were ones which also produced brown sheath pigment (and hairs) 
under phosphate deficiency. 3 s t r a i n s showed increased production 
of brown sheath pigment under magnesium deficiency; one of these 
s t r a i n s also produced long h a i r s , and a l l three were ones which 
showed increases i n both h a i r development and sheath pigmentation 
under deficie n c i e s of phosphate and i r o n (Table 5 « 7 ) . Thus the 
development of brown sheath pigment was broadly correlated with 
increased h a i r formation. The culture medium did not become 
coloured i n any of the cases mentioned, but t h i s was observed i n 
calcium d e f i c i e n t cultures of S t r a i n DI56. I n t h i s instance, the 
medium became deep red-brown, though the trichomes and sheaths were 

e 
unchanged i n coljur. 

Development of brown sheath pigmentation by blue-green algae 
has been described as a response to high l i g h t i n t e n s i t i e s ( F r i t s c h , 
1945; Jaag, 1945; Golubic & MarSenko, 1965; Sections 1.41 and 1.42). 

I t has also been observed that sheaths may become pigmented under 
conditions unfavourable f o r growth (Bornet &Thuret, 1880), and 
brown sheaths seem to occur more frequently i n older trichomes 
(Weber, 1933; G e i t l e r , 1932; Section 1.41). I t would be i n t e r e s t i n g 
to know whether the brown sheath pigment produced by the R i v u l a r i -
aceae studied had any metal-complexing capacity, s i m i l a r to that 
described by tfalsby (1974) f o r the brown e x t r a c e l l u l a r pigment-
peptide complex produced by Anabaena c y l i n d r i c a (Sections 1.42 and 
I . 6 4 ) . 
( i v ) E f f e c t s on heterocysts 

There was an obvious increase i n heterocyst frequency under 
i r o n deficiency i n a l l but 3 s t r a i n s (D251, D403, D4J4) of the 16 
tested (Tables 5.8 and 6 .1 ) . A l l 11 s t r a i n s tested under molybdenum 
deficiency showed increased heterocyst production, and a l l but 2 
of these (D251, D404) also gave t h i s response under calcium 
deficiency (Table 5 .8 ) . The apparent lack of response by Strains 
D251, D403 and D404 may have been due to the f a c t that t h e i r growth 
habit made i t d i f f i c u l t to estimate changes i n heterocyst frequency 
(Section 5 .23) . There was no obvious difference i n e f f e c t s on 
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heterocysts between s t r a i n s which developed hairs under i r o n 
deficiency, and st r a i n s which did not do so. I n s t r a i n s that did 
develop h a i r s , the changes i n heterocyst frequency were observed 
some time a f t e r the f i r s t appearance of ha i r s . Phosphate, magnesium 
and sulphate defic i e n c i e s did not a f f e c t heterocyct frequency, but 
magnesium deficiency produced collapse and apparent death of the 
heterocysts i n a l l 18 s t r a i n s examined. 

Usually, development of secondary heterocysts of more than one 
type (basal, i n t e r c a l a r y , pseudo-intercalary; Section 2.23) contrib­
uted to the increases i n heterocyst frequency, and often more than 
one type was produced by a single trichome. I n t e r c a l a r y and 
pseudo-intercalary heterocysts could apparently form i n any part 
of a trichome, from the badal enlargement to the narrow apical region. 
The heterocysts usually remained the same size as the c e l l s from 
which they had d i f f e r e n t i a t e d ; the adjacent vegetative c e l l s were 
also unchanged i n size, and did not enlarge l i k e those next to the 
primary basal heterocyst. Schwabe (l ° 6 o ) made s i m i l a r observations 
on ' i n t e r c a l a r y ' (terminal) heterocysts i n C a l o t h r i x desertioa ( S t r a i n 
D270 of the present study) (Section 1.41), The development of 
i n t e r c a l a r y heterocysts observed by Palik (I946) and Darley (I968) 

i n older cultures of Ca l o t h r i x , f o l l o w i n g the release of hormogonia 
(Section 1.41) may well have been due to a mineral deficiency. 
Darley (1968) i n f a c t suggested that t h i s response might be re l a t e d 
to depletion of s a l t s from the medium (Section 1.41). 

The observed e f f e c t s of i r o n , calcium and molybdenum de f i c i e n c i e s 
on heterocyst frequency seem l i k e l y to be r e l a t e d to the involvement 
of these elements i n the process of nitrogen f i x a t i o n (Sections 1 .63, 

I . 6 4 and I . 6 7 ) . The response of S t r a i n DI84 to molybdenum deficiency 
was i n f a c t very l i k e t h a t given by t h i s s t r a i n when starved of 
nitrogen (Sections 3.2 and 11.32). Increased heterocyst frequency 
has been described f o r Anabaena c y l i n d r i c a grown i n medium without 
molybdenum (Fogg, 1949; Fay & de Vasconcelos, 1974; Section I . 6 7 ) , 

and f o r _A. doliolum i n medium with a low l e v e l of the element 
(Tyagi, 1974). Changes i n heterocyst frequency i n response to i r o n 
or calcium deficiency do not seem to have been reported. 

Quite marked e f f e c t s on heterocyst size were observed i n 
several s t r a i n s (Table 5*8)• Increases i n heterocyst size were most 
often seen under de f i c i e n c i e s of i r o n , calcium or molybdenum, and 
i t seems qui t e l i k e l y t h a t these changes also were r e l a t e d to e f f e c t s 
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on nitrogen f i x a t i o n . Changes i n heterocyst size i n response to 
differences i n culture media were described by Canabaeus (1929) 
and by Tyagi (1974) (Section 1 .42) . 

Although the evidence thus suggested that nitrogen f i x a t i o n 
was impaired under deficiencies of i r o n , molybdenum and calcium, 
i r o n deficiency was the only one of the three treatments t h a t led 
to increased h a i r development, or to increased tapering. This was 
taken as f u r t h e r evidence ( c f . Sections 11.3 and 11.42) t h a t 
h a i r development and tapering are u n l i k e l y to be solely the r e s u l t 
of nitrogen s t a r v a t i o n i n the apical c e l l s of trichomes of 
Rivulariaceae. 

(v) E f f e c t s on spores 
Spores were normally produced by Gloeotrichia ghosei D277 

and Anabaena c y l i n d r i c a D2A i n c o n t r o l c u l t u r e s . The e f f e c t s of 
d i f f e r e n t d e f i c i e n c i e s on sporulation i n these two s t r a i n s are 
summarized i n Table 5*9. Both s t r a i n s produced more spores i n low 
phosphate medium. This response has been reported f o r A. c y l i n d r i c a 
(Wolk, I965) and Aphanizomenon flos-aquae (Gentile & Maloney, I969) 
(Section I . 4 2 ) . An increase i n spore frequency was also observed in. 
i r o n d e f i c i e n t Anabaena c y l i n d r i c a cultures i n the present study, 
but no other treatment increased spore production i n e i t h e r s t r a i n . 
There were several instances of decreased spore frequency; these 
probably r e f l e c t e d the o v e r a l l degeneration of the cultures i n 
the d e f i c i e n t condition. 

11.44 Responses of d e f i c i e n t cultures to ad d i t i o n of 
the l i m i t i n g n u t r i e n t 

I n the majority of cases the cultures regained a normal colour 
w i t h i n 24-48 h of the addition of the l i m i t i n g n u t r i e n t , and 
hormogonium release recommenced w i t h i n 48-72 h. "When hairs were 
present, these were usually shed i n association with the release 
of hormogonia, by l y s i s of a few c e l l s at the h a i r base. I n the 
case of phosphate d e f i c i e n t c u l t u r e s , however, four of the 13 s t r a i n s 
(D277, D401, D403, D404) showed much more rapid l y s i s of the h a i r s , 
t h i s occurring 2-3 h a f t e r the a d d i t i o n of phosphate. I n Strains 
D277 and D/\01 some of the vegetative c e l l s also lysed, causing 
the trichomes to fragment i n t o short lengths. A l l four s t r a i n s 
were ones which had at least some hairs at some stage of growth i n 
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the f u l l medium. 
An a d d i t i o n a l response of the 14 phosphate starved cultures 

tested was the synthesis of large deposits of polyphosphate i n the 
c e l l s f o l l o w i n g the a d d i t i o n of phosphate. This response i s wide­
spread among micro-organisms (Harold, 1966), in c l u d i n g blue-green 
algae (Stewart & Alexander, 1971; Jensen & Sicko, 1974| Section I . 6 3 ) . 

I n the m a j o r i t y of s t r a i n s , polyphosphate granules were v i s i b l e 
i n the vegetative c e l l s when the algae were f i r s t examined, 5 min 
a f t e r the a d d i t i o n of phosphate, but i n Strains 1)251, D277, D401, 
D403 and D404 they were not observed before 10-30 min. These s t r a i n s 
were again a l l ones with some hairs i n the control medium. I n a l l 
13 s t r a i n s of Rivulariaceae, the. granules appeared simultaneously 
i n the vegetative c e l l s along the whole length of the trichome. 
I n a l l eight s t r a i n s which developed hairs i n low phosphate medium, 
polyphosphate granules also appeared i n the cytoplasmic strands 
of the h a i r c e l l s . The size and number of the granules i n the 
h a i r c e l l s increased during the incubation; at the time the ha i r s 
were shed, they s t i l l contained the maximum l e v e l of polyphosphate 
reached e a r l i e r i n the incubation. 

I n one s t r a i n , Calothrix sp. DI84, a more d e t a i l e d study was 
made of the energy requirements f o r polyphosphate granule develop­
ment by vegetative c e l l s and h a i r c e l l s (Chapter 9 ) » comparing 
the e f f e c t s of l i g h t and dark incubation and pre-incubation. The 
vegetative c e l l s of S t r a i n DI84 were able to develop polyphosphate 
granules a f t e r 4 days i n the dark, even i n the absence of l i g h t 
during the incubation with phosphate, though exposure to l i g h t 
resulted i n rather more rapid appearance of granules (Table 9»l)» 
I n the h a i r c e l l s , no extensive granulation occurred without l i g h t 
during the incubation, and no v i s i b l e granules developed i n h a i r 
c e l l s of cultures w i t h a dark pre-treatment as well as a dark incub­
a t i o n . Cultures pre-incubated i n the l i g h t and then t r a n s f e r r e d 
to the dark formed a few granules; these appeared l a t e r than those 
of l i g h t incubated cultures. 

The r e s u l t s suggested that some of the h a i r c e l l s had small 
amounts of energy reserves, but that these were depleted by the 
dark pre-incubation. An a l t e r n a t i v e explanation might be t h a t the 
hairs derived t h e i r energy supplies from the vegetative c e l l s , and 
th a t no t r a n s f e r of energy occurred i n the dark. I t was a d d i t i o n a l l y 
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observed during t h i s experiment that no hormogonium release, and no 
shedding of h a i r s , occurred i n cultures incubated i n the dark. 

11.45 Comparison of responses of d i f f e r e n t s t r a i n s to 
n u t r i e n t d e f i c i e n c i e s 

( i ) Anabaena c y l i n d r i c a D2A and the hetsrocystous Rivulariaceae 
The responses of Anabaena cylindrica, D2A were broadly s i m i l a r 

to those of the heterocystous s t r a i n s of Rivulariaceae, p a r t i c u l a r l y 
i n the case of c y t o l o g i c a l e f f e c t s . The dimensions and morphology 
of the trichomes of A. c y l i n d r i c a were much less affected than 
those of the Rivulariaceae, however. An obvious change i n trichome 
width was observed only i n sulphate d e f i c i e n t medium. None of the 
Rivulariaceae showed a l t e r e d dimensions i n t h i s medium, but at 
l e a s t some were affected by a l l the other d e f i c i e n c i e s except that 
of molybdenum (Table 5»5). The greater morphological p l a s t i c i t y 
of the Rivulariaceae probably r e f l e c t s t h e i r more complex 
developmental cycle. 

Heterocyst frequency increased i n calcium and molybdenum 
d e f i c i e n t cultures of Anabaena c y l i n d r i c a D2A, as i t d i d i n most 
of the s t r a i n s of Rivulariaceae, but no increase was observed i n 
i r o n d e f i c i e n t cultures of t h i s s t r a i n . There was a decrease i n 
heterocyst frequency i n phosphate d e f i c i e n t Anabaena c u l t u r e s , an 
e f f e c t not seen i n any of the Rivulariaceae. Healey (1973a) 
described an increase i n heterocyst frequency i n A. flos-aquae 
undter phosphate deficiency (Section 1.63). Like those of the 
Rivulariaceae, the heterocysts of A. c y l i n d r i c a D2A became colour­
less under magnesium deficiency, but the marked shrinkage of the 
vegetative c e l l s that was seen i n a l l but one of the Rivulariaceae 
d i d not occur. Cell length increased i n A. c y l i n d r i c a D2A under 
i r o n and phosphate d e f i c i e n c i e s , and decreased under calcium 
deficiency. These e f f e c t s were also seen i n several of the s t r a i n s 
of Rivulariaceae. 

Anabaena c y l i n d r i c a D2A gave two responses that were not 
observed i n any of the Rivulariaceae. I n low calcium medium, the 
filaments clumped together to form a f l o e at the bottom of. the 
f l a s k , w i t h i n hours of inoculation, and growth continued with the 
alga i n t h i s form. There was no obvious e f f e c t upon trichome 
m o t i l i t y ; possibly some change i n the charge properties of the 
sheath was responsible f o r t h i s response. I n i r o n d e f i c i e n t 
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c u l t u r e s of A. c y l i n d r i c a D2A, the medium was c o l o u r l e s s , but i t 
became brown following the addition of Felll-EDTA. The colour 
change was not instantaneous, but had taken place when the c u l t u r e s 
were examined 36 h a f t e r the addition. I t seemed possible that 
the i r o n formed a coloured complex with some chela t i n g material 
present i n the medium, though t h i s would have been expected to 
occur immediately. 

( i i ) S t r a i n 1)404 and the other heterocystous Ri v u l a r i a c e a e 
Experiments on mineral d e f i c i e n c y i n S t r a i n D404 were done i n 

Chu 10-D(-N) medium, whereas AD was used f o r the other hetero­
cystous s t r a i n s (Section 5*22), but i t s responses did not d i f f e r 
markedly from those of the s t r a i n s grown i n AD medium. S t r a i n D404 

showed an increase i n h a i r development under phosphate d e f i c i e n c y , 
but not i n any of the other d e f i c i e n t media. S t r a i n D403 , which 
waa. i s o l a t e d from the same f i e l d material as S t r a i n D404 (Table 
2.2) did show increased production of h a i r s i n i r o n d e f i c i e n t medium. 
However, the morphology of the two s t r a i n s d i f f e r e d i n that most 
of the trichomes of S t r a i n D404 already had long h a i r s i n the 
control medium, whereas only a few short h a i r s were developed i n 
control c u l t u r e s of S t r a i n D403. S t r a i n D404 d i f f e r e d from a l l the 
other s t r a i n s of R i v u l a r i a c e a e i n showing an increase i n the l e v e l 
of polyphosphate granulation under d e f i c i e n c i e s of i r o n and 
magnesium ( t h i s response was also given by Anabaena c y l i n d r i c a D2A). 

The o v e r a l l s i m i l a r i t y between the responses given by S t r a i n 
D404 and those given by the other heterocystous R i v u l a r i a c e a e 
suggested that d i f f e r e n c e s i n composition between AD and Chu 10-D 
were not such that they would markedly a l t e r the e f f e c t s of 
lowering the l e v e l s of p a r t i c u l a r components. 

