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Summary. Anacysti8 nidulans and Anabaena variabilis contain sufficient sulphur 
reserves to enable them to perform only one round of grow4h cycle in the non-sulphur 
growth medium. Sulphate, sulphite, L-methionine and n-methionine, each can act 
as a suitable sulphur source, but they differ in respect of their growth promoting 
action; sulphate uptake seems to be a light driven phenomenon and the sulphate 
metabolizing enzymes are inducible in nature. Methionine appears to act as a repres- 
sot of sulphate-metabolizing enzymes. 

Introduction 

Although all organisms, including algae, need sulphur for their normal 
growth and multiplication, our knowledge of the biological role and utility 
of this element is based almost entirely on researches carried out in bac- 
teria and fungi (see Thompson, 1967). Selenium is an antimetabolite of 
sulphur (Shrift, 1958). Thus a s tudy of the biological effects of selenium 
in any organism requires a prior knowledge of the sulphur nutri t ion of 
tha t  organism. I n  algae, some aspects of sulphur nutrit ion and its enzy- 
mology are known for Chlorella. This alga cannot mature  and divide 
without an exogenous sulphur source (Hase, 1962). I t  assimilates sulphur 
by  a mechanism similar to tha t  operating in other microorganisms (Schflf 
and Levinthal,  1968), and its various species can be segregated into a few 
groups on the basis of this preference for a particular sulphur source 
(O'Kelley, 1968). 

There does not seem to be any previous published work on sulphur 
nutri t ion of blue-green algae and the present paper  reports the results of 
studies on sulphur nutri t ion of two blue-green algae, Anacystis nidulans 
and Anabaena variabilis. 
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Materials and Methods 

The axenic and clonal stock cultures of Anacystis nidulans and Anabaena varia- 
bills were routinely maintained in the Dm medium supplemented with t t  5 micro- 
nutrients (Van Baalen, 1965). 

Experimental Approach. The experiments planned were basically of two kinds, 
the sulphur nutrition experiments in terms of its uptake and growth effect and the 
other experiments intended to study the nature of enzymes of inorganic sulphur- 
metabolism. The nutritional experiments require the use of culture medium con- 
raining all the nutritional ingredients except sulphur and the preparation of inocula 
nearly free of intracellular sulphur reserve. The in vivo enzyme experiments can be 
carried out using either inhibitors of protein synthesis, or known repressors of the 
inorganic sulphur metabolizing enzymes, or both simultaneously. 

Preparation o/ Sulphur-Free Medium and Inocula. The basal medium Dm that  
included three sulphur salts, namely MgSOa �9 7 H20, ZnSOa �9 7 HpO and CuSOa �9 5 H~O, 
was made sulphur-free by replacing them with equal amounts of magnesium chloride, 
copper nitrate and zinc acetate. The sulphate-containing and sulphate-free growth 
media were respectively designated as + S and --  S media. The sulphur grown 
cells, on transfer to --  S medium, exhibit a growth cycle consisting of a slow growth 
phase (one week), and a stationary growth phase (one week), followed by mass 
killing of cells. One-week old --  S grown cells fail to grow in a fresh --  S medium, 
and can resume growth only ff they are transferred to a fresh -~ S medium. The 
ability of such cells to resume further growth only in ~- S medium is obviously due 
to the depletion of intracellular sulphur reserve during their growth in the - - S  
medium. Thus one-week old - -  S grown cells were considered as nearly free of intra- 
cellular sulphur and used as the source of inoculum in all experiments on nutritional 
studies. 

Sulphur ~Vutrition Experiments. The effect of photosynthetic light on sulphate 
uptake was studied by inoculating fresh -[- S and --  S media with sulphur-free cells 
and incubating them in complete darkness for a week. Thereafter equal inocula 
(aliquots) from the + S and - - S  cultures were withdrawn and transferred to the 
fresh 44- S and - -  S media and grown in the light. 

The effects of sodium sulphate, sodium sulphite, L-methionine (all British Drug 
Houses Ltd.) and n-methionine (Fluka AG Buchs SG Switzerland) were studied by 
following the growth in light of the sulphur-free cells in the - - S  medium supple- 
mented with graded concentrations of the respective sulphur metabolite. 

