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MICROBIAL METABOLISM OF INORGANIC SULFUR COMPOUNDS 

HANS G. TRUPER 
Institut fur Mikrobioloqie der Rheinischen Fried- 
rich Wilhelms-Universitat, Meckenheimer Allee 168 
D-5300 Bonn, Fed. Rep. of Germany 

Abstract Inorganic sulfur compounds are used by 
microorganisms (bacteria, fungi, algae) and plants 
for assimilation, i-e. biosynthesis of sulfur-con- 
taining cell constituents. 
Quantitatively, within the bioqeochemical cycle of 
sulfur the utilization of inorganic sulfur compounds 
in bacterial enerqy metabolism, i.e. dissimilatory 
sulfur utilization, is of far hiaher importance. Re- 
duced sulfur compounds serve as electron donors for 
photosynthesis and respiration, whereas inorganic 
sulfur comFounds of oxidation levels above sulfide 
serve as electron donors in anaerobic respiration 
as well as in fermentation. In still other bacteria 
reduced sulfur compounds act as protective aaents 
against hydrogen peroxide. 

A. INTRODUCTION 

Most inorganic sulfur compounds occurring in nature are 
available for microbial metabolism. An important prere- 
quisite for their utilization is that they should be 
present dissolved in water, such as the anions sulfide, 
polysulfides, thiosulfate, polythionates, sulfite and 
sulfate or at least suspended or submeraed in water such 
as elemental sulfur or heavy metal sulfides (e.g. pyrite). 

Sulfur at all oxidation levels is utilized by microbes - 
especially by bacteria - €or  quite different purposes. 
Like all other living beinps microorsanisms contain sul- 
fur in their amino acids, coenzymes and other structural 
elements. For biosynthesis of these components inorqanic 
sulfur compounds are taken up and assimilated. 
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While assimilation thus serves the biosynthesis of sulfur 
containins cell constituents, dissimilatory pathways are 
part of the enerqy metabolism in several qroups of bac- 
teria. Inorqanic sulfur compounds at oxidation levels be- 
low that of sulfate may serve as oxidizable electron 
donors in photosynthesis and oxygen-dependent as well as 
nitrate-dependent respiration. On the other hand, inor- 
ganic sulfur compounds at oxidation levels above that of 
sulfide may serve as reducible electron acceptors in an- 
aerobic respiration and fermentative metabolism. 
A third aspect in microbial sulfur metabolism is that 
of protection against hydrogen peroxide. 
In the followinq, these three aspects, assimilation, dis- 
similation and protective mechanisms shall be discussed 
in detail. 

B. INORGANIC SULFUR COMPOUNDS FOR ASSIMILATION 

Uptake of any compound into a living oraanism and its 
anabolic use is called "assimilation". The assimilated 
sulfur bound in thebiosphere of the Earth (includinq 
dead organic matter) following a recent estimate ( 1 )  

amounts to 5.6 x lo9 metric tons. 
At the oxidation level of sulfate ( +  6),sulfur is a 
component of structural molecules such as sulfatides, sul 
fated polysaccharides (in algal cell walls) or sulfoli- 
pids. 
Reduced sulfur ( -  2 )  is required by livina organisms for 
the synthesis of the sulfur-containing amino acids cy- 
steine, methionine and of coenzymes and cofactors like 
biotin, thiamin, coenzyme A, lipoic acid, glutathion, CO- 
enzyme M, thioredoxin, ferredoxin and other iron-sulfur 
proteins, as well as B-lactam antibiotics and other sub- 
stdnces. 
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The most common way t o  b ind  reduced  s u l f u r  t o  t h e  car- 
bon s c e l e t o n  i s  t h e  b i o s y n t h e s i s  of  c y s t e i n e  (or  homo- 

c y s t e i n e )  c a t a l y z e d  by 0 - a c e t y l s e r i n e  s u l f h y d r y l a s e  

(Eq. 1 )  o r  0-ace ty lhomoser ine  s u l f h y d r y l a s e  (Eq. 2 ) .  

0 
U 

H2C-SH 
I 
I 

H2C-0-C-CH 3 

+ H 2 S  HC-NH2 + H3C-COOH 
I 
I 

(Eq. 1 ) HC-NH2 

COOH COOH 

H2C-SH 
I 

+ H3C-COOH + H2S - H2C (Eq.2)  H2C 
1 

I 
H-C-NH2 

I 2 H-C-NH 

COOH COOH 

Homocysteine i s  a d i r e c t  p r e c u r s o r  of  meth ionine .  

0 - a c e t y l s e r i n e  s u l f h y d r y l a s e  has  been found i n  m o s t  bac-  

t e r i a  s t u d i e d  so f a r  ( 2 , 3 , 4 ) .  I n  y e a s t ,  h iuh  a c t i v i t i e s  

of 0-acetylhomoserine s u l f h y d r y l a s e  have been observed  

p o i n t i n g  towards p h y s i o l o u i c a l  impor tance  of d i r e c t  b i o -  

s y n t h e s i s  of homocysteine from s u l f i d e  (5). 
I n  anoxic  n a t u r a l  environments  u s u a l l y  s u l f i d e  i s  abun- 
d a n t  and s e v e r a l  l a r g e  groups  of s t r i c t l y  anae rob ic  bac- 

ter ia  depend on s u l f i d e  as t h e i r  s u l f u r  sou rce  f o r  amino 

a c i d  s y n t h e s i s ,  e . g . ,  t h e  methanoaenic b a c t e r i a ,  t h e  pho- 

t o t r o p h i c  green  b a c t e r i a  and s e v e r a l  of  t h e  p h o t o t r o p h i c  
p u r p l e  b a c t e r i a  ( 6 ) .  Other  anaerobes  such as  t h e  p rop io -  

n i b a c t e r i a  ( 7 )  , s e v e r a l  c l o s t r i d i a ,  and most p h o t o t r o p h i c  
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purple bacteria (Chromatiaceae, Ectothiorhodospiraceae 
and Bhodospirillaceae) utilize sulfide for this purpose 
in their natural environment ( 6 ) .  

Also elemental sulfur can be utilized as an assimilatory 
sulfur source by many anaerobic bacteria. Before uptake 
into the cells it is usually reduced to sulfide by mecha- 
nisms not yet studied in detail ( 7 , 8 , 9 ) .  

Chambers and Trudinuer ( 3 )  found a reaction in Pseudamo- 
nas aeruginosa and several other bacterial species by 
which S-sulfocysteine was formed from thiosulfate and 
0-acetylserine. The enzyme, S-sulfocysteine synthase, 
was partly purified. A survey in a number of phototrophic 
bacteria showed that this activity occurred in all purple 
sulfur bacteria (Chromatiaceae and Ectothiorhodospira- 
ceae) studied, as well as in (only) three species of the 
"non-sulfur" purple bacteria (Rhodospirillaceae) (4 , lo) 
belonging now to the genus Rhodocyclus ( 1 1 ) .  Comparative 
studies of 0-acetylserine sulfhydrylase and S-sulfocy- 
steine synthase activities in Rhodocyclus tenuis (for- 
merly Rhodospirillum) and Chromatium vinosum showed that 
both bacteria possessed two proteins with 0-acetylserine 
sulfhydrylase activity, of which one possessed additional 
S-sulfocysteine synthase activity ( 1 0 , 1 2 ) .  