( i i i ) Homoeothrix s t r a i n s and heterocystous s t r a i n s of R i v u l a r i a c e a e 
Only one of the two Homoeothrix s t r a i n s (H. C r u s t a c e a D401) 

was ever seen to develop h a i r s . A marked increase i n h a i r develop­
ment by t h i s s t r a i n was seen only under phosphate de f i c i e n c y , 
which was a l s o the condition with most e f f e c t on h a i r formation in. 
the heterocyatous s t r a i n s . Under a l l the other d e f i c i e n c i e s tested, 
S t r a i n D401 developed tapering apices e a r l i e r than i t did i n the 
control medium, the change taking place as a c t i v e growth and 
hormogonium production ceased. Such an e f f e c t was not seen i n any 
of the heterocystous s t r a i n s . 
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There was a decrease i n trichoma diameter i n s t r a i n D402 under 
ir o n and magnesium d e f i c i e n c i e s ; t h i s was also observed f o r s e v e r a l 
heterocystous s t r a i n s . Trichome diameter also decreased i n sulphate 
d e f i c i e n t c u l t u r e s of S t r a i n D 4 0 2 , but t h i s was not observed i n 
the heterocystous s t r a i n s . Under i r o n , magnesium and sulphur defic­
i e n c i e s , the c e l l s of the narrower trichomes of S t r a i n D402 were 
e i t h e r the same length as those i n the control, or absolutely 
shorter, whereas i r o n and magnesium d e f i c i e n c i e s led to c e l l elong­
at i o n i n several of the heterocystous s t r a i n s . Under phosphate 
d e f i c i e n c y , both s t r a i n s of Homoeothrix showed c e l l elongation, 
with occasional vacuolation of the a p i c a l c e l l s i n S t r a i n D402 . 
A s i m i l a r response was al s o observed i n some of the heterocystous 
s t r a i n s . 

I t was more d i f f i c u l t to induce d e f i c i e n c i e s of i r o n , calcium 
and p a r t i c u l a r l y molybdenum i n the Homoeothrix s t r a i n s than i t was 
i n the heterocystous s t r a i n s , and i n f a c t the response obtained 
i n low molybdenum medium was not very s a t i s f a c t o r y . This presumably 
r e f l e c t e d the greater requirement of the nitrogen f i x i n g hetero­
cystous s t r a i n s f o r these elements (Dalton & Mortenson, 1972| 

Sections I . 6 4 , 1.66 and I . 6 7 ) . 

I I . 4 6 Consideration of h a i r development in the l i g h t of other 
morphological responses to nutrient d e f i c i e n c y 

Hair formation i n 13 of the 36 s t r a i n s of Ri v u l a r i a c e a e 
studied was found to increase under conditions of nutrient d e f i c i e n c y . 
T h i s r e s u l t was i n agreement with s i m i l a r reports f o r eukaryotic 
algae (Section 1 . 5 1 ) . Of the d e f i c i e n c i e s tested (phosphate, i r o n , 
magnesium, calcium, molybdenum and sulphate) only those of phosphate, 
i r o n and magnesium had a marked influence on h a i r development. 
Phosphate deficiency'.affected more s t r a i n s than i r o n or magnesium 
d e f i c i e n c i e s , and a l l the s t r a i n s i n which h a i r formation increased 
under the l a t t e r two d e f i c i e n c i e s also gave t h i s response under 
phosphate de f i c i e n c y . Morphogenetic e f f e c t s of phosphate concen­
t r a t i o n have been described f o r s e v e r a l micro-organisms (Section 
1 . 6 3 ) . One response that i s s t r i k i n g l y s i m i l a r to that seen i n 
the R i v u l a r i a c e a e studied i s the increase i n the length of pros-
thecae that has been observed i n c e r t a i n Caulobacteriaceae i n 
media with low l e v e l s of phosphate (Schmidt & S t a n i e r , I966; 

Section 1 . 5 2 ) . 

I t seemed possible that the h a i r development response that 
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occurred i n low magnesium and low i r o n media were a c t u a l l y the 
r e s u l t of a secondary d e f i c i e n c y of phosphate, induced by some 
i n t e r a c t i v e e f f e c t . Birch ( 1 9 7 3 ) found that a Zygnema sp. absorbed 
no phosphate i n the absence of i r o n , and Healey ( 1973a ) reported 
that Anabaena flos-aquae required magnesium f o r maximum r a t e s of 
phosphate uptake (Section 1 . 6 3 ) , However, polyphosphate granules 
were s t i l l present i n trichomes of a l l the s t r a i n s which produced 
h a i r s i n i r o n or magnesium d e f i c i e n t c u l t u r e s , and only two of the 
eight s t r a i n s showed any reduction i n the l e v e l of granulation. 
This seemed to suggest that the trichomes were u n l i k e l y to be 
d e f i c i e n t i n phosphate, unless they were unable to use the stored 
polyphosphate. 

Under the d i f f e r e n t mineral d e f i c i e n c i e s studied, there was 
considerable v a r i a t i o n i n trichome morphology quite apart from 
that associated with h a i r development. Phosphate, i r o n and magnesium 
d e f i c i e n c i e s produced the most pronounced morphological changes: 
these were also the conditions which most aff e c t e d h a i r develop­
ment. Calcium, molybdenum, and p a r t i c u l a r l y sulphate d e f i c i e n c y 
had much l e s s e f f e c t upon trichome morphology. Some s t r a i n s gave 
responses that were s i m i l a r to c e r t a i n aspects of h a i r development, 
^arrowing and elongation of c e l l s were quite frequently observed, 
and the c e l l s i n the a p i c a l region seemed to be affected more often 
than those at the base. Sometimes the a p i c a l one or two c e l l s 
l o s t the normal granular i n c l u s i o n s , and o c c a s i o n a l l y developed 
vacuoles. Vacuolation of c e l l s along the whole length of the 
trichome was sometimes observed a l s o . Such responses were often 
seen i n the absence of h a i r formation, even i n s t r a i n s known to be 
able to develop h a i r s . This seemed to emphasize the d i s t i n c t i o n 
between these i n d i v i d u a l responses, and that of h a i r development, 
i n which severa l changes occurred i n a co-ordinated manner 
( c f . Section 1 . 2 3 ) . 

The responses to nutrient d e f i c i e n c i e s provided f u r t h e r 
evidence ( c f . Section 1 1 . 3 ) that tapering and h a i r formation are 
not n e c e s s a r i l y c o r r e l a t e d . There were several instances i n which 
trichome tapering increased i n the absence of any h a i r development, 
even i n s t r a i n s known to be capable of h a i r formation. When h a i r s 
did develop, t h i s did not n e c e s s a r i l y increase the taper of the 
vegetative region of the trichomes (though the trichome as a whole 
became more tapered). Each of the s t r a i n s examined showed increased 
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heterocyst frequency under at l e a s t one of the treatments which 
seemed l i k e l y to have impaired nitrogen f i x i n g a c t i v i t y ( i r o n , 
calcium or .molybdenum, d e f i c i e n c y ) , and the heterocysts often 
developed i n the a p i c a l region of the trichomes. Thus evidently 
each s t r a i n had the p o t e n t i a l to develop additional heterocysts 
i f these were required. I t thus seemed u n l i k e l y that narrowing of 
the c e l l s i n the a p i c a l region of normal trichomes was simply the 
r e s u l t of extreme nitrogen s t a r v a t i o n . ( I t was of course p o s s i b l e , 
however, that the threshold l e v e l of nitrogen to induce heterocyst 
development was lower than that which would influence tapering or 
h a i r development.) 

I n general, the s t r a i n s which developed h a i r s under p a r t i c u l a r 
d e f i c i e n c i e s showed other symptoms ( c y t o l o g i c a l changes, i n c r e a s e s 
i n heterocyst frequency, etc.) that were very s i m i l a r to those 
of the other s t r a i n s under the same conditions. One response, 
however, that of increased brown sheath pigmentation, was observed 
more often among s t r a i n s which developed h a i r s than among s t r a i n s 
which did not. Kirkby ( 1 9 7 5 ) found that according to d e s c r i p t i o n s 
given by G e i t l e r ( 1 9 3 2 ) , based upon samples from the f i e l d , there 
was a tendency f o r species of C a l o t h r i x and R i v u l a r i a with yellow-
brown sheaths to possess h a i r s also (Section 1 . 4 1 ) * This might 
suggest that i n natural conditions the f a c t o r s tending to promote 
these two characters are s i m i l a r . . 

When h a i r s developed i n nutrient d e f i c i e n t media, they appeared 
at an e a r l i e r stage than other d e f i c i e n c y symptoms such as increased 
heterocyst frequency or cyanophycin granulation, and c e r t a i n l y 
before any marked degenerative changes took place. This seemed to 
suggest that the development of h a i r s was not merely a sign of 
senescence or impending death. I n f a c t i n phosphate d e f i c i e n t 
medium, s t r a i n s which developed h a i r s seemed to r e t a i n trichome 
i n t e g r i t y f o r longer than those which did not produce h a i r s : 
c u l t u r e s i n the l a t t e r category showed trichome l y s i s and fragment­
ation at a r e l a t i v e l y e a r l y stage. I n each of the eight s t r a i n s 
t e s ted, the h a i r c e l l s of phosphate starved c u l t u r e s developed 
polyphosphate granules following the addition of phosphate, which 
indicated that they retained at l e a s t some metabolic a c t i v i t y . 

O v e r a l l , the r e s u l t s suggested that h a i r development was not 
simply a symptom of trichome degeneration, but that i t was a s p e c i f i c 
morphogenetic process, and i t seems not unreasonable to speculate 
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that h a i r s i n Rivulariaceae may i n f a c t have some p a r t i c u l a r 
function, h a i r development increased i n nutrient d e f i c i e n t media 
(though not under every d e f i c i e n c y t e s t e d ) , and t h i s r e s u l t e d i n 
a considerable increase i n the surface area of the trichomes, 
apparently with r e l a t i v e l y l i t t l e increase i n t o t a l cytoplasmic 
volume. These observations are compatible with a role f o r h a i r s 
i n the absorption of n u t r i e n t s , as speculated by P a l l a ( 1 8 9 3 ) 
f o r the h a i r s of G l o e o t r i c h i a pisum (Section 1 . 2 4 ) . S i m i l a r 
suggestions have been made f o r the h u i r s of eukaryotic algae 
(Section 1 . 5 1 ) and f o r the prosthecae of Caulobacteriaceae (Section 
1 . 5 2 ) . Kirkby (1975) noted that according to d e s c r i p t i o n s of 
C a l o t h r i x and flivularia i n the l i t e r a t u r e , there was a greater 
tendency f o r species with s p h e r i c a l or hemispherical colonies to 
possess h a i r s . She commented that such colonies have a r e l a t i v e l y 
small surface area:volume r a t i o , and that the development of h a i r s 
was l i k e l y to a i d i n absorption. 

One might speculate that phosphate and i r o n d e f i c i e n c i e s had 
the most marked e f f e c t s upon h a i r development because these 
n u t r i e n t s are ones most often l i k e l y to be l i m i t i n g under natural 
conditions (Sections I . 6 3 and I . 6 4 ) . Differences between s t r a i n s 
i n t h e i r h a i r development response under p a r t i c u l a r d e f i c i e n c i e s 
might perhaps be r e l a t e d to the water chemistries of t h e i r o r i g i n a l 
h a b i t a t s . S t r a i n D251 was the only one to form long h a i r s i n 
magnesium d e f i c i e n t medium. This s t r a i n was i s o l a t e d from a thermal 
spring (Table 2 . 1 ) , but the l e v e l of magnesium i n t h i s spring i s 
not e s p e c i a l l y high (R.W. Castenholz, personal communication). 
Furthermore, S t r a i n D256 , which i s from a l i t t o r a l marine environ­
ment (Table 2 . 1 ) , where the Mg:Ca r a t i o was presumably high, showed 
no h a i r development i n low magnesium c u l t u r e s . The same was true 
f o r S t r a i n D 2 8 0 , i s o l a t e d from 'a spring of magnesium water* (Table 
2 . 1 ) . However, the o r i g i n s of the s t r a i n s are too vaguely defined 
to permit any f i r m conclusions on t h i s point. 

Despite these c i r c u m s t a n t i a l i n d i c a t i o n s , no d i r e c t evidence 
was obtained f o r the involvement of h a i r s i n n u t r i e n t uptake, 
'•/hen the development of polyphosphate granules was studied, following 
the addition of phosphate to phosphate starved c u l t u r e s , the 
granules were found to appear no e a r l i e r i n s t r a i n s with h a i r s 
than i n those without h a i r s . None of the s t r a i n s showed any gradient 
along the trichoraes i n the rate at which polyphposphate granules 
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appeared. Though the appearence of polyphosphate i s a very crude 
measure of phosphate uptake by the c e l l s , some detectable e f f e c t s 
might nevertheless be expected i f the h a i r s were i n f a c t involved 
i n phosphate absorption. However, the l e v e l of phosphate following 
the addition was vary high ( 4 4 . 5 nag 1 ~ ^ ) , and abundant phosphate 
was presumably a v a i l a b l e to every c e l l . The r e s u l t s are thus not 
incompatible with the h a i r s ' having a nutrient absorptive r o l e 
under conditions ox low nutrient concentration. The f a c t that 
the h a i r s were shed, s t i l l with t h e i r f u l l complement of poly­
phosphate granules, following the r e s t o r a t i o n of a high l e v e l of 
phosphate, could be interpreted as un i n d i c a t i o n that they are 
redundant under phosphate s u f f i c i e n t conditions. By analogy with 
the r e s u l t s of Schmidt and S t a n i e r ( I 9 6 6 ) f o r Caulobacter prosthecae 
(Section 1 . 5 2 ) i t seems not u n l i k e l y that the presence of long 
h a i r s i s the natural condition i n R i v u l a r i a c a e with the genetic 
a b i l i t y to form them, and that the absence of h a i r s i n the r i c h AD 
medium used as control was a laboratory a r t e f a c t . Thus the nutrient 
d e f i c i e n c i e s should perhaps be described as removing an i n h i b i t i o n 
of h a i r development, rather than as stimulating an increase i n 
h a i r development. 

11 . 5 E f f e c t of increased phosphate concentration on h a i r 
development 

The h a i r development that occurred i n seven of the heterocystous 
s t r a i n s i n AD with 0 . 4 4 mg l - * PO^-P was suppressed when they 
were grown i n AD with 4 4 . 5 mg 1~'L PO^-P. F i v e s t r a i n s which 
produced h a i r s i n low phosphate AD, however, also did so i n the 
medium vrith 4 4 « 5 nig 1~"* PO^-P, though the extent of h a i r develop­
ment was much l e s s . I t seemed possible that f o r each s t r a i n there 
was a l e v e l of phosphate above which h a i r development would not 
occur, and that by f u r t h e r i n c r e a s i n g the phosphate concentration 
of AD i t would be possible to suppress h a i r development i n these 
f i v e s t r a i n s . When t h i s was attempted, for S t r a i n s D126, D251, 
D277 and D403 (Chapter 8 ) , i t was found that r a i s i n g the i n i t i a l 
concentration of phosphate i n h i b i t e d growth, but did not a f f e c t 
the frequency of h a i r s , except i n d i r e c t l y , as a r e s u l t of trichome 
fragmentation. This suggested that the external phosphate l e v e l 
was not the sole f a c t o r c o n t r o l l i n g h a i r development i n these 
s t r a i n s . 
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Thir-. experiment a d d i t i o n a l l y showed thnt the s t r a i n s which 
had m.-'ny h a i r s i n AD medium appeared to be more s e n s i t i v e to a 
r a i s e d l e v e l of phosphate than thocc tliat did not ln.ve h a i r s 
( c f . Section 1 1 . 7 ) • 

1 1 . 6 Experiments with R i v u l a r i a from the f i e l d 
Experiments were performed on R i v u l a r i a colonies from two 

l o c a l s i t e s , to compare t h e i r responses to v a r i a t i o n s i n phosphate 
concentration with those of the laboratory c u l t u r e s (Section 1 0 . l ) . 
I n both the materials studied, h a i r development was greatest i n 
media with the lowest i n i t i a l l e v e l s of phosphate, as had been 
observed with the laboratory s t r a i n s . S i m i l a r r e s u l t s were obtained 
by Kirkby ( 1 9 7 5 )» with R i v u l a r i a colonies from two other s i t e s 
(Malham and Upper Teesdale) (Section 1.41). Since the trichomes 
examined i n these experiments were derived d i r e c t l y from f i e l d 
colonies, and had not been subject to possible s e l e c t i v e change 
during prolonged subculture i n a r t i f i c i a l media, i t seemed u n l i k e l y 
that the responses observed i n the laboratory s t r a i n s were simply 
an a r t e f a c t of c u l t u r e . 