In vivo Experiments o/ Sulphate-Metabolizing System. Chloramphenicol and 
L-methionine, the amino acid known to repress the formation of sulphate-metaboliz- 
ing enzymes in bacteria and fungi (see Thompson, 1967), were respectively used as 
inhibitor and repressor of the sulphate-enzyme system. In  these experiments, 
methionine grown cells were inoculated separately into + S medium and into -{-S 
medium supplemented with a non-lethal dose of chloramphenicol (3 ppm). 

Growth of cultures was estimated by measurement of optical density in a 
Spectronic-20 Spectroeolorimeter and care was taken to regularly check the optical 
density/cell number relationship. The light intensity and temperature at the level 
of the cultures were respectively 3.0--4.2 • 10 ~ ergs/cmP/sec and 32--34~ Aseptic 
precautions were taken throughout. 

Resu l t s  

T h e  - - S  m e d i u m  s u p p o r t s  t h e  g r o w t h  o f  s u l p h u r - g r o w n  cells  o f  
Anacystis nidulans or  Anabaena variabilis fo r  a b o u t  a w e e k  only .  T h e  

14" 
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apparent  changes tha t  take place during the s tat ionary phase include 
progressive yellowing of cultures, and the cells undergoing increased 
vacuolation leading ul t imately to complete disintegration of their con- 
tents. The - -  S cultures invariably show these events irrespective of their 
incubation conditions. However,  a significant difference observed is tha t  
the - - S  cultures remain viable for a longer period in ~he dark (18--20 
days) than  in the light (14--16 days). Light  seems to hasten the process 
of degeneration by  promoting a comparat ively faster consumption of the 
cellular sulphur reserve. 

As is evident from Chart 1, neither d- S nor - -  S medium supports the 
growth of cells tha t  have been incubated for one week in - -  S medium in 
the dark. Cells from dark-incubated d- S or - -  S cultures when inoculated 
into fresh + S medium do resume growth in light bu~ only after a lag- 
phase characteristic of the inoculum source. Significantly, none of the 
inoculum types shows any growth in - - S  medium under similar condi- 
tions. Obviously the cells fail to absorb and accumulate sulphate from 
the -t- S medium in the dark to a level tha t  can renew their growth. Thus 
it  seems reasonable to conclude tha t  sulphate utilization in blue-green 
algae is a light-driven process. 

Fig. 1. One week old --S grown cells 

Inoculated and incubated in dark for a week in 

S medium (no growth) 
Inoculation and incubation in light in 

--S medium (no growth) 
Inoculation and incubation in light in 

-t- S medium -- S medium -4- S medium -- S medium 
(growth after (no growth) (growth after (no growth) 
a lag of 4--6 days) a lag of 6--8 days) 

The growth rate  of Anacystis nidulans increases linearly with the con- 
centrat ion of sulphate or sulphite sulphur upto a certain level above 
which it remains more or less s tat ionary or decreases slightly (Fig. 2). The 
same is true of Anabaena variabilis. Both algae grow bet ter  with sulphate 
than  with sulphite. The organic sulphur metabolites, L-methionine and 
D-methionine also promote their growth in the same way as sulphate or 
sulphite. Nevertheless, organic sulphur compounds do not increase the 
growth rate  to the same extent  as inorganic sulphur (Fig. 3). Besides, of 
the two methionine isomers, the L-isomer seems bet ter  as a nutrient  than  
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the D-isomer. To conclude, sulphate, sulphite, L-methionine or ])-methio- 
nine, can act as suitable sulphur sources for Anacyst is  nidulans and 
Anabaena variabilis, but  in terms of their growth promoting action, sul- 
phate  is best, followed by  sulphite, ~-methionine and D-methionine. 
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Fig. 3 
Fig. 2. Effect of increasing concentrations of sulphate ( . - - . )  and sulphite (o o) 

on growth rate of Anacystis nidulans (-- ) and Anabaena variabilis (- - -) 

Fig. 3. Effect of increasing concentrations of r,-methionine (. .) and ])-methionine 
(o-- o) on growth rate ofAnacysti8 nidulans ( ) and Anabaena 

variabilis (- - - )  