Certainly the possession of the latter activity allows 
assimilation of thiosulfate. Cysteine may be formed from 
S-sulfocysteine by reductive splitting as reported from 
fungi ( 1 3 , 1 4 1  or, perhaps, by hydrolysis. 
Cysteine and homocysteine biosynthesis from the 0-acetyl 
carbon precursor requires biosynthesis of that precur- 
sor. This is accomplished by the enzyme serine (or homo- 
serine) transacetylase ( 2 )  (Eq. 3 )  : 
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H2C-OH 
I 

H2C-O-CO-CH3 
I 

(Eq. 3) H-C-NH2 + H3C-CO-CoA H-C-NH2 + CoA 
- I  

COOH 
1 
COOH 

Also this enzyme is regularly found in a wide variety 
of microbes and pfants (cf .15) . 
Aerobic environments and certain anaerobic (preferably 
freshwater) environments do notcontain sufficient 
amounts of inorganic sulfur compounds other than sulfa- 

te. Consequently plants, fungi and most bacteria possess 
the ability of assimilatory sulfate reduction. Sulfate 
is the thermodynamically most stable form of sulfur under 
most terrestrial conditions. Direct reduction to sulfite 
at pH 7 is not possible due to the oxidation reduction 
potential of the sulfate/sulfite couple (-516 mV)(15). 
Therefore an activation by adenylation is necessary to 
overcome this thermodynamical barrier. Two activated 
forms of sulfate exist: 5'-adenylylsulfate (APS) and 3'- 
phospho-5'-adenylylsulfate (PAPS), cf. Fig. 1.  

I 
0- 

II 
0 

0 OH APS: R=-H 
PAPS: R= -P03H- A 

Fig.?: Chemical structure of adenylylsulfate and 3'-phos- 
phoadenylylsulfate. 
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The pathways leading to APS and PAPS were established 
by De Meio, Lipmann, Bandurski and their colleaques, 
whose work has been extensively reviewed elsewhere 
(e.?., 15,16,17). 
The activation reactions are: 

As the equilibrium for ATP-sulfurylase (Eq.4) is in favor 
of ATP synthesis, the reaction must be pulled towards 
APS synthesis. This, in addition to APS kinase (Eq.5) is 
accomplished by inorganic pyrophosphatase (Eq.6). 

(Eq.6) PPi + H20 2 Pi + H+ 

ATP-sulfurylases have been purified from many bacteria, 
fungi, plants, and animal tissues. APS-kinase was partly 
purified from yeast (18) and fully purified only from 
the green alqa Chlamydomonas reinhardii (19). 
In many organisms, PAPS is the substrate for sulfotrans- 
€erases leading to the formation of sulfate esters, 
sulfolipids etc. Not all microorganisms, however, possess 
such compounds, and therefore may not need PAPS forma- 
t ion. 
As far as assimilatory sulfate reduction is concerned 
there is a surprising dichotomy in the pathways occurring 
in microorganisms. While in higher plants and eukaryotic 
algae, as well as in part of the prokaryotes APS reduc- 
tion occurs (15), in fungi and an other part of the 
prokaryotes (including the enterobacteria) PAPS is the 
substrate entering the reductive pathway. This dichotomy 
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even occurs within the cyanobacteria (20) and within the 
anoxyqenic phototrophic bacteria (21-23). A aeneral sche- 
me of assimilatory reduction of A P S  and P A P S  is given 

in Fig. 2. ATP ATP 
Sulfo- 

" 4  ' L A E L P A P -  as \ ak I lioids 
e lc .  

x-s- s 03 H 
\ 

X-SH &X 
\ 6e- 

c ystei ie 0-acety lserine 
(+acetatel 

\*a 
acety 1- C oA 

+sertne 

Fig.2: Simplified scheme of assimilatory sulfate reduc- 
tion. ak, A P S  kinase; as, A T P  sulfurylase; ast, A P S  sulfo- 
transferase; cr, reductase of the oxidized carrier; o s ,  
0-acetylserine sulfhydrylase; pst, P A P S  sulfotransferase, 
st, sulfotransferases; sta, serine transacetylase; tsr, 
thiosulfonate reductase. 
The sulfo group of A P S  or P A P S  is transferred upon a 
sulfhydryl-containing carrier/protein ( X )  and is reduced 
carrier-bound to a sulfydryl group itself. It then reacts 
with 0-acetylserine catalyzed by 0-acetylserine sulf- 
hydrylase to form cysteine (plus acetate). The oxidized 
carrier (X-S-S-X)  is then reduced again. Different re- 
sults and opinions exist about the nature of the carrier 
as well as about the reductases ("thiosulfonate" reduc- 
tase and the reductase of the oxidized carrier) and 
their electron donors involved (15). A s  the turnover 
rates of assimilatory sulfate reduction, i.e. the actual 
amounts of the assimilatory enzymes, are extremely l o w ,  
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t h e  s t u d y  o f  s i n g l e  enzyme s t e p s  poses d i f f i c u l t  p ro-  

blems. 

I n  t h e  pathways shown i n  F i s . 2  no f r e e  s u l f u r  i n t e rmed i -  

a tes  o c c u r .  S i n c e  a l o n g  t i m e ,  however, s u l f i t e  reduc-  

tases r e d u c i n q  f r e e  s u l f i t e  t o  s u l f i d e  have been known 

i n  organisms w i t h  an  a s s i m i l a t o r y  sys tem f o r  s u l f a t e .  

Such enzymes have been c a r e f u l l y  s t u d i e d  by S i e g e 1  and 

h i s  c o l l e a g u e s  ( c f .  1 7 )  who e l u c i d a t e d  t h e  compleK na-  

t u r e  and s i roheme s t r u c t u r e  o f  t h i s  6 - e l e c t r o n  t r a n s f e r  

enzyme. A s  t h i s  enzyme a c t i v i t y  c o p u r i f i e s  w i t h  t h a t  of  

" t h i o s u l f o n a t e  r e d u c t a s e "  (24,251 t h e y  may be  p r o p e r t i e s  

of  a s i n g l e  p r o t e i n  ( 2 6 ) .  T h i s  q u e s t i o n  needs  t o  be  c la -  

r i f  i e d .  

C .  I N O R G A N I C  SULFUR COMPOUNDS AS ELECTRON DONORS FOR 

RESPIRATION AND PHOTOSYNTHESIS 

A s  l ong  as an i n o r g a n i c  s u l f u r  compound can  be o x i d i z e d  

to  s u l f a t e ,  i . e . ,  i s  a t  a l o w e r  o x i d a t i o n  l e v e l ,  it i s  

s u i t e d  as  an  e l e c t r o n  donor  €or  r e s p i r a t i o n  i n  many 

c h e m o l i t h o a u t o t r o p h i c  b a c t e r i a ,  as w e l l  as f o r  anoxygenic  

p h o t o s y n t h e s i s  i n  p h o t o t r o p h i c  b a c t e r i a  (Table 1 ) .  N o t  

a l l  o f  t h e s e  b a c t e r i a ,  however, have t h e  s a m e  u t i l i z a -  

t i o n  p a t t e r n  f o r  such  " reduced  s u l f u r  compounds". 