These experiments also indicated some apparent d i f f e r e n c e s i n 
the preferred phosphate concentration f o r growth of d i f f e r e n t algae 
present i n the R i v u l a r i a colonies. Growth of the R i v u l a r i a from 
Croft K e t t l e was poor at the highest concentrations of phosphate 
used ( > 3 . 5-4 . 5 nig l " " * " PO .-P), but abundant growth of associated 
algae (Phormidium and Kostoc) occurred at these high l e v e l s of 
phosphate. At the lower phosphate concentrations, there was good 
growth of the R i v u l a r i a , but l i t t l e growth of associated forms. 
No daughter colonies were produced by the R i v u l a r i a from Barras, 
but there was outgrowth of a C a l o t h r i x , occasional trichomes of 
which had been observed i n the o r i g i n a l colonies. Unlike the 
R i v u l a r i a from Croft K e t t l e , t h i s alga grew most vigorously at 
the highest l e v e l s of phosphate used, thus behaving l i k e the 
'contaminants' of the other R i v u l a r i a colonies. A difference i n 
optimum phosphate concentration might perhaps be one f a c t o r 
involved i n determining the r e l a t i v e abundance of the d i f f e r e n t . 
algae i n t h e i r natural h a b i t a t , and a l s o the r e l a t i v e success of 
t h e i r growth i n a r t i f i c i a l media. The behaviour of the Croft 
K e t t l e R i v u l a r i a was rather s i m i l a r to that of the two s t r a i n s 
of R i v u l a r i a (D403 and D4O4) that were i s o l a t e d from the same 
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s i t e . Both grew rather slowly i n AD medium ( 4 4 . 5 mg l " 1 PO^-P), 
and showed more vigorous growth i n media with a lower l e v e l of 
phosphate (Sections 5 . 2 2 and 5 . 3 1 ) . I t seems quite l i k e l y that 
the l e v e l s of phosphate i n many blue-green a l g a l media may be 
supra-optimal f o r many Rivulariuceae ( c f . Section 1 1 . 7 ) . 

A study was also made of short-term responses of R i v u l a r i a 
from Croft K e t t l e to incubation i n medium with a high concentration 
of phosphate. When c o l l e c t e d , the trichomes had long h a i r s , and 
polyphosphate granules were present ( a t a low density) i n the basal 
c e l l s of most trichomes ( S e c t i o n 1 0 . 2 ) . Although t h i s suggested 
that the trichomes were not severely phosphate starvedj nevertheless 
massive deposits of polyphosphate formed i n the vegetative c e l l s 
during incubation i n AD medium, and some of the h a i r c e l l s a l s o 
became granulated. Thus, despite the presence of polyphosphate, 
the trichomes were presumably not f u l l y phosphate s u f f i c i e n t at the 
time of c o l l e c t i o n . S i m i l a r behaviour was observed i n S t r a i n s D277, 

D403 and D404> which were found to r e t a i n some polyphosphate 
granules despite obvious growth l i m i t a t i o n i n the low phosphate 
medium (Section 5 . 3 1 ) . S t r a i n s D403 and D404 were i n f a c t i s o l a t e d 
from R i v u l a r i a colonies from Croi't K e t t l e (Section 2 . 3 6 2 ) . 

The Croft K e t t l e R i v u l a r i a shed i t s h a i r s about 48 h a f t e r 
i n o c u l a t i o n into AD medium, i n a s s o c i a t i o n with the re l e a s e of 
horraogonia. Rapid l y s i s of the I m i r s , as observed i n some of the 
laboratory c u l t u r e s , was not observed. Since AD medium contains 
high l e v e l s of several n u t r i e n t s , i t was not possible to say which, 
i f any, p a r t i c u l a r component of the medium caused t h i s response. 
The r e s u l t s obtained with t h i s f i e l d material suggested that the 
responses given by cultured s t r a i n s ( i n p a r t i c u l a r the development 
of polyphosphate granules by the h a i r c e l l s , and the shedding of 
the h a i r s ) were not merely laboratory a r t e f a c t s . 

1 1 . 7 Relationship between a b i l i t y to develop h a i r s , and o v e r a l l 
response to phosphate concentration 

13 of the 36 s t r a i n s studied developed many long h a i r s i n 
media with low phosphate concentrations, and the same was observed 
with the two f i e l d materials that were examined. I n eight of the 
laboratory s t r a i n s , the development of h a i r s could be suppressed 
by growth i n medium with a high l e v e l of phosphate ( 4 4 * 5 mg 1 ^ 

PO.-P). f i v e s t r a i n s (D126, D251, D277, D403, D404) s t i l l 



-293-

devolopcd h a i r s under such conditions, however, and i n three of 
these (Dl.?6, D277, D404) the h a i r s were of considerable length. 
Pour of these s t r c i n c were cultured at s t i l l higher l e v e l s of 
phosphate, but h a i r development was not suppressed (Chapter 85 
Section 11.5) . Some other responses were found tc be broadly 
co r r e l a t e d with the persistence of h a i r s at high phosphate 
concentrations; a l l these suggested a preference f o r low l e v e l s of 
inorganic phosphate. 

Growth of S t r a i n s 1)126, D277 and D403 was i n h i b i t e d i n media 
with phosphate concentrations above that of AD; t h i s i n h i b i t i o n 
was greater than that observed f o r S t r a i n s D134 and D267, which 
had no h a i r s i n AD medium (Chapter 8 ) . Growth of S t r a i n D403 
was i n f a c t more vigorous i n AD medium with O.Olx the normal l e v e l 
of FO^-P, although i t s f i n a l y i e l d was lower (Section 5 « 3 l ) . The 
R i v u l a r i a from Croft K e t t l e (from which S t r a i n s D403 and D404 

were i s o l a t e d ) also grew better at phosphate concentrations below 
the normal AD l e v e l , and was overgrown by associated algae at 
higher phosphate l e v e l s ( S e ction 10.1). 

S t r a i n s D126 , D277 , D403 and D404 a l l showed l y s i s of the 
h a i r s within 2-3 h of the addition of phosphate to phosphate 
starved c u l t u r e s (the Croft K e t t l e R i v u l a r i a did not give t h i s 
response), and i n S t r a i n D277 many vegetative c e l l s also l y s e d . I n 
the other heterocystous s t r a i n s h a i r s were not shed u n t i l about 
48 h l a t e r , when hormogonia were rel e a s e d ( S e c t i o n 5«3l(ix)). 
S t r a i n s D277, D403 and D404 a l l showed prolonged retention of 
polyphosphate granules during subculture through low phosphate 
medium (Section 5»3l), though the length of the h a i r s increased 
at the Sc.-me time. The R i v u l a r i a from Croft K e t t l e also possessed 
polyphosphate granules i n the presence of long h a i r s (Section 10.2). 

The c o r r e l a t i o n between these responses, and the presence of 
h a i r s i n AD medium was not complete, however, since S t r a i n D251 
behaved more l i k e the s t r a i n s without h a i r s i n AD, and the Calothrix 
from the Barras R i v u l a r i a colonies, which also developed h a i r s 
i n AD, showed an apparent preference f o r high phosphate media 
(Section 1 0 . l ) . Nevertheless, taken together, the r e s u l t s do 
suggest that the a b i l i t y to produce h a i r s even at high phosphate 
concentrations i s c o r r e l a t e d with, s e n s i t i v i t y to high phosphate 
l e v e l s . From the l i m i t e d data a v a i l a b l e , i t seems that such algae 
may be adapted to growth i n low phosphate environments, and 
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t h e i r a b i l i t y to compete against growth of other algae correspond­
ingly reduced at higher phosphate concentrations. As mentioned i n 
Section 1 . 6 2 , Allen ( 1 9 6 3 ) and Fogg ( 1 9 6 9 ) have both noted i n h i b i t o r y 
e f f e c t s of .inorganic phosphate on Ri v u l a r i a c e a e . 

The high l e v e l of polyphosphate granulation i n several of 
the s t r a i n s with h a i r s perhaps i n d i c a t e s a very e f f i c i e n t phosphate 
scavenging mechanism, adapted to function at low phosphate concen­
t r a t i o n s . On the hypothesis that h a i r s may have some r o l e i n nutrient 
uptake (Section 1 1 . 4 6 ) , algae from environments with c o n s i s t e n t l y 
low n u t r i e n t l e v e l s v;ould have no need f o r a mechanism to suppress 
h a i r development, nor would they need the p h y s i o l o g i c a l capacity to 
deal with abundant supplies of phosphate. The s i t u a t i o n i n such 
algae may be s i m i l a r to that described by Larson and Pate ( 1 9 7 6 ) 

f o r a s t r a i n of A s t i c c a c a u l i s biprosthecum (Caulobacteriaceae). 
This bacterium appeared to be adapted to growth i n d i l u t e environ­
ments, and was i n h i b i t e d by nutrient l e v e l s which promoted rapid 
metabolic r a t e s . Algae with the a b i l i t y to grow with h a i r s or 
without h a i r s perhaps have a more f l e x i b l e physiology, enabling 
them to make e f f e i c i e n t use of high l e v e l s of phosphate i f these 
are a v a i l a b l e , but also to compete s u c c e s s f u l l y at low phosphate 
concentrations. 

1 1 . 8 Concluding remarks 
This study has i l l u s t r a t e d the wide range of morphological 

v a r i a t i o n that can occur i n members of the R i v u l a r i a c e a e . I n 
addition to changes i n the extent of h a i r development and tapering, 
many s t r a i n s showed other quite marked responses to v a r i a t i o n s i n 
the cu l t u r e media. 

14 of the 34-heterocystous.strains s t i l l produced tapered 
trichomes i n the presence of combined nitrogen at a l e v e l s u f f i c i e n t 
to suppress heterocyst development. A l l 5 heterocystous s t r a i n s 
with h a i r s i n the control medium without combined nitrogen s t i l l 
developed them i n the presence of combined nitrogen, though i n 
three s t r a i n s h a i r length and frequency were reduced. I n these 
three s t r a i n s , the h a i r s i n +N medium developed at the ends of long 
trichomes that were otherwise p a r a l l e l . The r e s u l t s suggested 
that tapering and h a i r development may not n e c e s s a r i l y be r e l a t e d 
phenomena, and also that neither i s l i k e l y i n every case to be 
simply due to nitrogen deficiency i n the c e l l s remote from the 
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basal heterocyst. I t was suggested that one contribution of 
heterocysts to trichome tapering might be to cause the basal c e l l s 
to enlarge. 

13 of the 36 s t r a i n s studied were found to be capable of 
producing h a i r s . Hair development i n a l l these s t r a i n s was found 
to increase i n phosphate d e f i c i e n t c u l t u r e s ; i n 8 of these, i r o n 
d e f i c i e n c y a l s o led to increased h a i r development, and i n one s t r a i n , 
magnesium defi c i e n c y did so a l s o . D e f i c i e n c i e s of calcium, molyb­
denum or sulphate had no marked e f f e c t s upon h a i r production i n 
any of the s t r a i n s . Hair development i n d e f i c i e n t media apparently 
occurred before other morphological responses, and i t preceded 
any obvious degenerative changes. JUany of the h a i r c e l l s developed 
under phosphate d e f i c i e n c y were able to synthesize polyphosphate 
following the addition of phosphate, i n d i c a t i n g that they were 
capable of metabolic a c t i v i t y . I t was concluded that h a i r 
development was not simply a symptom of trichome degeneration, 
but a s p e c i f i c morphogenetic phenomenon. 

The f a c t that increased development of h a i r s occurred under 
conditions of nutrient d e f i c i e n c y i s compatible with .their having 
a r o l e i n n u t r i e n t absorption, since t h e i r formation would consider­
ably increase the surface area of the trichome, with r e l a t i v e l y 
l i t t l e i n c rease i n cytoplasmic volume. Such an absorptive r o l e 
was suggested b y P a l l a (1893) f o r the h a i r s of G l o e o t r j c h i a pisum, 
and s i m i l a r speculations have been made about the h a i r s of eukaryotic 
algae, and also the prosthecae of the Caulobacteriaceae. Of the 
conditions studied, d e f i c i e n c i e s of phosphate and i r o n had most 
e f f e c t upon h a i r development. These n u t r i e n t s are ones which may 
often be l i m i t i n g i n natural environments, perhaps e s p e c i a l l y to 
nitrogen f i x i n g organisms. This perhaps supports the hypothesis 
that h a i r s may have some functional s i g n i f i c a n c e under natural 
conditions. Some of the s t r a i n s studied produced a few h a i r s under 
a l l the conditions tested, including very high l e v e l s of nitrogen 
and phosphorus. Limited evidence suggested that these forms were 
s e n s i t i v e to very high l e v e l s of phosphorus, and had a preference 
f o r low concentrations of t h i s n u t r i e n t . 

Most of the experiments were performed with laboratory c u l t u r e s , 
but t e s t s with R i v u l a r i a from f i e l d s i t e s suggested that the 
r e s u l t s were u n l i k e l y to be simply laboratory a r t e f a c t s . I t i s to 
be hoped that f u r t h e r work may lead to greater c l a r i f i c a t i o n of 
the role of h a i r s i n the natural environment. 
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APPENDIX 

OCCURRENCE OF MORPHOLOGICAL ABNORMALITIES IN CERTAIN STRAINS OF 
RIVULARIACEAE IN AD MEDIUM, AND ATTEMPTS TO IDENTIFY THEIR CAUSE 

Al Introduction 
A b r i e f mention was made i n Section 2 . 1 1 of the sudden 

i n e x p l i c a b l e appearance of gross morphological abnormalities i n 
c e r t a i n heterocystous s t r a i n s of R i v u l a r i a c e a e , when grown i n 
the AD medium normally used f o r t h e i r maintenance. This occurred 
about halfway through the period of research, following experiments 
on morphological e f f e c t s of combined nitrogen (Section 3 . 1 ) and 
preliminary experiments on h a i r development under nutrient d e f i c i e n c y 
(Chapter 4 and part of Chapter 6 ) , but before more d e t a i l e d studies 
on morphological e f f e c t s of a range of mineral d e f i c i e n c i e s (Chapter 
5 ) or f u r t h e r experiments on the r e l a t i o n s h i p between phosphate 
concentration and h a i r development (Chapters 7» 8 and 9 ) » 

A considerable e f f o r t was made to i d e n t i f y the cause of t h i s 
phenomenon, and t h i s work i s described below. Although no f i r m 
conclusions were reached, the r e s u l t s are included here as a 
f u r t h e r example of a marked morphological modification shown by 
c e r t a i n R i v u l a r i a c e a e , but not apparently by the l i m i t e d number of 
blue-green algae from other f a m i l i e s that were examined. I n addition, 
the r e s u l t s had a bearing on much of the other work performed, 
i n s o f a r as they determined the s t r a i n s and media which could be 
used f o r experimentsl purposes. 

A2 General d e s c r i p t i o n of the phenomenon 
A2 . 1 I n i t i a l occurrence of abnormalities i n C a l o t h r i x v i g u i e r i D253 

Abnormalities were f i r s t observed i n c u l t u r e s of S t r a i n D253» 

grown f o r 2 1 days i n AD medium at 25°C, 6000 l x , as an experimental 
inoculum. The most s t r i k i n g abnormality was the presence of 
g r e a t l y enlarged c e l l s i n the mid-region of an estimated 80$'i> of 
the trichomes. The enlarged c e l l s sometimes extended as f a r as 
the apex of the trichomes, but the heterocysts, and the c e l l s i n 
the basal region, had an apparently normal s t r u c t u r e . Examples 
of abnormal trichomes are shown i n F i g . Al (compare the normal 
morphology of t h i s s t r a i n shown i n F i g . 3 . 1 ) . The contents of 
a l l the c e l l s appeared green and normal, and there was no vacuolation. 
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F i g . Al Abnormally enlarged c e l l s i n 
trichomes of Calothrix v i g u i e r i 1)253 
grovn i n AD medium. 
Compare the normal trichome 
i n F i g . 3.1a. 
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F i g . A2 Trichomes of C a l o t h r i x v i g u i e r i 
D253 grown i n AD medium, showing 
numerous separation d i s c s , and 
thick sheaths. 
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This was an e n t i r e l y new phenomenon. Enlarged c e l l s , of rather 
d i f f e r e n t s t r u c t u r e , had o c c a s i o n a l l y been seen i n C a l o t h r i x 
membranacea D179» and i n G l o e o t r i c h i a echinulata D126, but never 
on such a large s c a l e . A morphology l i k e that described had never 
been observed i n c o l l e c t i o n s of f i e l d m a t e r i a l . 