The growth of Anacyst is  nidulans or Anabaena variabili8 in the pres- 
ence of sulphate plus L- or D-methionine is comparat ively lower than  
tha t  in sulphate alone, but  is near ly similar to tha t  in either of the organic 
isomers alone (Fig.4). Overall, the degree of sulphate-induced growth 
inhibition by  L- or D-methiouine seems to be independent of the range of 
concentrations employed. This merely indicates tha t  the max imum 
inhibitory dose of either T,. or D-methionine might be equivalent to or 
less than  the minimum concentration used. 

The methionine grown cells when added to a fresh methionine medium 
grow without  a lag. Their growth in sulphate medium, or in sulphate plus 
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ehloramphenicol, is, however, at tended by a lag-phase (Fig. 5). The dura- 
tion of the lag in sulphate plus ehloramphenicol medium is nearly double 
of tha t  in sulphate medium alone. 
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Fig. 5 

o) dose effect growth-rate Fig.4. L-methionine ( . - - . )  and D-methionine (o 
curves of Anacystis nldulans ( ) and Anabaena variabilis ( - - - )  

Fig. 5A--C. Lag of i00 ppm L-methionine-grown ceils in culture medium containing 
(A) 100 ppm methionino (B) 2000 ppm sulphate and (C) 2000 ppm sulphate plus 

3 ppm chloramphenicol 

Diseussion 

A majority of blue-green algae that  have been investigated are obligate 
phototrophs deriving almost all their cellular substances from inorganic 
nutrients and photosynthetic light. The utilization of even exogenous 
organic metabolites seems to be strictly dependent on the presence of 
light and carbon dioxide (Carr, 1970; Hoare et al., 1970). Both Anacystis 
nidulans and Anabaena variabilis are able to perform only one round of 
growth cycle in the absence of exogenous sulphur source. The finding 
that  sulphate utilization by  sulphur-starved cells is a light-controlled 
process is quite in conformity with the established features of autotrophie 
nutrit ion in most blue-green algae. The increase in growth with increasing 
concentrations of sulphur compounds is what one would expect for a 
normal metabolite. An interesting question raised by this study is as to 
why does L- or D-methionine not support growth to the same extent  as 
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sulphate or sulphite ? Is  i t  tha t  methionine is not able to meet  all types 
and levels of cellular sulphur requirement whereas sulphate or sulphite 
is able to meet  adequately ? Or, is i t  tha t  organic sulphur imposes restric- 
tion on growth by  some as yet  unknown mechanisms ? A notable feature 
of the carbon nutri t ion of blue-green algae under photosynthetic con- 
ditions is tha t  even in the presence of organic carbon like acetate, pyru- 
r a t e  or glucose, they  derive the major  portion of their cellular carbon 
from carbon dioxide. I t  seems difficult to extrapolate such an interpreta- 
tion to the present case on two main grounds : 1. in the absence of carbon 
dioxide assimilation, the organic carbon sources fail to support  the 
growth of blue-green algae, whereas Anacystis nidulans and Anabaena 
variabilis can grow with  methionine as the sole source of sulphur, and 
2. under conditions of photosynthetic carbon dioxide assimilation, the 
growth of blue-green algae increases with added organic carbon, whereas 
methionine inhibits the sulphate-induced growth of Anacystis nidulans 
and Anabaena variabilis, the inhibition being independent of the range 
of methionine concentrations employed. 

The lag in growth of methionine-grown cells in -k S medium points to 
the inducible nature of the sulphate-metabolizing enzyme system. In  
fact, blue-green algal enzymes such as nitrate reduetase and nitrogenase, 
which a t tack  exogenous substrates, arc inducible in nature (see Stewart  
el al., 1969). The longer lag of methionine grown cells in the chlorampheni- 
col containing -k S medium than  in -k S medium also suggests the adaptive 
nature of the sulphate-metabolizing enzymes. This view is further sup- 
ported by  the observation tha t  methionine-supplemented -k S medium 
gives a growth rate characteristic of cells growing with methionine as the 
only sulphur source. 
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