I n  r e s p i r i n g  and p h o t o s y n t h e s i z i n s  l i v i n g  organisms b i o -  
chemica l  ene rgy  i s  g e n e r a t e d  by e l e c t r o n  f low from an 

e l e c t r o n  donor  v i a  s e v e r a l  i n t e r m e d i a t e  " e l e c t r o n  car r ie rs"  

towards  an e l e c t r o n  a c c e p t o r .  These e l e c t r o n  car r ie rs  

are l o c a t e d  i n  an o r d e r l y  manner a t  and w i t h i n  membra- 

n e s .  The e l e c t r o n  t r a n s p o r t  across t h e s e  membranes 
g i v e s  r ise  t o  a membrane p o t e n t i a l  d i f f e r e n c e  and a p ro -  

ton-motive f o r c e ,  which i n  t u r n  produce ene rgy  f o r  

growth,  t r a n s p o r t ,  q o b i l i t y  e tc .  ( 2 ' 1 )  . Thus an organism 
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needs  s u i t a b l e  e l e c t r o n  donors  as  w e l l  a s  a c c e p t o r s .  

1 .  I N O R G A N I C  SULFUR COMPOUNDS A S  ELECTRON DONORS FOR 

RESPIRATION 

A s  i n  most c h e m o l i t h o a u t o t r o p h i c  b a c t e r i a  t h e  o x i d a t i o n  

r e d u c t i o n  p o t e n t i a l  o f  t h e  i n o r g a n i c  e l e c t r o n  donor  i s  

i n s u f f i c i e n t ,  i . e . ,  too p o s i t i v e  t o  r e d u c e  t h e  p y r i d i n e  

n u c l e o t i d e s  ( N A D ,  NADP) r e q u i r e d  f o r  C 0 2  f i x a t i o n  by 

t h e  C a l v i n  c y c l e ,  t h e s e  o ruan i sms  r e l y  on r e v e r s e  elec- 
t r o n  f l o w  i n  t h e i r  r e s p i r a t o r y  e l e c t r o n  t r a n s p o r t  c h a i n .  

Textbooks u s u a l l y  d e p i c t  t h i s  s i t u a t i o n  i n  a way t h a t  

t h e  ATP formed d u r i n a  e l e c t r o n  f l o w  from e . g . ,  t h i o s u l -  

f a t e  v i a  cytochrome c t o  cytochrome o x i d a s e  d r ives  a 

r e v e r s e  e l e c t r o n  f l o w  from cytochrome c v i a  cytochrome 

b /ub iqu inone  t o  NAD.  

Wheel i s  ( 2 8 )  h a s  r e c e n t l y  shown by a thermodynamic ana-  

l y s i s  on t h e  b a s i s  o f  t h e  M i t c h e l l  h y p o t h e s i s  ( 2 7 )  t h a t  

i n  m o s t  c h e m o l i t h o a u t o t r o p h i c  b a c t e r i a ,  i n c l u d i n u  t h e  

s u l f u r  o x i d i z i n g  b a c t e r i a ,  r e s p i r a t i o n  can  g e n e r a t e  a 

pro ton-mot ive  f o r c e  e a s i l y  s u f f i c i e n t  t o  d r i v e  b o t h  

ATP s y n t h e s i s  and r e v e r s e  e l e c t r o n  t r a n s p o r t  d i r e c t l y .  

There  e x i s t  many b a c t e r i a  t h a t  l i v e  by an  a n a e r o b i c  m e -  
t a b o l i s m  b a s e d o n  e l e c t r o n  f l o w  from o r g a n i c  c a r b o n  

compounds as donors  t o  n i t r a t e  as a c c e p t o r .  T h i s  p r o c e s s  

i s  c a l l e d  d i s s i m i l a t o r y  n i t r a t e  r e d u c t i o n  ( o r  d e n i t r i -  

f i c a t i o n ,  o r  n i t r a t e  r e s p i r a t i o n ) .  T h i s  p r o p e r t y  i s  

n e v e r  obliaatory b u t  f a c u l t a t i v e .  
Only v e r y  few d e n i t r i f y i n q  b a c t e r i a l  s p e c i e s  e x i s t  t h a t  

r e p l a c e  o r g a n i c  matter by r educed  s u l f u r  compounds a s  

e l e c t r o n  d o n o r s  and  t h a t  g a i n  t h e i r  c a r b o n  by C 0 2  f i -  

x a t i o n ,  i . e .  T h i o b a c i l l u s  d e n i t r i f i c a n s  and Thiomicro-  

sp i r a  d e n i t r i f i c a n s  ( 2 9 ) .  These b a c t e r i a  a re  a n a e r o b i c  

c h e m o l i t h o a u t o t r o p h s  and  f i x  C 0 2  v i a  t h e  C a l v i n  c y c l e .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



174/[ 5541 H. G. TRUPER 

They are the only metabolic type besides phototrophs 
that can oxidize reduced sulfur compounds in the absence 
of oxygen. They are widely distributed in nature, but 
they rarely form conspicuous mass developments. The sul- 
fur metabolism of Thiobacillus denitrificans has been 
studied in detail ( 3 0 - 3 2 )  and, as molecular oxygen is not 
involved in it, has been found rather similar to that of 
phototrophic sulfur bacteria (33, and cf. below): 
The enzymes A P S  reductase and siroheme sulfite reductase 
are present, further a thiosulfate-splitting enzyme that 
can be measured by its rhodanese(thiosu1fate sulfur trans- 
ferase:activity. The organism is able to store a labile 
form of sulfur (probably polysulfides) inside the cell 
( 3 0 ) ~  not, however, in form of "sulfur globules" as they 
occur in some phototrophic bacteria. This sulfur is for- 
med during thiosulfate splitting or during sulfide oxi- 
dation by cytochrome c552 ( 3 0 , 3 4 ) .  It is oxidized to sul- 
fite by a reverse siroheme sulfite reductase ( 3 0 , 3 1 ) .  

Fig. 3 gives an overall picture of sulfur metabolism in 
Thiobacillus denitrificans. 

ATP PP 

d d  \ 'P 
s$: 

ADP 
a AMP 

\ / s l s  

Fig.?: Dissimilatory sulfur metabolism in Thiobacillus 
derlitrificans. a, A P S  reductase; c, cytochrome c 552; 
d, ADP sulfurylase; n, nonenzymatic step ( ? )  ;,r, thio- 
sulfate sulfur transferase (rhodanese) ; s, reverse siro- 
heme sulfite reductase; t, ATP sulfurylase. 
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Under aerobic conditions there exists a wide variety of 
microorganisms able to grow while oxidizinq reduced sul- 
fur compounds. Their metabolic types include obligate 
chemolithoautorrophs (Thiobacillus and Thiomicrospira 
spec i e s ) , f ac u 1 tat i ve c he mo 1 it ho a u t o t r o ph s ( Th i ob ac i 1 1 us 
species, Sulfolobus species, Thermotrix thiopara, Para- 
coccus - denitrificans) , chemolithoheterotrophs (Thioba- 
cillus perometabolis, Pseudomonas species) chemoorgano- 
heterotrophs (Pseudomonas species, Beuciatoa species, 
the fungus Aureobasidium pullulans, many bacteria inclu- 
ding actinomycetes) (35-37). Also many morphologically 
wellknown bacteria considered as chemolithoautotrophs - 
although so far not really well studied with respect to 
their metabolism - are involved in the oxidation of sul- 
fur compounds: Begqiatoa species, Thiothrix, Thiospira, 
Thermothrix, Thioploca, Thiovulum, Macromonas, Achroma- 
tium (synonym: Thiophysa) , Thiobacterium (35,38 , 39) . 
Some phototrophic sulfur bacteria perform an aerobic 
dark metabolism oxidizina reduced sulfur compounds. This 
property is, however, limited to certain species of the 
family Chromatiaceae, e.g. Chromatium vinosum, Thiocapsa 
roseopersicina and Thiocystis violacea ( 4 0 ) .  