The morphological features described ( P i g . Al) were found i n 
algae from the surface mat growth ( c f . Section 2.122); they also 
occurred i n the much sparser growth over the base of the f l a s k , but 
other abnormalities were also observed i n trichomes from t h i s 
zone, p a r t i c u l a r l y as the cu l t u r e s aged (4-6 weeks). Numerous 
biconcave separation d i s c s developed along the filaments, d i v i d i n g 
them up into short lengths, sometimes of as few as two c e l l s ( F i g , A2). 
I n normal c u l t u r e s , production of hormogonia took place by the 
development of separation d i s c s , but t h i s was confined to the 
a p i c a l part of the trichomes; i n the abnormal c u l t u r e s , the separ­
ation d i s c s were often produced i n the enlarged basal region, only 
a few c e l l s from the basal heterocyst ( F i g . A2). Unlike normal 
hormogonia, the short trichome sec t i o n s showed no apparent tendency 
to migrate from the parent filament. Sometimes each s e c t i o n began 
to d i f f e r e n t i a t e a basal heterocyst, producing a s e r i e s of short, 
s e m i - d i f f e r e h t i a t e d trichornes i n a common sheath; these trichomes 
never seemed to complete a normal development. More u s u a l l y , 
however, the production of separation d i s c s was followed by bleaching 
and death of the trichome s e c t i o n s . The a p i c a l part of the o r i g i n a l 
trichomes was generally more aff e c t e d than the base, which often 
remained green when the r e s t of the trichome had died. 

The growth over- the base of the f l a s k s a l s o contained ( i n the 
l a t e r stages) large masses of short trichoraes showing various 
degrees of degeneration. The following sequence of events was 
in f e r r e d from examination of trichomes at d i f f e r e n t stages. The 
moribund trichornes evidently, derived from hormogonia which had 
d i f f e r e n t i a t e d a basal heterocyst, but had f a i l e d to develop any 
fu r t h e r . The f i r s t s ign of degeneration was the appearance of 
small vacuoles i n a number of the c e l l s . The vacuolation of the 
c e l l s became more extensive, with associated paling of the c e l l 
contents. Some of the c e l l s along the trichome then seemed to 
die and l y s e completely, often l e a v i n g only two or three apparently 
normal c e l l s i n the sheath. There was no apparent pattern to the 
sequence i n which the c e l l s died. Ultimately, a l l the vegetative 
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c e l l s i n the trichome became completely c o l o u r l e s s and collapsed. 
The heterocysts retained t h e i r shape, but they became c o l o u r l e s s 
a l s o . Filaments i n the l a t e r stages of t h i s sequence had rather 
t h i c k , d i s t i n c t , but c o l o u r l e s s sheaths. Such trichomes, showing 
actual l y s i s of the c e l l s , were much l e s s common i n the surface 
s k i n growth, where generally only abnormalities of c e l l shape were 
found. 

Despite these morphological abnormalities, the t o t a l y i e l d of 
the c u l t u r e s was not obviously affected. T h e i r macrosoopic 
appearance was also healthy, though the large number of dead 
trichomes i n older c u l t u r e s gave the growth on the f l a s k base a 
whitish colour. I t was c l e a r l y not p r a c t i c a b l e to use t h i s s t r a i n 
f o r experimental purposes while i t exhibited these abnormalities, 
p a r t i c u l a r l y since most of the experiments were to be concerned 
with morphological e f f e c t s . An e f f o r t was therefore made to i d e n t i f y 
the cause of the phenomenon. 

A2.2 Preliminary i n v e s t i g a t i o n s 
Since AD medium had been s u c c e s s f u l l y used f o r maintenance 

and experimentation f o r t h i s and other s t r a i n s f o r the previous 
15 months (but see Section A3.3l(iii))» the e f f e c t was a t t r i b u t e d 
to some f a c t o r other than the growth medium. At the time, the most 
l i k e l y causes seemed to be a b a c t e r i a l or v i r a l attack, or mutation 
of the s t r a i n . 

A s e r i e s of subcultures of S t r a i n D253 was made into AD medium 
from various stock f l a s k s of d i f f e r e n t subculturing lineages; 
each stock was s t r i n g e n t l y tested f o r the presence of b a c t e r i a 
(Section 2.34). I n addition, a replacement stock was obtained 
from the culture centre at Cambridge (Table 2.1). When received, 
on a slope of proteose-peptone agar (Table 2.3), t h i s c u l t u r e had 
a normal morphology. I t was subcultured both into AD medium, and 
onto f u r t h e r slopes of proteose-peptone agar. 

A l l the AD c u l t u r e s developed abnormalities l i k e those 
described i n Section A2.1; the f i r s t abnormalities appeared as 
soon as the newly grown trichomes had achieved a mature morphology. 
No b a c t e r i a were detected i n any of the c u l t u r e s . There were no 
abnormalities i n the algae subcultured to proteose-peptone agar, 
though many of the trichomes were of the 'Homoeothrix' or 1Ammatoidea' 
type c h a r a c t e r i s t i c of t h i s s t r a i n when grown i n medium with 
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oombined nitrogen (Section 3 . 1 ) . The absence of these forms from 
the slope received from Cambridge was presumed to be due to depletion 
of combined nitrogen over the longer period of c u l t u r e . 

These r e s u l t s seemed to eliminate the p o s s i b i l i t y of b a c t e r i a l 
e f f e c t s , and mutation also seemed u n l i k e l y , since the Cambridge 
stock behaved i n the same way as the one maintained at Durham 
f o r the previous 15 months. An e l e c t r o n microscopic examination 
of S t r a i n D253 with abnormal c e l l s f a i l e d to show any evidence of 
v i r a l attack (D.B. Douglas and A. Peat, personal communication). 
I t seemed probable, therefore, that some f a c t o r associated with 
the medium, or with c u l t u r i n g or incubation techniques, was responsible. 

A2.3 Occurrence of abnormalities i n other s t r a i n s 
Since i t now seemed l i k e l y that the morphological abnormalities 

seen i n S t r a i n D253 were due to some e f f e c t of the medium, a l l 
34 heterocystous s t r a i n s of R i v u l a r i a c e a e held (Table 2 .1) were 
checked f o r the presence of s i m i l a r symptoms when grown i n AD medium. 
The r e s u l t s are summarized i n Table A l . 9 of the 34 s t r a i n s were 
affected, though only 6 showed marked enlargement of the c e l l s , 
and 2 were only s l i g h t l y affected. 5 of the 6 s t r a i n s with enlarged 
c e l l s were ones which had no h a i r s i n AD, but which developed 
them under d e f i c i e n c i e s of phosphate and i r o n (Table 6 . 1 ) . The 
Homoeothrix s t r a i n s did not grow i n AD medium (Section 3.33); i n 
AD + 10 mM NaNO^ they showed no morphological abnormalities. 
A l l the s t r a i n s that were affected responded i n very much the same 
way as S t r a i n D253. This f u r t h e r reduced the p o s s i b i l i t y that a 
mutation was responsible f o r the a f f e c t . 

Four of the s t r a i n s which developed many h a i r s only i n low 
nutrient media (D251, D256, D280, D403) showed no abnormalites 
i n AD medium, and one s t r a i n of t h i s type (DI84) was only s l i g h t l y 
a ffected. There was no obvious feature i n common between these 
s t r a i n s . S t r a i n D251 was i s o l a t e d from a hot spring, S t r a i n D280 

from a spring of magnesium water, and S t r a i n D256 i s of marine 
o r i g i n (Table 2 . 1 ) . These habitat o r i g i n s might perhaps imply 
a r e l a t i v e tolerance of high concentrations of dissolved s a l t s . 
S t r a i n DI84 was i s o l a t e d from a zinc-enriched culture tank (Table 
2 . 2 ) . None of the s t r a i n s with many h a i r s i n AD showed any 
morphological abnormalities. 
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TABLE A l 
Occurrence of morphological abnormalities in heterocystous Rivulariaceae 

grown in AD medium 

(+) = s l i g h t effect 

S t r a i n 

Calothrix sp. 
Calothrix sp. 
Calothrix sp. 
Calothrix sp. 
Calothrix sp. 
Calothrix sp. 
Calothrix sp. 
Calothrix sp. 
Calothrix sp. 
C. anomala 
C. brevissima 

Enlarged C e l l l y s i s and No abnorm-
c e l l s many separation discs a l i t i e s 

D184 
D251 
D252 
D254 
D255 
D258 
D264 
D267 
D283 
D182 
D156 

(+) (+) 

Dichothrix sp. 
Gloeotrichia echinulata 
G. ghosei 
R i v u l a r i a sp. 
Ri v u l a r i a sp. 

D280 
D126 
D277 
D403 
D404 

(+) 

+ 
+ 
+ 
+ 

+ 
+ 

c. brevissima D275 + 
c. desertica D270 + + 
c. e l e n k i n i i D273 + 
c. f usca D269 + + 
c. g r a c i l i s D274 + 
c. javanica D257 + 
c. marchica D202 + 
c. membranacea D179 + 
c. membranacea D259 + 
c. membranacea D260 + 
c. membranacea D261 + 
c. membranacea D262 + 
c. membranacea D263 + 
c. parietina D272 + 
c. p r o l i f i c a D265 + 
c. scopulorum D256 + 
c. thermalis D266 + + 
c. v i g u i e r i 0253 + + 

+ 
+ 
+ 
+ 
+ 
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Several s t r a i n s of blue-green algae from other f a m i l i e s , 
maintained i n AD medium by colleagues i n the laboratory, were 
also examined.(Anabaena c y l i n d r i c a , Anabaenopsis c i r c u l a r i s , 
F i s o h e r e l l a muscicola, Microchaete diplosiphon, Wcat-ie'lIô ris p r o l i f i c a ) . 
No unusual morphological e f f e c t s were seen i n any of these c u l t u r e s . 

A3 Experiments to determine the cause of the abnormalities 
A3.1 Rationale 

Since S t r a i n D253 was not the only culture to develop an 
abnormal morphology i n AD medium, i t seemed most probable that 
some component of the medium, or some aspect of c u l t u r i n g or 
incubation was responsible f o r the e f f e c t . A systematic attempt 
was therefore made to t e s t a l l f a c t o r s which i t was thought might 
possibly produce such an e f f e c t , or which might shed l i g h t on the 
nature of the e f f e c t . Before describing the r e s u l t s of the experi­
ments, i t may be useful to summarize the general features of the 
phenomenon, and the f a c t o r s which were considered most l i k e l y to 
be involved before experimentation was begun. 

Several C a l o t h r i x s t r a i n s developed severe morphological 
abnormalities when grown i n AD medium. The majority of these were 
ones which developed h a i r s i n low phosphate and low i r o n medium, 
but did not do so i n f u l l AD. Preliminary i n v e s t i g a t i o n s suggested 
that the e f f e c t was not due to mutation, nor to b a c t e r i a l or v i r a l 
attack. Some component of the medium seemed the most l i k e l y cause, 
though an aspect of the c u l t u r i n g technique could have been respons­
i b l e . There was a di f f e r e n c e i n response between algae growing on 
the surface of the medium, and those growing on the base of the 
same f l a s k . The former showed d i s t o r t i o n s of c e l l shape, but 
were otherwise apparently healthy; the l a t t e r exhibited extensive 
fragmentation and l y s i s of the trichomes. 

I t was not c l e a r why there should be t h i s difference i n response 
between the two zones, but two ten t a t i v e hypotheses were made. 
The f i r s t was that the e f f e c t was due to a diff e r e n c e i n time of 
development between the algae at the top and bottom of the l i q u i d 
l a y e r . The i n i t i a l growth i n culture f l a s k s generally took place 
on the base of the v e s s e l , with the surface s k i n developing l a t e r . 
The f i r s t - f o r m e d filaments would presumably be exposed to the 
maximum concentration of any t o x i c material, and would perhaps 
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reduce i t s concentration, by absorption or adsorption. S i m i l a r l y , 
i f the (presumed) tox i c e f f e c t were a cumulative one, the algae on 
the f l a s k base would have a longer time of exposure to the t o x i c 
material. The second hypothesis was that a difference i n micro-
environment between the surface and bottom of the l i q u i d l a y e r was 
responsible. A difference i n gaseous atmosphere between the two 
zones seemed very l i k e l y to e x i s t , since gas e q u i l i b r a t i o n across 
the 50 ml l i q u i d l a y e r would probably be too slow to keep pace with 
changes e f f e c t e d by the algae, p a r t i c u l a r l y when the surface of 
the medium was more or l e s s covered by a mat of trichomes (Section 2 .122) 
I n standing c u l t u r e s under continuous i l l u m i n a t i o n , the bottom of 
the f l a s k s could well be d e f i c i e n t i n carbon dioxide and super­
saturated with oxygen, whereas algae on the surface of the medium 
would probably experience more normal atmospheric condiditions. 
Since high oxygen tensions may be unfavourable to the metabolism 
of blue-green algae (Stewart & Pearson, 1970) , p a r t i c u l a r l y under 
low carbon dioxide concentrations (Lex, S i l v e s t e r & Stewart, 1972) , 
i t did seem possible that oxygen was involved i n a toxic r e a c t i o n , 
perhaps i n combination with some other f a c t o r . C e r t a i n metal ions 
have been shown to a f f e c t oxygen t o x i c i t y ( i n animal systems) 
(Haugaard, I 9 6 8 ) . I n addition, carbon dioxide depletion might be 
expected to a f f e c t the pH of the medium, perhaps with s t i l l f u r t h e r 
complications of micro-precipitation, or modification of response 
to a to x i c m a t e r i a l . 

At t h i s stage, i t was thought most probable that the e f f e c t s 
seen were caused by a t o x i c f a c t o r i n the medium, possibly with a 
cumulative e f f e c t , and possibly modified by other environmental 
f a c t o r s . Some heavy metal ion, introduced as a contaminant, seemed 
the most l i k e l y candidate. I t was with t h i s general speculative 
hypothesis i n mind that experimentation was begun. Although, f o r 
c l a r i t y , the i n v e s t i g a t i o n of each v a r i a b l e i s described separately 
i n the account that follows, the order i s not s t r i c t l y chronological. 
Thus some experiments may appear to be based on an hypothesis 
already discounted by previously described observations. 
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A3.2 Summary of f a c t o r s tested 

1. Chemical components of the medium 
( i ) Use of other media 
( i i ) Stock so l u t i o n s of the major s a l t s 
( i i i ) Mi croelement.stock so l u t i o n s 
( i v ) I ron, manganese and EDTA 
(v) Presence or absence of combined nitrogen 
( v i ) Molybdenum concentration 
( v i i ) Phosphate concentration 
( v i i i ) NaCl concentration 
( i x ) Buffering 

2. F a c t o r s involved i n making up media 
( i ) D i s t i l l e d water 
( i i ) Washing of glassware 
( i i i ) S t e r i l i z a t i o n 
( i v ) Cotton wool plugs 

3. Factors associated with incubation 
( i ) Gas exchange 
( i i ) Light regime 
( i i i ) S o l i d versus l i q u i d media 

A3.3 Experimentation 
C a l o t h r i x v i g u i e r i D253 was used as experimental organism 

throughout, since t h i s was an axenic s t r a i n , and showed severe 
morphological abnormalities. I t was also hoped to use t h i s s t r a i n 
as the main experimental organism i n f u r t h e r work; thus i t was 
e s p e c i a l l y important to f i n d a medium s u i t a b l e f o r i t s growth. 