Of all aerobic croups mentioned above certainly the Thio- 
bacillus species are best studied with respect to physio- 
logy, ecology and even economy. The sulfur metabolism of 
thiobacilli has recently been thorouqhly reviewed by 
Kelly ( 4 1 ) ,  who emphasized that the occurence of poly- 
thionates durin? aerobic sulfide/sulfur oxidation by 
thiobacilli is merely a byproduct due to non-biological 
reactions of sulfur compounds with oxyqen and with each 
other. In principle, Kelly expressed the expert opinion 
that the “central pathway” of inorganic sulfur oxidation 
seems to opera te  with single-sulfur units with larqer 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



176/[ 5561 H. G. TRUPER 

molecules  o f  s u l f u r  b e i n g  p e r i p h e r a l  t o  t h e  main energy-  

y i e l d i n g  p r o c e s s .  T h i s  means t h a t  i n  p r i n c i p l e  s u l f u r  

metabol ism o f  a e r o b i c  t h i o b a c i l l i  is  s i m i l a r  t o  t h a t  i n  

d e n i t r  i f  y i n s  t h i o b a c  illi . 
For  a e r o b i c  s u l f u r  o x i d a t i o n s  f r e e  oxygen i s  of t h r e e -  

f o l d  impor tance :  F i r s t ,  it i s  invo lved  d i r e c t l y  i n  re- 
s p i r a t o r y  e l e c t r o n  t r a n s p o r t  as  f i n a l  e l e c t r o n  acceptor: 
second,  it is  competinu w i t h  t h e  oruanism f o r  reduced  

s u l f u r  compounds i n  o x i d i z i n g  t h e s e  c h e m i c a l l y :  and 

t h i r d ,  it h a s  been proven t h a t  oxyqen i s  d i r e c t l y  i n v o l -  

ved i n  t h e  enzymat ic  o x i d a t i o n  o f  e l e m e n t a l  s u l f u r  i n  

T h i o b a c i l l u s  t h i o o x i d a n s  ( 4 2 )  by a s u l f u r  oxygenase.  

T h i o b a c i l l i  are r e s p o n s i b l e  f o r  n a t u r a l l y  o c c u r r i n g  and 

i n d u s t r i a l  ore l e a c h i n a  p r o c e s s e s ,  rock  w e a t h e r i n g ,  con- 

c re te  and b u i l d i n u  material d e t e r i o r a t i o n .  They a re  

wide ly  d i s t r i b u t e d  i n  n a t u r e ,  e s p e c i a l l y  i n  s u l f u r  s p r i n g s ,  

i n  deep-sea hydro thermal  v e n t s ,  open s u l f u r  ore depo- 

s i t s ,  a c i d  mine waters ,  s u l f u r  s t o c k p i l e s ,  mar ine  muds 

e t c . .  T h i o b a c i l l i - l i k e  b a c t e r i a  have r e c e n t l y  been found 

as  endosymbionts  i n  t h e  t i s s u e s  of  i n v e r t e b r a t e  an ima l s  

from s u l f i d e - r i c h  h a b i t a t s ,  such  as t h e  l a r g e  tubeworm 

R i f t i a  p a c h y p t i l a  from p a c i f i c  hydro thermal  v e n t s  and 

c e r t a i n  o t h e r  w o r m s  and mol luscs  (43 ,441 .  

The gene ra  Beqqiatoa, T h i o t h r i x ,  Th iop loca ,  T h i o s p i r a ,  

Thiovulum, Macromonas, Achromatium and Thiobac ter ium,  

a l t h o u g h  of  h i g h  env i ronmen ta l  impor tance  i n  mar ine ,  
e s t u a r i n e  and s u l f u r  s p r i n g  envi ronments  ( 3 , 3 8 , 3 9 , 4 5 , 4 6 ) ,  

are less w e l l  s t u d i e d  t h a n  t h e  t h i o b a c i l l i ,  especially 
w i t h  r e s p e 6 t  t o  me tabo l i c  p r o p e r t i e s  and t h e i r  enzymat ic  
pathways.  The r e a s o n s  h e r e f o r e  are t h a t  t h e y  r e q u i r e  ex-  

t r eme ly  d e l i c a t e  b a l a n c i n u  of env i ronmen ta l  pa rame te r s  
( such  as O2 and H 2 S  c o n c e n t r a t i o n s ,  pH, e t c . )  

f o r e  c a n n o t  b e  handled  by c o n v e n t i o n a l  m i c r o b i o l o u i c a l  

and t h e r e -  
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MICROBIAL METABOLISM OF INORGANIC SULFUR COMPOUNDS 

enrichment and pure culture techniques (39). As in the 
recent literature pure cultures of Beguiatoa, Thiothrix 

and Thiospira have been mentioned, an increase of infor- 
mation may be expected in the near future. 

[55711177 

2. INORGANIC SULFUR COMPOUNDS AS ELECTRON DONORS FOR 
PHOTOSYNTHESIS 

Phototrophic bacteria occur in a wide variety of anoxic 
environments such as stratified lakes, coastal lagoons, 
fjords, estuaries, intertidal. f l a t s ,  salt marshes, salt 
lakes, soda lakes, waste ponds, sewaqe lagoons. In na- 
ture, mass developments of phototrophic bacteria are ob- 
vious by their red, purple and green colors that are due 
to their light harvesting and reaction center pigments, 
carotenoids and bacteriochlorophylls. Althouqh they are 
able to utilize a limited number of orpanic compounds 
they are as important primary producers, i.e.,~O -fixing 
organisms in liuht anoxic as algae are in oxic environ- 
ments. 
The use of reduced sulfur compounds as electron donors 
for anoxygenic photosynthesis has been found in all groups 
of phototrophic eubacteria ( 4 7 - 4 9 ) ,  i.e. in "purple bac- 
teria" (families Rhodospirillaceae, Chromatiaceae, Ecto- 
thiorhodospiraceae) , in "green bacteria" (families Chlo- 
robiaceae, Chloroflexaceae) and in cyanobacteria (blue- 
green algae). In the Chlorobiaceae and Chromotiaceae all 
species oxidize sulfide and elemental sulfur, some a l s o  
thiosulfate and sulfite. In the Rhodospirillaceae and the 
cyanobacteria not all species are able to utilize reduced 
sulfur compounds during photosynthesis. 
In bacterial photosynthesis, ATP is qenerated by photo- 
phosphorylation during a cyclic electron flow, i.e. the 
light-excited reaction center bacteriochlorophyll emits 
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Table 1: Metabolic microbial types using inorganic sulfur compounds as electron 
donors (49) 

Metabolic type 

Chemotrophic 

Sulfur 

Oxida-t ion 

-anaerobic- 

Chemotrophic 

Sulfur 

Oxidat ion 

-aerobic- 

Mechanisms 

El.-Don.:Sulfide 

Sulfur 

Thiosulfate 

(Sulf ite) 

El. -Acc . : Nitrate 

Product : Sulf a.te 
Carbon source: C02 

El.-Don.:Sulfide 

Sulfur 

Thiosulfate 

(Sulf ite) 

El.-ACc.:O2 

Product: Sulfate 

Carbon source : c02 
or organic 

compounds 

Microorqanisms 

Th iobac i 1 lus 

den it r if icans 

Thiomicrospira 

denitrif icans 

Thiobacillus 

Thiomicrospira 

Sulfolobus 

Thermothr ix 

Paracoccus 

Pseudomonas 

BecJqiatoa 

Thio thr ix 

Thiospira 

e 
(n (n 

m u 

x 
n 
8: n P 
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(Table 1 continued) : 

Metabolic type 
- 

Phototrophic 

Sulfur 

Oxidation 

-anaerobic- 

Mechanisms 

El.-Don.: Sulfide 

Sulfur 

Thiosulfate 

(Sulf ite) 

Photosynthesis 

( C02 Fixat ion) 

Product: Sulfate 

Carbon source : c02 
and/or organic 

compounds 

Microorgan isms 

6 
G 

F 
Achromatium cl 

% 

Chromat iaceae (dark, some 3 

% 
E 

Many heterotrophs 8 
$ 
4 

Chromatiaceae 2 
Rhodospirillaceae (some) 5 

2 

Thioploca E 
Mac romona s 

z m 

Thiobacter ium 
g 

species 

Chlorobiaceae 2 

;a 
c1 
0 

E c .t o t h io r ho do s p i r ac e a e 

2: Chloroflexaceae tl 

Cyanobacteria (some) 
rA 
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an e l e c t r o n  which r e d u c e s  a "pr imary  a c c e p t o r " .  From 

t h e r e ,  t h e  e l e c t r o n  f l o w s  back t o  t h e  b a c t e r i o c h l o r o -  

p h y l l  v i a  a number o f  e l e c t r o n  carr iers  i n c l u d i n g  u b i -  
qu inones  ( o r  menaquinones) and cy tochromes .  T h i s  e l e c t r o n  

t r a n s p o r t  i s  a r r a n g e d  i n  membranes and l e a d s  t o  t h e  ge-  

n e r a t i o n  of ATP f o l l o w i n g  M i t c h e l l ' s  chemiosmotic  hypo- 

t h e s i s  ( 2 7 ) .  

The hydrogen carr ier  r e q u i r e d  f o r  C 0 2  f i x a t i o n ,  N A D ( P ) ,  

c a n n o t  be  reduced  d i r e c t l y  by reduced  s u l f u r  compounds 

because  i t s  redox p o t e n t i a l  i s  -320 mV. 

I n  t h e  Ch lo rob iaceae  t h e  p h o t o s y n t h e t i c  pr imary  e l e c t r o n  

a c c e p t o r  i s  a membrane-bound f e r r e d o x i n  w i t h  a redox 

p o t e n t i a l  (E  ' )  of  -540 mV ( 5 0 )  t h u s  s u f f i c i e n t l y  elec- 
t r o n e g a t i v e  t o  r educe  NAD(P). Indeed  t h i s  r e d u c t i o n  

o c c u r s  v i a  f e r r e d o x i n .  The consequence i s  t h a t  e l e c t r o n s  

are t a k e n  o u t  of t h e  c y c l i c  e l e c t r o n  f low a t  a h i g h l y  

n e g a t i v e  l e v e l .  The r e s u l t i n g  l a c k  o f  e l e c t r o n s  i s  b a l a n -  

ced  by an  e l e c t r o n  i n f l o w  t o  t h e  r e a c t i o n  c e n t e r  from re- 
duced s u l f u r  compounds v i a  cytochromes c .  I n  t h e  Rhodospi- 

r i l l aceae  and pe rhaps  t h e  Chromatiaceae t h e  redox poten-  

t i a l  of t h e  pr imary  a c c e p t o r  i s  above t h a t  of  NADH2 (50 ,  

5 1 ) .  I n  t h e s e  oruanisms t h e  r e d u c t i o n  of NAD o c c u r s  v i a  

an ATP-dependent r e v e r s e  e l e c t r o n  f low from reduced  s u l -  

f u r  compounds v i a  cytochromes and o t h e r  e l e c t r o n  car r ie rs .  

0 

P h o t o s y n t h e t i c  ca rbon  d i o x i d e  f i x a t i o n  and s u l f i d e  (o r  

t h i o s u l f a t e )  o x i d a t i o n  are s t o i c h i o m e t r i c a l l y  l i n k e d  by 

van N i e l ' s  ( 5 2 )  o v e r a l l  e q u a t i o n s  ( E q .  7 - 1 2 )  ( CH 0 

s t a n d s  f o r  o r g a n i c  m a t t e r )  : 

(Eq. 7 )  

( 2 )  

l i g h t  
c02 + 2 H2S (CH20) + H20 + 2 So 

1 i g h t  
(Eq.8)  3 C 0 2  + 2 So + 5 H20 - 3(CH20) + 2 H2S04 
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2 C02 + H2S + 2 H20 - 2(CH20) + H2S04 
light 

(Eq.9) 

1 ight 
(Eq.11) 3 C02 + 2 So + 5 H20 - 3(CH20) + 2 H2S04 

lifrht 
(Eq.12) 2 C 0 2  + Na2S203 + 3 H20 2(CH20) + H2S04 

+ Na2S04 

A great deal of information about the action of reduced 
sulfur compounds as photosynthetic electron donors has 
been derived from experiments with pure cultures, i.e. 
cell suspensions (or "whole cells") in contrast to work 
with cell extracts or purified enzymes. 
Most species of phototrophic bacteria depend on or are 
at least capable of utilizing reduced sulfur compounds 
as electron donors. All orpanisms with this capacity u t i -  
lize sulfide. Elemental sulfur is readily utilized by 

all Chromatiaceae, E~tothiorhodospiraceae, and Chloro- 
biaceae, whereas Rhodospirillaceae usually cannot oxidize 
it. The utilization of thiosulfate is more common in 
Chromatiaceae and Rhodospirillaceae than in Chlorobiaceae, 

and only very few species oxidize sulfite or tetrathio- 
nate (47). 
During oxidation of sulfide, sulfur appears in the form 
of globules inside (Chromatiaceae) or outside the bacte- 
rial cells. 
An interesting phenomenon is seen in the alkaliphilic 
Ectothiorhodospira species: The alkaline pH of their media 
allows the detection of polysulfides as intermediates of 
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sulfide oxidation. The average chain lenghth of these has 

been found to be 4 ( 5 3 ) ,  i.e., that chain lenghths between 
1 and 7 may occur. We suppose that the elemental sulfur 
originating from sulfide is immediately reacting with sur- 
plus sulfide (at alkaline pH values) thus forming poly- 
sulfide. As soon as the sulfide is exhausted the bacteria 
start to Qxidize the polysulfides and immediately elemen- 
tal sulfur globules appear outside the cells ( 5 3 , 5 4 ) .  Al- 
though the pH inside Chromatiaceae and the optimal pH for 
the Chlorobiacease and the optimal pH for the Chlorobia- 
ceae is rather close to 7.0, i.e., polysulfides are much 
less stable under these conditions, the formation of intra- 
and extracellular "sulfur globules" may follow the same 
scheme in a different time relationship. 
Evidence is accumulating that these ''sulfur globules" 
are not elemental sulfur but rather larqe ?lobular agglo- 
merates of long chain polysulfides. Besides by their 
globular non-crystaline shape this is supported by acti- 
vation energy measurements during cyanolysis ( 9 , 5 3 , 5 4 )  

a lack of sulfur rinq molecules (R. Steudel, pers. comm.), 
hydrophilic properties ( 5 3 , 9 )  and density measurements 