During the period of the experiments described here, stocks 
of S t r a i n D253 were kept on slopes of proteose-peptone agar (Table 
2 . 3 ) . When inocula were required, subcultures were made into 
f l a s k s of AD .nedium. Thus the inoculum f o r each experiment was of 
algae from a f i r s t 'generation' AD cul t u r e . T h i s precaution was 
taken i n view of the p o s s i b i l i t y that a progressive accumulation 
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of some component of AD medium was causing the abnormalities, and 
that the e f f e c t might increase with successive subcultures. Unless 
otherwise stated, experiments were performed i n duplicate 100 ml 
conica l f l a s k s , with 50 ml of medium, incubated unshaken at 25°C, 
2500 l x (white f l u o r e s c e n t tubes). AD medium was made up as shown 
i n Table 5 . 3 , unless otherwise s p e c i f i e d . The growth extent of 
algae i n these experiments was scored using the subjective 0-5 
s c a l e explained i n Section 2 . 54 . 

A3.31 Chemical components of the medium 
( i ) Use of other media 

Several other media which had i n the past been successfully-
used by the author and colleagues were tested f o r t h e i r e f f e c t s . 
I t seemed that t h i s might indicate whether the alga was s e n s i t i v e 
to some f a c t o r common to a l l the media, r a t h e r than to AD s p e c i f i c ­
a l l y . I f a favourable medium were found, then d i f f e r e n c e s i n 
composition between i t and AD might give c l u e s as to the cause of 
the e f f e c t s seen i n AD. 

S t r a i n D253 was taken through three successive subcultures 
i n the following media: Chu 10-D(-N), ASM-D(-H), AC(-N), S q , ZD 
and Medium I (Table 2.3; Section 2 . 3 2 ) . AD medium was included as 
contro l , and algae from each medium were f i n a l l y subcultured back 
into AD to see whether the t y p i c a l symptoms would recur. 

The r e s u l t s are summarized i n Table A2. A l l the morphological 
e f f e c t s seen developed i n the f i r s t subculture from proteose-
peptone agar. I t thus seemed u n l i k e l y that a cumulative t o x i c 
e f f e c t , i n c r e a s i n g over successive subcultures, was responsible 
f o r the abnormalities. The morphology of the alga i n Chu 10-D(-N) 
was e s s e n t i a l l y s i m i l a r to that seen i n AD, but there were some 
di f f e r e n c e s . One feature, not seen i n AD, was rounding o ff of the 
c e l l s i n the ap i c a l region, giving a moniliform appearance. This 
was sometimes associated with enlargement of the a p i c a l 4-10 c e l l s . 
As i n AD, algae from the basal growth were the most badly a f f e c t e d , 
though there was l e s s outright death of the trichomes. ZD medium 
produced a morphology very l i k e that seen i n Chu 10-D, with the 
addit i o n a l feature that almost every c e l l had a s i n g l e large 
vacuole. 

Only the marine medium S q y i e l d e d algae with a normal tapered 
morphology. This d i f f e r e d s l i g h t l y from that seen i n AD before the 
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TABLE A2 

Growth and morphology of Calothrix v i g u i e r i D253 after 21 days in various 
nitrogen-free media 

Medium Growth 
extent 
(0-5) 

Morphology Morphology on subculturing 
back to AD 

AD ty p i c a l l y abnormal t y p i c a l l y abnormal 

AC (-N) died 

ASM-D (-N) as AD 

Medium I as AD 

Chu 10-D (-N) 5 abnormal (see text) 

ZD abnormal ( " ) 

satisfactory ( » .) 
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abnormalities occurred, i n that the sheaths of the older trichomes 
were brown pigmented, and there was a tendency f o r the apioal 
region of an estimated 20% of the trichoraes to separate i n t o one-
or two-celled fragments, which became detached from the trichome. 
The growth r a t e and f i n a l y i e l d of the alga i n S q were lower than 
i n AD (estimated c. 80%). 

S q d i f f e r s from AD c h i e f l y i n i t s much greater s a l i n i t y , and 
i n the lower l e v e l of Felll-EDTA. I t contains 23.5x the Na, 19.5x 

the C I , and 4.6x the Hg of AD (Table 2 .3); the Felll-EDTA l e v e l i s 
h a l f that of AD. The l e v e l s of the other medium components, i n 
p a r t i c u l a r the microelements, are r a t h e r s i m i l a r to those of AD, 
more so than f o r the other media tested. The lower i r o n l e v e l of 
the s u c c e s s f u l S Q medium suggested that the i r o n concentration i n 
AD might be supra-optimal, and p o s s i b l y involved i n the response 
seen. I t a l s o seemed possible that the very high l e v e l of Na + i n 
S q was masking some t o x i c e f f e c t of a metal ion present at a lower 
concentration, by a competitive e f f e c t . Yet i n s p i t e of these 
i n d i c a t i o n s , the r e s u l t s showed that abnormalities could occur i n 
media other than AD, with widely d i f f e r i n g l e v e l s of i r o n and other 
components. Further experiments were performed to determine the 
e f f e c t s of NaCl and of Felll-EDTA concentration on the morphology 
of S t r a i n D253. These are described i n Sections A 3 . 3 l ( v i i i ) and 
( i v ) r e s p e c t i v e l y . 

( i i ) Stock solutions of the major s a l t s 
I t seemed possible that one or more of the stock chemicals 

and/or sol u t i o n s could have become contaminated. A l l the stock 
solutions other than the microelements (see ( i i i ) below) were made 
up a f r e s h , using chemicals from sources other than the normal 
laboratory stock b o t t l e s . Solutions were also made up using double 
d i s t i l l e d water, as well as the normal single d i s t i l l e d (see also 
Section A 3 . 3 2 ( i ) ) . 

S t r a i n D253 showed the same morphological abnormalities i n AD 
medium made from these stocks as i t had i n the o r i g i n a l . Thus 
contamination of the chemical stocks seemed u n l i k e l y to be responsible 

( i i i ) Microelement stock solution 
For a few weeks previous to the f i r s t observation of abnormal­

i t i e s i n S t r a i n D253, AD medium had been made up using a microelement 
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solution the same as that i n A l l e n and Arnon's (1955) o r i g i n a l 
formulation (though without T i ) , instead of the Durham version used 
previously (Table 2.3). This change had been made because some 
e a r l i e r experiments on the morphology of C a l o t h r i x had been 
performed by other workers i n the laboratory, using the A l l e n and 
Arnon formulation, and i t was hoped that a comparison could be 
made between these r e s u l t s and the author's. The concentration of 
eaoh eleme.nt i n the A l l e n and Arnon formulation i s higher than that 
i n the Durham version, and i t seemed quite l i k e l y that one or more 
elements might be present at a supra—optimal l e v e l . 

AD medium was made up with the normal Durham AD microelements, 
and with the o r i g i n a l A l l e n and Arnon formulation, each at l.Ox, 
0.5x, 0.2x, O.lx, 0.05x and 0.02x the normal concentration. A 
t h i r d microelement stock s o l u t i o n , that normally used with AC(-N) 
medium (Table 2.3) was also used, at the normal l e v e l . S t r a i n D253 
was taken through three successive subcultures i n each of these 
media. There was no difference i n growth or morphology between 
any of the treatments. Fresh stocks of each of the AD microelement 
formulations were then made up. Media containing these new solutions 
( a t the normal l e v e l ) s t i l l yielded algae with an abnormal morphology. 

The r e s u l t s suggested that contrary to what had been suspected, 
a component of the microelements was not responsible f o r the 
modified morphology of S t r a i n D253. The l a c k of growth l i m i t a t i o n 
i n media with microelements at 0.02x the normal l e v e l suggested 
that the concentrations normally used were well i n excess of the 
alga's requirements. 

( i v ) I r o n , manganese and EDTA 
As mentioned i n Section A3.1, i t had been hyp6thesized that 

some eleiment present at a supra-optimal l e v e l was producing a to x i c 
e f f e c t . I r o n seemed quite a l i k e l y candidate, i n view of i t s 
high b i o l o g i c a l a c t i v i t y ( c f . Section I . 6 4 ) , and the f a c t that the 
l e v e l i n the medium (4 mg 1~"̂ ) almost c e r t a i n l y exceeded the t o t a l 
requirement of the alga. The r e s u l t s with S q medium (Section A 3 . l ( i ) ) 
had also i n d i c a t e d that lowering the i r o n concentration might be 
b e n e f i c i a l . Gorham, McLachlan, Hammer and Kim (1964) reported 
morphological e f f e c t s of i r o n upon Anabaena flos-aquae, and an 
i n t e r a c t i v e e f f e c t of i r o n and manganese i n producing the e f f e c t s 
seen. I t therefore seemed worthwhile to t e s t the e f f e c t s of 
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varying the iron:manganese r a t i o . The concentration of EDTA i n the 
medium i s l i k e l y to a f f e c t the a v a i l a b i l i t y of metal ions, and i t 
might therefore be expected to modify the e f f e c t s ( i n c l u d i n g t o x i c 
e f f e c t s ) of these ions on the algae. The l e v e l of Na2EDTA.2H2Q 
was therefore varied a l s o . 

a) V a r i a t i o n of the l e v e l of Felll-EDTA 
S t r a i n D253 was inoculated into AD medium containing Pelll-EDTA 

at O.lx, 0.2x, 0.5x, l.Ox and 2.Ox the normal l e v e l (4 mg l " 1 Pe). 
Since v a r i a t i o n s i n the l e v e l of Felll-EDTA a f f e c t the pH of the 
medium, pH adjustment was made a f t e r autoclaving, with 0.05 M NaOH 
or HC1, to a standard pH of 7.4. This procedure wa^ followed i n 
each of the experiments involvong v a r i a t i o n s i n Pe or Na2EDTA.2H20 
concentration. 

The morphology and growth of the alga i n the d i f f e r e n t media 
are summarized i n Table A3. Differences between the treatments 
were only small, but there was an i n d i c a t i o n that a twofold increase 
i n Felll-EDTA s l i g h t l y reduced the extent of the morphological 
abnormalities, whereas symptoms were rather more severe with O.lx 
and 0.2x the normal l e v e l . There was no apparent e f f e c t on f i n a l 
y i e l d , but the i n i t i a l growth was rather slower with Pelll-EDTA 
at O.lx and 0.2x. 

b) Independent v a r i a t i o n of the l e v e l s of i r o n and Na?EDTA.211^0 
I t was not possible to say whether the s l i g h t d i f f e r e n c e s 

seen i n the f i r s t experiment were due to v a r i a t i o n s in the i r o n or 
i n the Na2EDTA.2H20 concentration. These two components were 
therefore v a r i e d independently, and the range of concentrations 
also increased, i n the hope of obtaining a more c l e a r - c u t response. 

AD medium was made up with Na2EDTA.2H20 at 0.5*, l.Ox and 2.Ox 
the normal l e v e l , and, at each l e v e l , with i r o n (as FeCl^.SHgO) at 
O.Ox, O.Olx, 0.05x. O.lx, 0.5x, l.Ox, 2.Ox and 4.0x the normal 
concentration. This experiment was performed i n b o i l i n g tubes, 
using 10 ml ali q u o t s of media. Growth and morphology were scored 
a f t e r four weeks. The r e s u l t s are shown i n Tables A4a and A4b. 

At each l e v e l of Na^EDTA.2H20, there was a reduction i n y i e l d 
whBn i r o n concentration was reduced. The highest i r o n concentration 
at which l i m i t a t i o n was apparent increased with i n c r e a s i n g Na2EDTA.2H20 
concentration. With Na2EDTA.2H20 at l.Ox and 0.5x, y i e l d was 
also decreased by an increase i n iron concentration above the normal; 
i n f a c t the optimum growth at these l e v e l s of NaJSDTA.2H,>0 was at 
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TABIE A4 
Growth and morphology of Calothrix v i g u i e r l D253 after 4 weeks in AD 

medium with different levels of iron and Na EDTA.2H 0 

(a) Growth (0-5) 

EDTA concentration 
r e l a t i v e to normal Fe I I I concentration r e l a t i v e to normal 

0 0.01 0.05 0.1 0.5 1.0 2.0 4.0 

0.5 3 4 5 5 5 4 4 4 

1.0 4 4 4 5 5 4 4 4 

2.0 3 4 4 4 5 5 5 5 

(b) Presence of (assumed) morphological symptoms of iron deficiency 
(See text) 

EDTA concentration 
r e l a t i v e to normal 

0 

Fe I I I 

0.01 

concent rat ion 

0.05 0.1 

r e l a t i v e to 

0.5 1.0 

normal 

2.0 4.0 

0.5 44 4+ 0 0 0 0 0 0 

1.0 4+ ++ 4- 0 0 0 0 0 

2.0 4+ 4+ 44- 0 0 0 0 

0 = no response ; 4- = sl i g h t response ; 44 s marked response 
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l e v e l s of iron l e s s than normal. This e f f e c t was not seen with 
Na2EDTA.2H20 at 2.Ox normal. I n c r e a s i n g the l e v e l of Na^ilDTA.2H20 
appeared to r a i s e the concentration of iron required to produce 
a p a r t i c u l a r response ( l i m i t a t i o n or i n h i b i t i o n ) . This presumably 
r e f l e c t e d a reduction i n a v a i l a b i l i t y of i r o n to the alga. 

None of the media yield e d algae of normal morphology. I n some 
of the media with lower i r o n l e v e l s , many of the trichomes had 
brownish c e l l s , often with small vacuoles, and these trichoraes 
showed a greater tendency to fragment than ones from the control 
medium. The symptoms co r r e l a t e d i n general with growth l i m i t a t i o n , 
and were presumed to be due to i r o n d e f i c i e n c y (Tables A5a and A5b). 
No h a i r s were observed i n the cul.tures, even though t h i s s t r a i n had 
previously been found to develop h a i r s under i r o n d e f i c i e n c y 
(Chapter 6 ) . 

The d i f f e r e n c e s i n response were only s l i g h t , but there was 
some indi c a t i o n that l e v e l s of iron of O.lx or 0.5x the normal, 
and also an increased EDTAtFe r a t i o , were more favourable f o r 
growth, though not f o r morphology. The r e s u l t s suggested that the 
concentration of i r o n (and possibly that of other chelatable ions) 
i n AD medium was supra-optimal f o r t h i s s t r a i n , but the absence of 
any marked e f f e c t s upon the morphological abnormalities suggested 
that t h i s was not important i n producing the response. 

A f u r t h e r experiment was performed using a s t i l l wider range 
of concentrations of Na2EDTA.2H2Q, with p a r a l l e l v a r i a t i o n s i n 
i r o n concentration. The compositions of the media are given i n 
Table A5> together with the r e s u l t i n g growth y i e l d s and morphologies, 
scored a f t e r 3 weeks. Three subcultures were made; the r e s u l t s 
were the same f o r each subculture. 