( 5 5 )  - 
During growth of Chromatiaceae on thiosulfate "sulfur 
globules" appear inside the cells. They are entirely de- 
rived from the sulfane group of thiosulfate ( 5 6 , 5 7 ) .  Of 
the green thiosulfate-using bacteria only Chlorobium 
vibrioforme forma thiosulfatophilum forms extracellular 
sulfur globules from thiosulfate (58). 
Rhodopseudomonas sulfoviridis oxidizes sulfide via inter- 
mediate intracellular sulfur which, however, does not 
appear as microscopically visible globules inside the 
cells, althouqh it has been chemically identified. It 
probably represents long chain polysulfides. 
Only in Rhodobacter sulfidophilus sulfite is excreted in 
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measurable amounts as an intermediate in sulfide and 
thiosulfate oxidation (59). Rhodopseudomonas marina pro- 
duces thiosulfate from sulfide ( 6 0 ) .  Thiosulfate forma- 
tion from sulfide was found to occur in Chlorobium limi- 
cola f. thiosulfatophilum alongside with the formation 
of elemental sulfur (61). It was proven that in this 
species neither thiosulfate is an intermediate of elemen- 
tal sulfur oxidation, nor is elemental sulfur an inter- 
mediate of thiosulfate oxidation (61). Chlorobium vibrio- 
forme f. thiosulfatophilum also forms thiosulfate plus 
elemental sulfur from sulfide but the formation of sulfur 
continues at the expense of thiosulfate after sulfide is 
exhausted (58) . 
In batch cultures of Rhodomicrobium vannielii (family 
Rhodospirillaceae) Hansen detected simultaneous thio- 
sulfate and elemental sulfur formation durinq growth on 
sulfide ( 6 2 ) .  He proved, however, by chemostat cultures, 
that this was due to a formation of tetrathionate which 
chemically reacted with the residual sulfide forming 
thiosulfate plus sulfur. 

This chemical reaction mechanism does not account for the 
occurence of thiosulfate plus sulfur in cultures of 
Chlorobium limicola f. thiosulfatophilum, because there 
polythionates could not be detected (61). 
Tetrathionate is formed from thiosulfate by Chromatium 
vinosum at pH values below 7.0 ( 6 3 ) ,  by Rhodopseudomonas 
palustris (when concentrations of thiosulfate above 10 mM 

are present) ( 6 4 ) ,  and by Rhodopila qlobiformis (always) 
( 6 5 ) .  

In Chromatiaceae and most other phototrophic bacteria, 
sulfate is the end product of sulfur oxidation, although 
the oxidation ofextracellular sulfur by Chlorobiaceae 
and Ectothiorhodospiraceae is often incomplete. 
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Sulfide may be utilized by 3 different enzymes leading 
to polysulfides, thiosulfate, or sulfite, respectively. 
The enzymatic step from sulfide to polysulfides and sul- 
fur clearly involves cytochromes of the c type (66, 53, 
9) as biocatalysts and electron acceptors. 

The formation of thiosulfate from sulfide is catalyzed 
by flavocytochrome c as it occurs in Chromatium and 
Chlorobium species ( 6 7 ) .  

A "reverse" siroheme-containinu sulf ite reductase is re- 
sponsible for sulfite formation from sulfide directly 
as well as from polysulfides and/or elemental sulfur. 
This enzyme has been purified from Chromatium vinosum 
and characterized ( 3 3 ) .  

Thiosulfate undergoes splitting to elemental sulfur and 
sulfite catalyzed by an enzyme that may be measured by 
its rhodanese activity. There is some evidence from 
work with Thiobacillus denitrificans and comparison with 

Chromatium vinosum, that this enzyme may be identical 
with thiosulfate reductase (31,61). 
Chlorobium limicola forma thiosulfatophilum (68), Chro- 
matium vinosum (63) , Rhodopseudomonas palustris (69) , 
and Rhodopila globiformis (65) contain thiosulfate: 
acceptor oxidoreductase, earlier called tetrathionase, 
forming tetrathionate from thiosulfate. 
An enzyme oxidizing or splittins tetrathionate has not 
been found in phototrophic bacteria, so far. As mentio- 
ned above, however, under natural environmental condi- 
tions a chemical reduction of tetrathionate by sulfide 
may readily occur. 
The enzyme APS reductase, an essential enzyme in dis- 
similatory sulfate-reducing bacteria (see below) and 
two Thiobacillus species was found to occur also in 

P . S . 4  
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Chromatiaceae and Chlorobiaceae ( 7 0 ~ 7 1 ) .  The enzyme was 
purified from Thiocapsa roseopersicina (72) and Chlorobium 
limicola f. thiosulfatophilum (73). In Chromatium vino- 
sum (74) and Chr. warmingii (W. Leyendecker, pers. comm.) 
it is firmly membrane-bound and cannot be solubilized. 
Species of Ectothiorhodospira and the Rhodospirillaceae 

do not possess APS reductase (47, 48). Also Chromatium 
purpuratum and Chr. gracile lack this enzyme (48 and 
H.M. Ulbricht, pers. comm.). 

The intermediary formation of APS demands an additional 
enzyme to split off the sulfate moiety. This step allows 
conservation of the phosphate binding eneruy contained 

in APS. 
The enzyme ADP sulfurylase replaces the sulfate moiety 
of APS by inorganic phosphate thus producing adenosine- 
diphosphate ( E q .  13). 

( E q .  13) APS + Pi - ADP f so4 2- 
ADP then can be disproportionated by the enzyme adenylate 
kinase'with the result of 1 ATP + 1 AMP per 2 ADP. 

This pathway has been found in Chlorobium vibrioforme f. 
thiosulfatophilum (48, U. Bias, pers. comm., 75) and six 
species of the Chromatiaceae (48, H.M. Ulbricht, pers. 
comm.) not, however, in Rhodospirillaceae. 
Another pathway to conserve the eneray of APS is the re- 
placement of its sulfate moiety by inorganic pyrophos- 
phate, catalyzed by the action of ATP sulfurylase. Inor- 
ganic pyrophosphate is a common product of biosynthetic 
reactions, especially of protein biosynthesis, and there- 
fore readily available during the exponential growth 
phase of cells. ATP sulfurylase has been shown to cataly- 
ze this reaction in Chlorobium limicola f. t-hiosulfato- 
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Table 2: Metabolic microbial types usinq inorganic sulfur compounds as electron 
acceptors (4 9) 

Metabolic type 

Dissimilatory 

Sulfate 
Reduction 

-anaerobic- 

Dissimilatory 
Sulfur 
Reduction 

-anaerobic- 

Mechanisms 

El. -Acc. : Sulfate 

Thiosulf ate 

Sulf ite 

El.-Don.: Organic com- 
pounds or H2 

Product: H2S 

Carbon source: organic 
compounds or C02 

El.-Acc.: Sulfur 

El.-Don.: Organic com- 
pounds or H2 

H2S Product : 

Carbon source: organic 

compounds or C02 

Microorgan isms 3 
R 
s 
F 

Desulf otomaculum i5 

;a 

Desulfovibrio 

Desulfomonas E 
;; 
3 Desulfobacter 

Desulfobulbus 3 
8 
L Desulf onema R 
z 
z 
ô 
6 

z 

2 Desulfococcus 

Desulf osarcina 
Q 

r Thermodesulfobacterium 
56 

0 
C 
2: 

Desulfuromonas 
Desulfovibrio (some) 

Campylobacter (some 1 
Wol inella 
Beggiatoa 

Thermoproteus 

Thermodiscus . c 
00 4 
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(Table 2 continued) 

Metabolic type 

Fermentat ion 

during 

maintenance in 

.the dark 

-anaerobic - 

Mechanisms 

El.-Acc.: Sulfur 

El.-Don.: Carbo- 

hydrates 

Product: H2S 

Microorganisms 

Pyrodict ium 

Thermococcus 

Thermofilum 

Desulfurococcus 

many methanogenic bacteria 

Chromatiaceae 
54 

Ectothiorhodospiraceae 

Chlorob iaceae 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



MICROBIAL METABOLISM OF INORGANIC SULFUR COMPOUNDS [ 5691 /189 

phi lum ( U .  B i a s ,  p e r s .  c o m m . ) .  
An enzyme b y p a s s i n q  t h e  f o r m a t i o n  o f  APS i n  p h o t o t r o p h i c  

b a c t e r i a  i s  s u l f i t e :  a c c e p t o r  o x i d o r e d u c t a s e  ( 4 7 , 4 8 )  

( E q .  14 ) :  

(Eq. 1 4 )  so;- + H 2 0  - So:- + 

T h i s  enzyme o c c u r s  i n  m o s t  Chromat iaceae  i n  a d d i t i o n  t o  

t h e  APS pathway,  i n  a few cases i n s t e a d  of t h e  l a t t e r  

( H . M .  U l b r i c h t ,  p e r s .  c o m m . ) ;  it w a s  a l s o  found i n  Rho- 
d o b a c t e r  s u l f i d o p h i l u s  ( 5 9 )  . 

D. I N O R G A N I C  SULFUR COMPOUNDS A S  ELECTRON ACCEPTORS Ig 

ANAEROBIC RESPIRATION AND FERMENTATION 

T h e o r e t i c a l l y  all r e d u c i b l e  i n o r g a n i c  s u l f u r  compounds 

may s e r v e  as e l e c t r o n  a c c e p t o r s .  A l i s t  o f  r e s p e c t i v e  

microorganisms i s  p r e s e n t e d  i n  Table 2 .  

1 .  DISSIMILATORY SULFATE REDUCTION 

The most abundan t  s u l f u r  compound i n  n a t u r e  i s  s u l f a t e ,  

and t h e  m o s t  common p r o c e s s  of  a n a e r o b i c  r e s p i r a t i o n  i n  

t h i s  c o n t e x t  i s  d i s s i m i l a t o r y  s u l f a t e  r e d u c t i o n .  

T h i s  p r o c e s s  i s  c a r r i e d  o u t  by s t r i c t l y  a n a e r o b i c  bac-  

t e r i a  i n  anox ic  env i ronmen t s  where s u l f a t e  i s  a v a i l a b l e .  

The m a j o r i t y  of b a c t e r i a l  s p e c i e s  i n v o l v e d  i n  d i s s i m i l a -  

t o r y  s u l f a t e  r e d u c t i o n  are  chemoorganoheterotrophic, i - e . ,  

t h e y  r e l y  upon o r u a n i c  ca rbon  compounds as  e l e c t r o n  do- 
n o r s  and ca rbon  source. They a re ,  t o a e t h e r  w i t h  methano- 

g e n i c  bac t e r i a ,  t h e  m o s t  i m p o r t a n t  f i n a l  consumers  o f  

o r g a n i c  compounds i n  t h e  a n a e r o b i c  food  c h a i n  i n  n a t u r e ,  

p redominan t ly  i n  t h e  a q u a t i c  envi ronment  ( 3 6 , 4 5 ) .  The 

main ca rbon  s o u r c e s  of  s u l f a t e - r e d u c i n a  b a c t e r i a  are 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



190/[570] H. G. TRUPER 

f a t t y  a c i d s  w i t h  up to 18 ca rbon  atoms. A l s o  e t h a n o l  

and benzoa te  are u t i l i z e d .  Some o f  t h e  s u l f a t e - r e d u c i n g  

b a c t e r i a  are c h e m o l i t h o a u t o t r o p h i c ,  i . e .  a b l e  t o  grow 

w i t h  s u l f a t e ,  mo lecu la r  hydrogen and ca rbon  d i o x i d e  ( 7 6 ) .  

The a b i l i t y  o f  t h e s e  b a c t e r i a  t o  use  H as  an e l e c t r o n  

donor  l e a d s  t o  c a t h o d i c  d e p o l a r i z a t i o n  on t h e  s u r f a c e  

of  submeraed i r o n  and s t ee l  s t r u c t u r e s  such a s  d r i l l i n g  
r i g s ,  p i p e l i n e s  e t c . ,  t h u s  having  corrosive e f f e c t s  of  

enormous economic consequences .  

The b a c t e r i a l  s p e c i e s  invo lved  i n  d i s s i m i l a t o r y  s u l f a t e  

r e d u c t i o n  e x h i b i t  a wide v a r i e t y  o f  morphologica l  forms 

( 7 6 , 7 7 1 .  The m o s t  abundant  numbers o f  s u l f a t e  r e d u c i n g  

b a c t e r i a  are found i n  t h e  anox ic  sed imen t s  o f  t h e  o c e a n s ,  

i n  e s t u a r i n e  i n t e r t i d a l  mud f l a t s  ( " W a t t e n " ) ,  i n  s a l t  

marshes ,  f r e s h  w a t e r  s ed imen t s ,  m e r o m i c t i c  l a k e s  and 

l agoons  as w e l l  a s  i n  sewage. T h e i r  p r e s e n c e  i s  u s u a l l y  

i n d i c a t e d  by s t r o n g  H 2 S  s m e l l  and b l a c k  mud due  t o  FeS 
p r e c i p i t a t i o n .  The pathway of s u l f u r  metabol ism i n  d i s -  

s i m i l a t o r y  s u l f a t e - r e d u c i n g  b a c t e r i a  c o n s i s t s  o f  t h e  en- 

zymes adenos ine  t r i p h o s p h a t e  s u l f u r y l a s e  (Eq.4), APS 

r e d u c t a s e  (Eq.15) and s i roheme s u l f i t e  r e d u c t a s e  (Eq.16) 
c a t a l y z i n g  one a c t i v a t i o n  and t w o  r e d u c t i v e  s t e p s ,  re- 

s p e c t i v e l y .  

2 

(Eq. 15) APS i 2 e-- AMP i so:- 

- 
(Eq. 1 6 )  SO:-+ 6 e + 8 H+- H 2 S  + 3 H20 

I n  D e s u l f o v i b r i o  s p e c i e s  ATP s u l f u r y l a s e  i s  p u l l e d  towards  

A P S  fo rma t ion  by i n o r g a n i c  py rophospha ta se ,  whereas  i n  

Desulfotomaculum t h e  b i n d i n q  ene rgy  of pyrophosphate  i s  

conse rved  by t r a n s f e r  upon acetate  to  form a c e t y l  phos- 

p h a t e  ( 7 8 ) .  
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MICROBIAL METABOLISM OF INORGANIC SULFUR COMPOUNDS 

Most s u l f a t e  r educ inq  b a c t e r i a  can  a l so  reduce  s u l f i t e  

and t h i o s u l f a t e .  For  t h e  l a t t e r  t h e y  p o s s e s s  an a c t i v e  

t h i o s u l f a t e  r e d u c t a s e  ( 7 8 ) .  There e x i s t  d e t a i l e d  r e c e n t  

rev iews  on t h e  b iochemis t ry  of  s u l f u r  metabol ism i n  d i s -  
s i m i l a t o r y  s u l f a t e - r e d u c i n g  b a c t e r i a  (15,781 . 