The only media with any noticeable e f f e c t on the growth or 
morphology of the alga were those containing lOx the normal l e v e l 
of Ha2EDTA.2H20. The growth rate and f i n a l y i e l d were considerably 
reduced i n these media, p a r t i c u l a r l y when the i r o n concentration 
was also lOx normal. The frequency of abnormal trichomes i n 
these media was also reduced, from an estimated 80$> to an estimated 
20% of the population. Age.in, however, no e n t i r e l y normal morphology 
was obtained. 

c) V a r i a t i o n s i n iron:manganese r a t i o 
A range of d i f f e r e n t manganese concentrations was included i n 

the experiment described i n (b) above (Table A5). I n AD medium 
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TABLE A5 
Growth and morphology of Calothrix v i g u i e r i D253 afte r 3 weeks i n AD 
medium with further variations in iron and Na.EDTA.2H„0 concentration 

EDTA r e l a t i v e Fe I I I r e l a t i v e Y i e l d Mor holo 
to normal l e v e l to normal l e v e l (0-5) ° r p ° B y 

1.0 1.0 5 t y p i c a l l y abnormal 

0.5 5 

0.2 5 

2.0 1.0 5 

2.0 5 

0.5 5 

5.0 1.0 5 

5.0 5 

10 1,0 2 

10 1 

0.5 1.0 5 

0.5 5 

0.2 1.0 5 

0.2 5 

0.1 1.0 5 

0.1 5 

fewer abnormal 
trichomes 

characterist i c 
abnormalities 
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with Na2EDTA.2H20 at the normal l e v e l , and at sel e c t e d i r o n l e v e l s , 
the following v a r i a t i o n s i n manganese concentration were made: 

Fe concentration Mn concentration 
X normal mg 1 X normal mg 1 

l.Ox 4.0 l.Ox 0.5 
4.0x 2.0 

10.Ox 5.0 
0.05x 0.2 l.Ox 0.5 

4.0x 2.0 
10.Ox 5.0 

2.Ox 8.0 l.Ox 0.5 
4.0x 2.0 

10.Ox 5.0 
4.0x 16.0 l.Ox 0.5 

4.0x 2.0 
10.Ox 5.0 

The growth and morphology of S t r a i n D253 at the various i r o n l e v e l s 
with ±he normal l e v e l of manganese were described i n (b) above 
(Table A5). No detectable e f f e c t of varying manganese concentration 
was found at any of the ir o n l e v e l s . 

The experiments f a i l e d to Bhow any marked e f f e c t of i r o n , 
manganese or NagEDTA. 211̂ 0 concentration on the morphology of S t r a i n 
D253 i n AD medium, despite the wide range of l e v e l s and r a t i o s 
used. Although there was some suggestion that the normal i r o n l e v e l 
of 4 mg 1 was supra-optimal f o r the growth of t h i s s t r a i n , i t 
seemed u n l i k e l y that i r o n was involved i n producing the abnormalities 
The improved morphology i n S q medium (Section A 3 . 3 l ( i ) ) was thus 
presumably due to some f a c t o r other than i r o n concentration. 

The only s i g n i f i c a n t improvement i n morphology (and t h i s was 
not a complete recovery) was seen i n media with Na^EDTA at lOx the 
normal l e v e l , with i r o n at e i t h e r lOx or l.Ox the normal l e v e l . 
T h i s was co r r e l a t e d with a decrease i n the growth rate and y i e l d 
to an estimated 20% of the control. I t seemed rather u n l i k e l y 
that the improvement i n morphology was d i r e c t l y due to increased 
c h e l a t i o n , since the r e s u l t s were very s i m i l a r when the ex t r a 
Na2EDTA.2H20 was balanced by extra i r o n . I t was possible that 
Na2EDTA.2H20 (by chelation) and i r o n (by competitive e f f e c t s ) were 
blanketing the e f f e c t of some other, t o x i c ion i n these media. The 
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Na + contributed by the Na2EDTA.2H20 might also have contributed 
to such a masking e f f e c t . However, i t was taken to be more probable 
that the improvement i n morphology was r e l a t e d to the much slower 
growth of the alga i n these media. I t was hypothesized that some 
damaging metabolic r e a c t i o n night be slowed down under these conditions. 

(v) Presence or absence of combined nitrogen 
As mentioned i n Section A2.2, S t r a i n D253 grown on proteose-

peptone agar produced trichomes of a t y p i c a l '+N' morphollogy 
(Section 3.1), with no abnormalities. This medium contains 27.7 mg 
NOyN as KNO^, i n addition to the combined nitrogen supplied by 
the peptone. I t was of i n t e r e s t to see whether the improvement i n 
morphology was due to the presence of combined nitrogen. The 
abnormal excess production of heterocysts by some of the AD-grown 
trichomes (Section A2.1) did suggest that the nitrogen f i x i n g 
process might be deranged. 

AD and S q (both l i q u i d ) and proteose-peptone agar, were each 
made up with and without the addition of NO,-N. AD+NO, and S +N0, 

3 3 o 3 
each contained 10 mM NaNO^; the corresponding -N0^ media were 
supplemented with 10 mM NaCl. The '-NÔ ' version of proteose-
peptone agar contained KC1 i n place of KNO^, but the combined 
nitrogen supplied by the peptone was s t i l l present. The pH of the 
proteose-peptone media was adjusted to 7.0 before autoclaving, but 
they were not buffered. The other four media were made both with 
and without the addition of 10 mM HEPES ( s e c t i o n 2.33). S t r a i n D253 
was inoculated into each of these media, and the morphology 
scored a f t e r two weeks' growth. 

There was no difference between the alga grown on the +N0^ 
and -NO^ versions of proteose-peptone agar: the morphology i n 
each case was c h a r a c t e r i s t i c of a medium containing combined 
nitrogen. Presumably the combined nitrogen i n the peptone was 
s u f f i c i e n t to suppress heterocyst formation. AD-NO^ and S Q-N0^ 
both yiel d e d algae with the c h a r a c t e r i s t i c morphologies already 
described (oections A2.1 and A 3 . 3 l ( i ) ) . There was no diffe r e n c e 
between c u l t u r e s with HEPES and those without HEPES. Algae from 
the +W0̂  versions of both media were very l i k e those from proteose-
peptone agar, with many Homoeothrix- and Ammatoidea-like trichomes 
present ( c f . Section 3.1); no abnormalities of the type seen i n 
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AD-HO^ were observed. Growth and y i e l d i n the +N0̂  media was 
rather better in the presence of HEPES, but the only difference 
i n morphology between algae from buffered and unbuffered media 
was the presence of more highly c o i l e d trichomes i n the former 
( c f . Section 2 .33). 

Thus the presence of a high l e v e l of NOyN i n AD medium 
completely suppressed the morphological abnormalities, as well 
as the c h a r a c t e r i s t i c heterocystous morphology. This gave support 
to the hypothesis that a derangement of the nitrogen f i x a t i o n 
process might be involved i n producing the abnormalities. 

( v i ) Molybdenum concentration 
I n view of the r e s u l t s described i n Section (v) above, i t 

seemed possible that the molybdenum concentration i n AD (0.08 mg 1~*) 

might be unsuitable f o r nitrogen f i x a t i o n . S t r a i n D253 was 
therefore taken through two subcultures i n AD containing Mo at 
Ox, l.Ox, 2.Ox, 5.Ox, 10.Ox and 20.Ox the normal l e v e l . 

I n c r e a s i n g the molybdenum concentration had no e f f e c t on 
ei t h e r growth or morphology. Omitting molybdenum from the medium 
reduced the y i e l d , and l e d to premature yellowing of the c u l t u r e . 
There was no a l l e v i a t i o n of the morphological abnormalities, but 
the alga showed additional symptoms: the heterocysts were enlarged, 
and development of young trichomes was stunted. ( S i m i l a r responses 
were l a t e r observed i n molybdenum d e f i c i e n t c u l t u r e s of sev e r a l 
other s t r a i n s , studied i n the experiments described i n Section 5«71«) 

Thus the molybdenum concentration i n AD was not apparently 
l i m i t i n g nitrogen f i x a t i o n , and seemed u n l i k e l y to be involved i n 
producing the abnormal morphology of S t r a i n D253. 

( v i i ) Phosphate concentration 
Before the appearance of morphological abnormalities, S t r a i n 

D253 developed many long h a i r s when grown i n AD medium with a 
reduced concentration of phosphate (Chapter 4)• I t was of i n t e r e s t 
to see whether t h i s morphological response could s t i l l be e l i c i t e d . 
The basal l e v e l of phosphate i n AD i s very high (44.5 mg 1 1 PO^-P), 
and i t seemed possible that t h i s i t s e l f could be producing some 
deleterious e f f e c t . 

AD medium, buffered at pH 7.4 with 5 mM H3PES, was made up 
with P0 -P at l.Ox, 0.5x, 0.25x, O.lx, 0.05x, 0.025x and O.Olx 
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TABLE A6 
Growth and morphology of Calothrix v i g u i e r i D253 afte r 3 weeks i n AD 

medium with different levels of PO -P 
4 

K HPO r e l a t i v e mgl 1 Growth 
n PO "P (0-5) to normal AD 4 

le v e l 

Morphology Hairs present 

1.0 44.5 t y p i c a l l y abnormal 

0.5 22.25 

0.25 11.12 

0.1 4.45 

0.05 2.22 2-3 

0.025 1.11 

0.01 0.44 
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the normal l e v e l . K + concentrations were made up by adding KC1. 
Growth and morphology of s t r a i n D253 were scored a f t e r three weeks' 
incubation i n the d i f f e r e n t media (Table A6). 

None of the media yield e d algae with an e n t i r e l y normal 
morphology. At the lower phosphate concentrations, i n a s s o c i a t i o n 
with growth l i m i t a t i o n , the majority of trichomes were the same as 
those i n the c o n t r o l , but a small proportion had developed h a i r s 
i n an apparently normal manner. These trichomes showed no 
abnormalities of c e l l shape. A second subculture to the same 
media gave t h i s r e s u l t again. Thus reducing the phosphate to a 
y i e l d - l i m i t i n g l e v e l e l i c i t e d .some h a i r formation, but t h i s 
was much l e s s marked than the response obtained i n e a r l i e r e x p e r i ­
ments (Chapter 4). I t thus appeared that whatever was causing the 
morphological abnormalities i n S t r a i n D253 was a l s o preventing 
the h a i r development response which had come to be regarded as 
c h a r a c t e r i s t i c of the phosphate d e f i c i e n t alga. A supra—optimal 
l e v e l of phosphate was not evidently responsible f o r the abnormal 
morphology, however. 

( v i i i ) NaCl concentration 
I t had been found that S t r a i n D253 grew with a normal morphol­

ogy i n the marine S medium (Section A 3 . 3 l ( i ) ) . I t was of 
o 

i n t e r e s t to see whether t h i s was r e l a t e d to the much higher NaCl 
concentration, which i s the most obvious d i f f e r e n c e between S 

o 
and AD (Table 2.3). S t r a i n D253 was inoculated into AD medium 
with a range of increased NaCl concentrations, and into S q medium 
with a range of decreased NaCl concentrations. The range used i n 
each medium included the normal concentration i n the other medium 
(Table A7). Growth and morphology i n the d i f f e r e n t media were 
scored a f t e r 3 weeks (Tables A7a and A7b). 

Trichoraes of e n t i r e l y normal morphology developed only i n 
media containing NaCl at the basal S q l e v e l of $000 mg 1~ . I n 
AD as well as i n S , these trichomes had brown sheath bases, 
and showed separation of si n g l e c e l l s from t h e i r apices ( c f . Section 
A 3 . 3 l ( i ) ) . I n S^ with 0.5x i t s normal l e v e l of NaCl, most of the 
trichomes had a t y p i c a l 'S morphology', but trichomes with 
enlarged c e l l s , c h a r a c t e r i s t i c of AD, were a l s o present. I n each 
medium, the improvement i n morphology was asso c i a t e d with a 
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TABLE A7 (a) 
Growth and morphology of Calothrix v i g u i e r i D253 after 3 weeks i n AD 

medium with different l e v e l s of NaCl 

NaCl r e l a t i v e to mg 1"' Growth Morphology 
normal AD l e v e l NaCl (0-5) 

1 x 230 4 t y p i c a l l y abnormal 

2 x 460 4 

5 x 1,150 4 

10 x 2,300 4 

21.7 x 5,000 2 normal: as in S 0 medium 

TABLE A7 (b) 
Growth and morphology of Calothrix v i g u i e r i D253 afte r 3 weeks in Sto 

medium with different l e v e l s of NaCl 

NaCl r e l a t i v e to mg 1"' Growth Morphology 
normal So l e v e l NaCl (0-5) 

1.0 x 5,000 2 normal 

0.5 x 2,500 3 intermediate 

0.2 x 1,000 4 abnormal: as i n AD medium 

0.1 x 500 4 

0.046 x 230 4 
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reduction i n growth rate and f i n a l y i e l d . I t was p o s s i b l e , there­
f o r e , that the e f f e c t s seen were r e l a t e d to a reduction i n 
metabolic r a t e , r a ther than being a d i r e c t e f f e c t of flaCl. 

( i x ) B uffering 
During the experiments on the e f f e c t s of n i t r a t e and phosphate 

on S t r a i n D253, described i n Sections A3.31 (v) and ( v i ) r e s p e c t ­
i v e l y , i t became apparent that there was no difference i n i t s 
growth or morphology i n unbuffered AD, and i n AD buffered with 
5 mM or 10 mM HEPES. pH f l u c t u a t i o n s thus did not seem l i k e l y to 
be important i n producing or modifying the abnormal morphological 
response of t h i s s t r a i n . 

A3 .32 F a c t o r s involved i n making up media 
( i ) D i s t i l l e d water 

I t was possible that some contaminant was present i n the 
normal supply of d i s t i l l e d water. AD medium was therefore made 
up from stock solutions i n double d i s t i l l e d water, using s i n g l e 
d i s t i l l e d water, double d i s t i l l e d water, and deionized d i s t i l l e d 
water. There was no difference i n growth or morphology of S t r a i n 
D253 i n any of these media, suggesting that the d i s t i l l e d water 
was not responsible f o r the abnormalities. 

( i i ) Washing of glassware 
The normal procedure f o r washing glassware was to use H^SO^/ 

NaNO^ wash a c i d ( S e ction 2 . 3 1 ) . I n case some to x i c f a c t o r were 
being introduced during a c i d washing (though t h i s seemed u n l i k e l y ) , 
a s e t of f l a s k s was washed by overnight soaking i n a 2% (w/v) 
so l u t i o n of Quadralene Laboratory Detergent (supplied by F i s o n s 
S c i e n t i f i c Equipment L t d , Loughborough), followed by thorough 
r i n s i n g . S t r a i n D253 incubated i n AD medium i n these detergent 
washed f l a s k s developed the same abnormalities as before. Thorough 
HC1 washing of a l l the volumetric glassware and p i p e t t e s used f o r 
making up the medium was s i m i l a r l y without e f f e c t . 

( i i i ) S t e r i l i z a t i o n 
Marler and Van Baalen (1965) reported i n h i b i t i o n of growth of 

Anacystis nidulans i n autoclaved medium containing c i t r a t e and 
manganese. The i n h i b i t o r y e f f e c t was shown to be due to H ? 0 9 
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produced by r e a c t i o n between the c i t r a t e and manganese during 
s t e r i l i z a t i o n . I t seemed conceivable that a s i m i l a r r e a c t i o n 
might occur during autoclaving of AD medium, perhaps involving 
some contaminant organic molecule. A batch of AD was therefore 
s t e r i l i z e d by passing i t through a 0.45 membrane f i l t e r 
( M i l l i p o r e F i l t e r Corp., Bedford, Mass., U.S.A.). Though the 
s t e r i l i z a t i o n was apparently e f f e c t i v e , there was no improvement in 
the morphology of S t r a i n D253 grown i n the membrane f i l t e r e d 
medium. 

( i v ) Cotton wool plugs 
I t seemed p o s s i b l e , though u n l i k e l y , that some toxio f a c t o r 

was being introduced from the cotton wool plugs used to clo s e 
the f l a s k s . To t e s t t h i s p o s s i b i l i t y , S t r a i n D253 was grown up 
i n 10 ml a l i q u o t s of AD medium i n b o i l i n g tubes stoppered e i t h e r 
with cotton wool bungs or with metal caps with spring c l i p s 
('Morton c l o s u r e s ' ) . There was no difference i n growth or morphol­
ogy between algae from the d i f f e r e n t incubations. 

A3.33 F a c t o r s associated with incubation 
( i ) Gas exchange 

To t e s t the theory that inadequate gas exchange was responsible 
f o r the di f f e r e n c e s i n response between algae from the upper 
and lower p a r t s of the l i q u i d l a y e r (Seotion A3.1) S t r a i n D253 

was grown up i n f l a s k s of AD medium con t i n u a l l y sparged with a i r 
(Section 2 . 3 5 2 ) . The gassing caused some evaporation of the 
medium; t h i s was compensated f o r by the d a i l y addition of s t e r i l e 
d i s t i l l e d water. 

Algae i n the aerated medium grew rather f a s t e r than those i n 
non-aerated control f l a s k s . The formation of a surface mat of 
trichomes was also l e s s marked, probably because of the a g i t a t i o n 
of the l i q u i d surface by the gas stream. Growth over the bases 
of the aerated f l a s k s was correspondingly greater, forming a th i c k 
tufted 'lawn'. The morphology of most of the trichomes i n t h i s 
basal growth was l i k e that of algae from the surface skins of 
the non-aerated f l a s k s , with marked enlargement of c e l l s i n the 
mid-region. These trichomes were mixed with ones more t y p i c a l 
of the basal growth of non-aerated f l a s k * (with numerous i n t e r ­
c a l a r y d i s c s , and showing death and l y s i s of many c e l l s ) . 
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Thus aeration of AD medium did not produce a uniform morpho­
l o g i c a l response throughout the f l a s k , and t h i s suggested that 
the death and l y s i s of trichomes i n the basal growth of standing 
c u l t u r e s was not due to a difference i n gaseous micro-environment 
between the top and bottom of the l i q u i d l a y e r . Further evidence 
to support t h i s conclusion was obtained from c u l t u r e s of S t r a i n 
D253 incubated i n shake-tanks, illuminated from below. Here a l s o , 
the bulk of the growth was attached to the f l a s k base, probably 
due to a combination of the a g i t a t i o n of the medium, causing 
d i s p e r s a l of the hormogonia, and the d i r e c t i o n of i l l u m i n a t i o n , 
causing the hormogonia to migrate to the bottom of the v e s s e l . 
As with the aerated c u l t u r e s , the basal growth contained abnormal 
trichoraes of both the types described above. 

( i i ) L i g h t regime 
a) L i g h t i n t e n s i t y 

A l l the c u l t u r e s i n which abnormalities had been seen had 
been grown at l i g h t i n t e n s i t i e s of 2500-6000 l x . I t seemed p o s s i b l 
that a photo-oxidative process might be involved i n producing the 
e f f e c t s , and i t was thus of i n t e r e s t to see whether abnormalities 
would develop under lower l i g h t i n t e n s i t i e s . S t r a i n D253 was 
therefore incubated i n f l a s k s of AD medium at l i g h t i n t e n s i t i e s 
ranging from 300-6000 l x (Table A8). The lower l i g h t i n t e n s i t i e s 
were achieved by wrapping l a y e r s of black gauze around the f l a s k s . 
Growth and morphology were scored a f t e r two weeks and a f t e r f i v e 
weeks (Table A8). 

Growth rate was reduced at l i g h t i n t e n s i t i e s of 2000 l x and 
below; t h i s was p a r t i c u l a r l y marked at 800 l x and below, where 
there was also an obvious increase i n the dep.th of chlorophyll 
and phycocyanin pigmentation. Light i n t e n s i t i e s above 3000 l x 
caused yellowing of older c u l t u r e s . There was l i t t l e change i n 
morphology between the two week and f i v e week scores. A l l the 
cu l t u r e s incubated at 1500 l x and above contained the sarau high 
proportion of abnormal trichoraes. The algae grown at 300 and 500 1 

Greatly enlarged c e l l s i n the raid-regions of the trichomes were 
not observed, though trichomes with enlarged, rounded c e l l s at 
the apex, s i m i l a r to those seen i n Chu 10-D(-N) (Section A 3 . 3 l ( i ) ) 
were quite common. Subdivision of the trichomes into numerous 

o had a r a t h e r d i f f e r e n t , though not e n t i r e l y rpholtey normal mo 
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TABLE A8 
Growth of Calothrix v i g u i e r i D253 i n AD medium at various light i n t e n s i t i e s 

Light intensity 
( l x ) 

6000 

4000 

3000 

2000 

1500 

800 

500 

300 

2 weeks 
Growth Colour of culture 
(0-5) 

green 

1-2 dark blue-green 

5 weeks 
Growth Colour of culture 
(0-5) 

yellowish 

green 

darker, bluish 
green; the depth 
of colour 
increasing with 

^ decreasing light 
intensity. 
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short heterocystous lengths, by production of many separation 
d i s c s , occurred at about the same frequency as i t did i n c u l t u r e s 
at higher l i g h t i n t e n s i t i e s , but there was much l e s s death and 
l y s i s of the c e l l s . The separation d i s c s i n these c u l t u r e s were 
dark brown, whereas i n c u l t u r e s at higher l i g h t i n t e n s i t i e s they 
were c o l o u r l e s s ; no sheath pigmentation was observed i n any of 
the c u l t u r e s . No explanation can be offered f o r t h i s e f f e c t . The 
algae at 800 l x were intermediate i n morphology, with a proportion 
of trichomes with enlarged c e l l s i n the mid-region, as well as 
the forms j u s t described. 

Thus growth at low l i g h t i n t e n s i t i e s did reduce the extent 
of the morphological abnormalities, but i t did not r e s t o r e an 
e n t i r e l y normal morphology. This could imply that some photo-
a c t i v a t e d process was involved i n producing the abnormalities; 
however, as observed i n experiments with i r o n and EDTA (Section 
A 3 . 3 l ( i v ) ) and with NaCl (Section A 3 . 3 l ( v i i ) ) , the improved 
morphology was associated with a considerably reduced rate of growth, 
and i t was possible that t h i s i t s e l f was the more important 
f a c t o r . 

b) E f f e c t of a l i g h t : d a r k c y c l e 
I t was hypothesized that i f some l i g h t - a c t i v a t e d process 

were generating t o x i c products, then an a l t e r n a t i n g l i g h t : d a r k 
regime might be b e n e f i c i a l , by providing a recovery period. 
S t r a i n D253 was grown f o r three weeks both under continuous i l l u m ­
i n a t i o n , and with-a d a i l y c y c l e of 10 h l i g h t t 14 h dark. Growth 
was r a t h e r slower i n the light:dark incubated c u l t u r e s , but there 
was no improvement i n morphology. 

c) Light q u a l i t y 
No systematic experimental v a r i a t i o n of l i g h t q u a l i t y was 

made. There was no d i f f e r e n c e i n morphology between c u l t u r e s 
grown under white and warm white i l l u m i n a t i o n , the two conditions 
routinely, used (Section 2.351)* 

( i i i ) S o l i d versus l i q u i d media 
I t was of i n t e r e s t to see whether abnormalities would develop 

i n algae grown on agar media, since many of the s t r a i n s were of 
su b a e r i a l o r i g i n (Table 2.1), and i t seemed that conditions on 
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agar might be c l o s e r to the natural condition of the algae. The 
problems of gas exchange through a t h i c k l a y e r of medium (Section 
A3.1) would also be reduced. I n the experiment described i n 
Section A 3 . 3 l ( i ) , when S t r a i n D253 was grown i n a range of d i f f e r e n t 
media, each medium was also made up as a 1% (w/v) agar. There was 
no difference i n morphology between l i q u i d and agar c u l t u r e s with 
any of the media ( c f . Table A2). 

A4 Discussion 
The abruptness with which the abnormalities developed suggested 

the l i k e l i h o o d that some sudden change had occurred i n the media 
or incubation conditions, but no such change could be i d e n t i f i e d . 
A mutation or b a c t e r i a l e f f e c t seemed u n l i k e l y to be responsible, . 
and the p o s s i b i l i t y of a v i r a l i n f e c t i o n was also r e j e c t e d , though 
with r a t h e r l e s s c e r t a i n t y (Section A2.2). A cumulative t o x i c 
e f f e c t , b u i l d i n g up over successive subcultures, was ruled out by 
the f a c t that abnormalities appeared a f t e r a s i n g l e subculture from 
proteose-peptone slopes obtained from the culture centre at 
Cambridge. 

A wide range of f a c t o r s , associated with cul t u r e media and 
techniques (Section A3.2), was tested i n an attempt to i d e n t i f y 
the cause of the abnormalities, but no s o l u t i o n to the problem was 
reached. The experiments showed that there were media i n which 
Ca l o t h r i x v i g u i e r i D253 could grow with a normal heterocystous 
tapered morphology, but they f a i l e d to provide any explanation 
of what was causing the a l t e r e d morphology i n AD medium. No t o x i c 
substance was i d e n t i f i e d i n the medium, and contamination of 
stock chemicals, d i s t i l l e d water or glassware were ruled out. The 
normal l e v e l s of i r o n , manganese and other microelements (medium 
components considered most l i k e l y to have a t o x i c e f f e c t ) were 
evidently not responsible f o r the abnormalities. No explanation 
was found f o r the difference i n response between the surface and 
basal growths of the alga i n c u l t u r e f l a s k s ; one theory, that a 
difference i n gaseous atmosphere was responsible, was e f f e c t i v e l y 
eliminated, however (Section A 3 . 3 3 ( i ) ) . 

Pew c l e a r - c u t r e s u l t s emerged from the experiments. One was 
that the morphological abnormalities did not develop i n the presence 
of combined nitrogen at a l e v e l s u f f i c i e n t to suppress heterooyst 
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formation. This might perhaps imply that some in t e r f e r e n c e with 
the nitrogen f i x a t i o n process was involved i n producing the morpho­
l o g i c a l e f f e c t a . I t could be speculated that the morphogenetic 
processes involved i n the development of a highly tapered hetero-
cystous morphology might be more susceptible to derangement than 
those operative when combined nitrogen i s equally a v a i l a b l e to 
each c e l l , and a l e s s marked b a s a l - a p i c a l d i f f e r e n t i a t i o n occurs. 

I n addition i t was found that a v a r i e t y of apparently unrelated 
conditions reduced the frequency of abnormal trichomes i n AD 
medium without combined nitrogen. These were: a tenfold increase 
i n the concentration of Na2EDTA.2H2$, with orwithout a tenfold 
increase i n i r o n concentration (Section A 3 . 3 l ( i v ) ) j an increase 
of 21.7x i n NaCl concentration, to an e f f e c t i v e l y marine l e v e l of 
5000 mg 1 (Section A 3 . 3 l ( v i i i ) ) ; and a l i g h t i n t e n s i t y of l e s s 
than 800 l x f o r incubation (Section A 3 . 3 3 ( i i ) ) . The high l e v e l 
of NaCl completely eliminated the c h a r a c t e r i s t i c abnormalities, 
but under the other conditions, t h e i r occurrence was only reduced 
i n frequency. I t i s p o s s i b l e to speculate that each of these 
conditions could act by reducing the e f f e c t of a t o x i c ion: the 
NaCl by a competitive 'masking' e f f e c t , the NagEDTA.2^0 by 
c h e l a t i o n , and the low l i g h t i n t e n s i t y by reducing some photo-
a c t i v a t e d r e a c t i o n . However, as already pointed out, no source 
of any t o x i c material was discovered, and t h i s theory i s purely 
s p e c u l a t i v e . 

One feature i n common between the three d i f f e r e n t conditions 
was that each caused a reduction i n the growth r a t e of the alga, 
though there was no obvious c o r r e l a t i o n between the extent to 
which the growth r a t e was slowed, and the reduction of abnormalities. 
I t seemed possible that t h i s slowing of growth, rather than a 
d i r e c t e f f e c t of each f a c t o r , might be important. Perhaps some 
damaging metabolic r e a c t i o n would be slowed down under such cond­
i t i o n s , to a rate which the alga could t o l e r a t e . This again i s 
only speculation} experiments on the e f f e c t of slowing the growth 
ra t e by other means, perhaps by lowering the incubation 
temperature, could have been help f u l i n c l a r i f y i n g t h i s point. 

An examination of the l i m i t e d l i t e r a t u r e on culture work with 
R i v u l a r i a c e a e (Section 1.8) f a i l e d to reveal any reports of 
morphological forms l i k e those found i n Calo t h r i x v i g u i e r i D253. 
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Pearson and Kingsbury (1966) described the occurrence of enlarged, 
i r r e g u l a r l y shaped c e l l s i n cultures of £. membranacea; there 
was no apparent c o r r e l a t i o n with medium or cult u r e conditions. 
C e l l s l i k e those they describe were o c c a s i o n a l l y observed i n 
C. membranacea D179 (which i s the same s t r a i n as that used by 
Pearson and Kingsbury), but these d i f f e r e d from the type seen i n 
C,. v i g u i e r i , . and were not associated with trichome l y s i s . tfyatt, 
Martin and Jackson (1973) described adverse e f f e c t s on a Fremyella 
diplosiphon s t r a i n (= C a l o t h r i x sp. D255» Table 2.1), grown i n 
ASM-1 medium (Gorham, McLachlan, Hammer & Kim, 1964) f r e e of 
combined nitrogen: '. . . almost every filament . . . develops 
terminal h e t e r o c y s t s , pleomorphic c e l l s abound, and most filaments 
begin l o c a l i z e d degeneration 1. The filaments depicted by these 
authors show extensive vacuolation of the c e l l s , but do not resemble 
the abnormal trichomes of C, v i g u i e r i . C a l o t h r i x sp. D255 i n AD 
medium showed none of the symptoms described by Wyatt, Martin and 
Jackson, nor did i t develop abnormalities l i k e £. v i g u i e r i (Table A l ) . 

Formation of misshapen c e l l s has been described i n blue-
green algae other than R i v u l a r i a c e a e . Pearson and Kingsbury (1966) 
observed 'enlarged and g r e a t l y d i s t o r t e d c e l l s ' i n soil-water 
cultures of Anabaena o y l i n d r i c a ; Lange (1970) described the occurr­
ence of c e l l s f i v e times longer than normal, and thickened i n the 
centre, i n A. c i r c i n a l i s , grown i n Zehnder and Gorham's (I96O) 
medium with 100 rag l™ 1 f u l v i c a c i d , or with 0.112 or 1.112 mg l " 1 F e . 
Martin and Wyatt (1974a) found that misshapen c e l l s , often much 
l a r g e r than normal, were not uncommon i n c u l t u r e s of Stigonematales, 
and that such o e l l s became more abundant i n older c u l t u r e s and under 
dark growth conditions. Martin and Wyatt suggested that the abnormal 
c e l l s might be the r e s u l t of a f a i l u r e of normal c e l l division} 
mechanisms under adverse growth conditions. Apart from i l l u s t r a t i n g 
the extreme v a r i a b i l i t y i n c e l l morphology that can occur i n 
blue-green algae, without any obvious r e l a t i o n to p a r t i c u l a r 
culture conditions, these observations do not r e a l l y shed any l i g h t 
on the phenomena observed i n the s t r a i n s of R i v u l a r i a c e a e studied. 

Larson and Pate (1975) have described work with the prosthecate 
bacterium A s t i o c a c a u l i s biprosthecum which i t may be relevant to 
consider here ( o f . Section 1.52). They found that growth of 
A. biprosthecum was i n h i b i t e d by conditions which favoured rapid 
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metabblisra (e.g. high l e v e l s of carbon so u r c e s ) . A marked decrease 
i n growth r a t e occurred at nutrient l e v e l s above those required 
to achieve maximum growth r a t e , and t h i s was associated with 
morphological d i s t o r t i o n of the c e l l s . I r r e g u l a r 'branched' 
c e l l s were produced, and few prosthecate or swarmer c e l l s developed. 
Larson and Pate suggested that the i n a b i l i t y of t h i s bacterium 
to t o l e r a t e rapid metabolic r a t e s was due to a derangement of 
the obligate sequence of morphogenetic events involved i n i t s 
normal l i f e c y c l e . I n i t s n a t u r a l , low n u t r i e n t environment, 
the bacterium would not encounter conditions leading to rapid 
metabolism. The s i m i l a r i t y between c e r t a i n R i v u l a r i a c e a e and 
prosthecate b a c t e r i a , i n t h e i r l i f e c y c l e s and i n t h e i r response 
to phosphate concentration, was mentioned i n Sections 1.'52 and 11.46. 

While there are c l e a r l y many di f f e r e n c e s between the two 
systems, i t i s nevertheless tempting to speculate that the develop­
ment of abnormalities i n some s t r a i n s of Cal o t h r i x may have been 
an e f f e c t analogous to that described by Larson and Pate (1975). 

Most of the s t r a i n s which developed an abnormal morphology i n AD 
medium were ones which produced h a i r s under phosphate and i r o n 
d e f i c i e n c i e s (though not a l l such s t r a i n s developed abnormalities). 
On the hypothesis that h a i r s may have a fun c t i o n a l s i g n i f i c a n c e 
(Section 11*46), i t would seem reasonable to suppose, since h a i r 
formation seems to be more frequent under conditions of nu t r i e n t 
de f i c i e n c y , that p o t e n t i a l l y hair-forming s t r a i n s are adapted to 
growth i n r e l a t i v e l y nutrient-poor conditions, and are perhaps 
therefore correspondingly l e s s well adapted to growth i n a r i c h 
culture medium. F i v e of the s t r a i n s which produced h a i r s i n low 
phosphate medium, but not i n AD, showed no, or only s l i g h t abnorm­
a l i t i e s i n AD medium (Section A2.3) . The o r i g i n a l h a bitats of 
these s t r a i n s were ones which might suggest a tolerance of r e l a t i v e l y 
high l e v e l s of dissolved s a l t s , and perhaps, therefore, a 
corresponding tolerance of the r i c h AD medium. Nevertheless, none 
of the three s t r a i n s with long h a i r s i n AD medium showed abnorm­
a l i t i e s , though evidence discussed i n Section 11.7 suggested 
that these s t r a i n s were r e l a t i v e l y i n t o l e r a n t of phosphate-rich 
media. 

Despite these speculations, there nevertheless remained the 
problem of why the c u l t u r e s suddenly began to show abnormalities, 
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a f t e r s e v e r a l months of normal growth under apparently i d e n t i c a l 
conditions. None of the experiments provided any clues as to the 
reason f o r t h i s . 

A5 S e l e c t i o n of s t r a i n s f o r f u r t h e r work 
The attempt to i d e n t i f y the cause of the a l t e r e d morphology 

of c e r t a i n of the C a l o t h r i x s t r a i n s was abandoned a f t e r the 
experiments described had been performed, even though no explan­
at i o n had been found f o r the phenomenon. While t h i s was c l e a r l y 
u n s a t i s f a c t o r y , i t was f e l t that a l l the more obvious p o s s i b i l i t i e s 
had been explored, and that to follow the i n v e s t i g a t i o n f u r t h e r 
was too great a deviation ifrom the studies on h a i r formation that 
were the main object of the work. 

I t now became necessary to s e l e c t s t r a i n s s u i t a b l e f o r 
f u r t h e r experimental work. I t was unfortunate that the most 
badly a f f e c t e d s t r a i n s were ones which showed increased h a i r 
development under phosphate and i r o n d e f i c i e n c i e s . Many of the 
experiments performed before the abnormalities had appeared had 
used C a l o t h r i x v i g u i e r i 13253» i n AD mediuraj c l e a r l y t h i s was no 
longer f e a s i b l e . The two a l t e r n a t i v e s seemed to be e i t h e r to 
continue to use S t r a i n D253» but with the marine S q as basal medium, 
or to continue to use AD, with a s t r a i n or s t r a i n s capable of 
normal growth i n t h i s medium. The l a t t e r a l t e r n a t i v e was s e l e c t e d , 
since AD had been the basal medium f o r many experiments, not only 
with S t r a i n D253» and including those of other workers i n the 
laboratory (Kirkby, 1975)J valuable comparative, data would there­
fore be l o s t by changing the medium. Furthermore, i t seemed 
l i k e l y that not a l l the s t r a i n s held would t o l e r a t e the marine S Q 

medium; i n f a c t a preliminary survey showed that many of the 
s t r a i n s grew very poorly i n S q . This would c l e a r l y l i m i t i t s 
usefulness. Further experiments were therefore performed using 
AD medium, with the s t r a i n s which.grew with a normal morphology 
i n t h i s medium (Table A l ) . 
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SUMMARY 

A study was made of f a c t o r s i n f l u e n c i n g h a i r development 
i n the R i v u l a r i a c e a e . E f f e c t s on tapering were also examined, 
since i t seemed that the two characters might be r e l a t e d . 
Experiments were performed using a large number of cul t u r e s (34 

heterocystous and 2 non-heterocystous), which had a broad range 
of morphological c h a r a c t e r i s t i c s . 

The 34 heterocystous s t r a i n s were grown i n the presence and 
absence of combined nitrogen (140 mg 1~* NOyN) and t h e i r morpho­
l o g i c a l responses described. One s t r a i n was unchanged i n 
morphology. The remaining 33 s t r a i n s l o s t t h e i r heterocysts: 
19 became p a r a l l e l , but 14 produced many trichomes which tapered 
towards one or both ends, resembling Homoeothrix or Ammatoidea. 
The development of h a i r s was not diminished i n the 2 s t r a i n s which 
had only few short h a i r s i n medium without NO^-N, but h a i r s were 
considerably reduced i n length and number i n the 3 s t r a i n s which 
had many long h a i r s i n the medium -NO^. I n these 3 s t r a i n s , the 
h a i r s i n +N0^ medium were present on trichomes which were other­
wise p a r a l l e l . These r e s u l t s i ndicated that h a i r development and 
trichome tapering are not n e c e s s a r i l y d i r e c t l y r e l a t e d phenomena. 
They also suggested that while a v a i l a b i l i t y of combined nitrogen 
i s undoubtedly an important f a c t o r i n f l u e n c i n g tapering, never­
t h e l e s s tapering and/or h a i r development of heterooystous trichoraes 
i s u n l i k e l y to be due s o l e l y to nitrogen d e f i c i e n c y i n the a p i c a l 
region i n every case. I n many oases the c e l l s of the p a r a l l e l 
and tapered trichomes i n +N0^ medium c l o s e l y resembled c e l l s 
adjacent to the basal heterocyst of trichomes i n -NO^ medium i n 
shape and dimensions. This suggested the p o s s i b i l i t y that one 
influence of heterocysts on tapering might be to promote enlarge­
ment of the c e l l s i n the basal region. 

One heterocystous s t r a i n known to be capable of h a i r formation, 
though not possessing h a i r s i n the n u t r i e n t - r i c h control medium, 
was starved of nitrogen by incubation under ArtO jCOg (79 .97:20: 

0.03 by volumes). The alga became yellow and vacuolated, and many 
secondary heterocysts developed i n a l l parts of the trichomes, 
but tapering was unaffected, and no h a i r s developed. These 
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r e s u l t s showed that c e l l s i n the a p i c a l region of tapered hetero-
cystous trichomes had the p o t e n t i a l to develop into heterocysts 
i f severely nitrogen starved. T h i s suggested that these c e l l s 
were not normally i n t h i s condition. 

The influence of n i t r a t e d e f i c i e n c y on tapering and h a i r 
development was also examined i n two s t r a i n s of the non-hetero-
cystous genus Homoeothrix. Neither s t r a i n grew i n media without 
combined nitrogen, and when H. Crustacea colonies from the f i e l d 
were assayed f o r nitrogenase a c t i v i t y , using the acetylene^ reduction 
technique, the r e s u l t s were negative. Even under apparent nitrogen 
s t a r v a t i o n , n e i t h e r s t r a i n showed any sign of heterocyst develop­
ment, which strongly suggested that n e i t h e r was merely a growth 
form of C a l o t h r i x . a p o s s i b i l i t y suggested by the responses of 
the heterocystous s t r a i n s to combined nitrogen. One s t r a i n of 
Homoeothrix became more tapered, and developed a few short h a i r s , 
when n i t r a t e - l i m i t e d , but t h i s was found to be a r e l a t i v e l y non­
s p e c i f i c response to growth l i m i t a t i o n . 

The influence of d e f i c i e n c i e s of phosphate, i r o n , magnesium, 
calcium, molybdenum and sulphate on h a i r development was a l s o 
examined* 34 heterocystous and 2 Homoeothrix s t r a i n s were grown 
to phosphate d e f i c i e n c y : 12 heterocystous s t r a i n s , and H, Crustacea 
showed marked inc r e a s e s i n h a i r development. 5 of "the 12 hetero­
cystous s t r a i n s , and H. Crustacea, had at l e a s t some h a i r s i n the 
high phosphate control medium, but the other 8 s t r a i n s did not. 
The 13 strains that showed increased h a i r development i n low phosphate 
medium were also grown to iron and magnesium d e f i c i e n c i e s . 8 of 
these developed h a i r s under i r o n d e f i c i e n c y , and one of the 8 a l s o 
did so under magnesium d e f i c i e n c y . A l l 8 s t r a i n s were ones 
without h a i r s i n the f u l l control medium. The increases i n h a i r 
development i n these 12 heterocystous s t r a i n s i n response to 
d e f i c i e n c i e s of phosphate, iron and magnesium also occurred i n 
the presence of 140 rag l - 1 NO^-N,a l e v e l s u f f i c i e n t to suppress 
heterocyst development. This again suggested that h a i r develop­
ment was u n l i k e l y to be due only to nitrogen d e f i c i e n c y i n the 
a p i c a l c e l l s . 

8 of the s t r a i n s which showed increased h a i r development 
under phosphate d e f i c i e n c y (7 heterocystous + 1 Homoeothrix). 
and 5 s t r a i n s (4 heterocystous + 1 Homoeothrix) which did not 
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do so were tested f o r the e f f e c t s of calcium, molybdenum and 
sulphate d e f i c i e n c i e s . These d e f i c i e n c i e s had no marked e f f e c t 
upon h a i r formation i n any of the s t r a i n s . Homoeothrix Crustacea 
i n f a c t developed a few short h a i r s under each of the d e f i c i e n c i e s 
(other than that of phosphate) that were examined; t h i s response 
was much l e e s pronounced than that of phosphate d e f i c i e n t 
c u l t u r e s , and appeared to be a non-specific response to growth 
l i m i t a t i o n . 

I n addition to h a i r formation, a number of other morphological 
and c y t o l o g i c a l responses to nutrient d e f i c i e n c i e s were observed. 
Heterocyst frequency increased markedly i n a l l 11 heterocystous 
s t r a i n s grown under molybdenum de f i c i e n c y , i n 13 of the 16 hetero^ 
cystous s t r a i n s grown under iron d e f i c i e n c y , and i n 9 of the 11 
heterocystous s t r a i n s grown under calcium d e f i c i e n c y ; under each 
def i c i e n c y , heterocysts developed i n a l l regions of the trichomes. 
Although each of these d e f i c i e n c i e s presumably impaired nitrogen 
f i x a t i o n , i r o n d e f i c i e n c y was the only one of the three which 
also a f f e c t e d h a i r development. This seemed to be f u r t h e r evidence 
that h a i r formation i n heterocystous trichomes was not simply 
due to nitrogen d e f i c i e n c y i n the a p i c a l c e l l s . The sheath bases 
of 12 s t r a i n s became dark brown under phosphate de f i c i e n c y . 4 of 
these s t r a i n s also gave t h i s response under i r o n d e f i c i e n c y , and 
3 did so under magnesium deficiency; 9 of the affected s t r a i n s 
were ones which showed increased h a i r development under phosphate 
deficiency. Polyphosphate granulation became undetectable i n 
a l l 36 s t r a i n s tested under phosphate d e f i c i e n c y , increased 
markedly i n 12 of the 13 "strains tested under sulphate d e f i c i e n c y , 
and was unaffected by molybdenum d e f i c i e n c y i n any of the 13 s t r a i n s 
tested. Calcium d e f i c i e n c y affected polyphosphate granulation i n 
only one of the 13 s t r a i n s tested; t h i s s t r a i n showed a decrease. 
The e f f e c t s of magnesium and i r o n d e f i c i e n c i e s on polyphosphate 
granulation were more v a r i a b l e . None of the s t r a i n s which developed 
h a i r s under the l a t t e r two d e f i c i e n c i e s showed more than a s l i g h t 
decrease i n polyphosphate granulation, which reduced the l i k e l i ­
hood that h a i r development under these conditions was due to a 
secondarily induced def i c i e n c y of phosphate. A l l 34 heterocystous 
s t r a i n s showed a marked increase i n the l e v e l of cyanophycin 
granulation under phosphate deficiency. Several s t r a i n s showed 
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changes i n the shape of vegetative c e l l s , and i n trichome 
dimensions and tapering, that were d i s t i n c t from, though some­
times s i m i l a r to, those that occurred during h a i r development. 
The morphologioal v a r i a t i o n s of the Hivulariaceae i n response to 
nutrient d e f i c i e n c i e s were greater than those shown by Anabaena 
o y l i n d r i c a under the same conditions. This perhaps r e f l e c t e d 
the more complex growth pattern of the R i v u l a r i a c e a e . 

I n a l l s t r a i n s showing h a i r development i n response to nutrient 
d e f i c i e n c y , t h i s response was one of the f i r s t morphological 
changes to occur, and preceded any obvious degenerative symptoms. 
When h a i r development i n response to phosphate defi c i e n c y was 
studied i n more d e t a i l i n one s t r a i n , h a i r s were found to develop 
when polyphosphate granules were s t i l l present i n many of the 
vegetative c e l l s , implying that the trichomes were not f u l l y phos­
phate starved. I n each of the 7 heterocystous s t r a i n s t e s t e d , 
and in Homoeothrix Crustacea, many of the h a i r c e l l s which developed 
under phosphate d e f i c i e n c y were found to be able to synthesize 
polyphosphate granules when phosphate was added to the c u l t u r e s , 
i n d i c a t i n g that the h a i r c e l l s were capable of at l e a s t some 
metabolic a c t i v i t y . This f a c t , together with the observations 
that h a i r s only developed i n response to c e r t a i n d e f i c i e n c i e s , 
and that they appeared before any degenerative changes i n the c u l t u r e s 
suggested that h a i r development was not simply a pathological 
phenomenon,, but a s p e c i f i c morphogenetic process. The f a c t that 
h a i r development increased under low nutr i e n t conditions, and 
led to a considerable increase i n trichome surface area, i s 
compatible with a r o l e f o r h a i r s i n the uptake of nu t r i e n t s present 
at low concentration. 

4 of the 5 heterocystous s t r a i n s which produced h a i r s even 
i n the phosphate-rich control medium were cultured at s t i l l 
higher phosphate l e v e l s , i n an attempt to suppress h a i r develop­
ment, but h a i r s were apparently l o s t only as a symptom of trichome 
degeneration at the highest phosphate concentrations. Several 
pieces of evidence suggested that s t r a i n s which retained h a i r s 
even at high phosphate l e v e l s were more s e n s i t i v e to high concen­
t r a t i o n s of phosphate than s t r a i n s i n which h a i r development was 
suppressed by phosphate l e v e l s of the order of 45 m S 1 ^ •^/p^* 
I t was speculated that the former type of. s t r a i n s may be adapted 
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to growth i n low n u t r i e n t environments. 
Some experiments were also done with f i e l d m aterials. 

Trichoraes of R i v u l a r i a and Calothrix from two f i e l d s i t e s were 
found to show greater h a i r development i n low phosphate media 
than at higher phosphate concentrations, and i n the one f i e l d 
R i v u l a r i a studied, polyphosphate granules developed i n the h a i r 
c e l l s during incubation i n high phosphate medium, i n much the 
same way as phosphate-starved laboratory c u l t u r e s . The s i m i l a r i t y 
between the responses of the f i e l d materials and the laboratory 
s t r a i n s suggested that the r e s u l t s obtained with the l a t t e r were 
u n l i k e l y to be simply a r t e f a c t s of culture* 

During the research some of the s t r a i n s suddenly began to 
show morphological abnormalities when grown i n the standard control 
medium. The most s e r i o u s l y affected s t r a i n s were ones which prod­
uced h a i r s i n low phosphate and low i r o n media, but did not do so 
i n the n u t r i e n t - r i c h control medium. An experimental .investigation 
f a i l e d to r e v e a l the cause of t h i s phenomenon, though i t was 
speculated that a preference of the affected s t r a i n s f o r a low 
n u t r i e n t environment might have been one f a c t o r i n f l u e n c i n g t h e i r 
s e n s i t i v i t y . 
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