[5711/191 

2 .  DISSIMILATORY SULFUR REDUCTION 

Bacteria demanding e l emen ta l  s u l f u r  as  an e l e c t r o n  ac- 
c e p t o r  d u r i n p  o x i d a t i o n  of'  o r s a n i c  carbon compounds 

( e t h a n o l ,  acetate)  w e r e  f i r s t  d i s c o v e r e d  by P fenn ig  

and B ieb l  ( 7 9 )  and named Desu l fu romonas .Di s s imi l a to ry  
s u l f u r  r e d u c t i o n  i s  n o t  r e s t r i c t e d  t o  Desulfuromonas. 

A l s o  s e v e r a l  D e s u l f o v i b r i o  s p e c i e s  (80 )  , Wol ine l l a  E- 
c inogenes  and Campylobacter s t r a i n s  are  a b l e  t o  u r o w  
wi th  e l emen ta l  s u l f u r  a s  t h e  sole e l e c t r o n  a c c e p t o r  

(81,821.  
The d i scove ry  of  a deep p h y l o a e n e t i c  gap between t h e  

" a r c h a e b a c t e r i a "  and t h e  'leubacteria" by Woese and Fox 
( 8 3 ) ,  t h e  l a t t e r  compr is ing  almost a l l  h i t h e r t o  known 

b a c t e r i a ,  t h e  former i n c l u d i n g  mainly groups l i v i n g  i n  

extreme environments  (ex t remely  h a l o p h i l i c  b a c t e r i a ,  m e -  
t hanogen ic  b a c t e r i a ,  a c i d o t h e r m o p h i l i c  b a c t e r i a l  h a s  

l e d  t o  an en fo rced  s e a r c h  f o r  ''new" a r c h a e b a c t e r i a .  The 

groups o f  Z i l l i q  and S te t t e r  have found a number of 

a n a e r o b i c  ac ido the rmoph i l i c  a r c h a e b a c t e r i a  depending on 

s u l f u r  r e d u c t i o n  i n  s u l f a t a r a s :  Thermoproteus t enax  

( 8 4 ) ,  Desul furococcus  mucosus and D .  m o b i l i s  (851 ,  Ther- 
modiscus mar i t imus  ( 8 6 ) ,  Thermofilum pendens ( 8 7 ) ,  Ther- 

mococcus celer ( 8 8 ) .  The o p t i m a l  qrowth t empera tu res  

of  t h e s e  s p e c i e s  ranqe  between 85O and 9o°C, t h e  o p t i -  

m a l  pH v a l u e s  between 5.2 and 6 .8  ( 8 6 ) .  F u r t h e r ,  PYro- 
d i c t i u m  occul tum w i t h  an o p t i m a l  qrowth t empera tu re  of  

1o5OC was d e s c r i b e d  by Stetter ( 8 9 , 8 6 ) .  The r e c e n t l y  

d e t e c t e d  a b i l i t y  of methanogenic b a c t e r i a  t o  reduce  
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elemental sulfur ( 8 )  may turn out as an important elec- 
tron sink during their metabolism as well as a mecha- 
nism of self-maintaining their anaerobic environments. 
3 .  SULFUR FERMENTATION 

Under anaerobic conditions in the dark phototrophic sul- 
fur bacteria (Chromatiaceae, Ectothiorhodospiraceae, 
Chlorobiaceae) perform a fermentative metabolism during 
which elemental sulfur acts as an electron sink for 
electrons from carbohydrate fermentation. Under these 
conditions - and darkness probably occupies more of 
their life than light - they slowly produce H2S. This 
aspect of sulfur metabolism has been carefully studied 
quantitatively in Chromatium vinosum (90) but enzymatic 
studies are still lacking. 
This process is certainly not an anaerobic respiration 
but clearly a fermentation. 
The flavocytochromec-552 Of Chr. vinosum has been re- 
ported to possess elemental sulfur reductase activity 
( 9 1 ) ,  forming sulfide. The flavocytochrome of Chloro- 
bium vibrioforme f. thiosulfatophilum, however, does 
not possess this activity ( 5 8 ) .  

Also the sulfide oxidizing bacterium Beggiatoa (see 
above) has been reported to reduce elemental sulfur 
under anaerobic conditions (92). 
One should expect that many more bacteria are able to 
make use of elemental sulfur (and perhaps thiosulfate 
and sulfite) as an electron sink under strictly anaero- 
bic conditions - as long as such compounds are avai- 
lable. 
The anaerobic fermenting bacterium Clostridium pasteu- 
rianum possesses a sulfite reductase, reducing sulfite 
to sulfide, that is considered a dissimilatory enzyme 
(93). This organism is not capable, however, of dissi- 
milatory sulfate reduction. 
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E. "DETOXIFYING" SULFUR O X I D A T I O N  

R e c e n t l y ,  Dubinina and Grabovich ( 9 4 )  succeeded  i n  c u l -  

t u r i n q  t h e  c o l o r l e s s  s u l f u r  b a c t e r i u m  T h i o s p i r a  wino- 

q r a d s k i i ,  t h a t  t u r n e d  o u t  t o  be  a h e t e r o t r o p h i c ,  aero- 

b i c  b a c t e r i u m .  The a u t h o r s  found t h a t  t h e  d e p o s i t i o n  of  

i n t r a c e l l u l a r  s u l f u r  q l o b u l e s  i n  t h i s  s p e c i e s  i s  due t o  
a n o n - s p e c i f i c  r e a c t i o n  between s u l f i d e  and  hydrogen 

p e r o x i d e .  When t h i o s u l f a t e  w a s  added t o  T h i o s p i r a  c u l -  

t u r e s ,  it w a s  o x i d i z e d  t o  t e t r a t h i o n a t e  by H 2 0 2 .  When 

o r g a n i c  n u t r i e n t s  w e r e  added ,  e.cj., s u c c i n a t e  t h e  c e l l s  

s t a r t e d  to  form H 2 0 2 .  Both ,  s u l f i d e  and t h i o s u l f a t e  o x i -  
d a t i o n  w a s  b locked  by t h e  a d d i t i o n  o f  t h e  enzyme catalase 

I t  t h e r e f o r e  a p p e a r s  t h a t  i n  c a t a l a s e - l a c k i n g  b a c t e r i a  

reduced  s u l f u r  compounds may have a d e t o x i f y i n g  impor- 

t a n c e  i n  d e s t r o y i n ?  t o x i c  H 0 

The occurence  o f  i n t r a c e l l u l a r  s u l f u r  q l o b u l e s  i n  t h e  

n o n s u l f u r  b a c t e r i u m  S p h a e r o t i l u s  n a t a n s  ( 9 5 )  t h a t  l i v e s  

i n  p o l l u t e d  waters ,  may b e  due t o  a l a c k  of  catalase .  I n  

t h i s  r e s p e c t  it i s  i n t e r e s t i n a  t h a t  a d d i t i o n  of ca t a l a se  

h a s  been found t o  improve t h e  c u l t u r e  c o n d i t i o n s  f o r  

t h e  l a r g e  f i l a m e n t o u s  color less  s u l f u r  b a c t e r i u m  

Beqq ia toa  ( 9 6 ) .  

A s y m b i o t i c  r e l a t i o n s h i p  i n  t h e  r i z o s P h e r e  of rice P l a n t s  

i n v o l v i n g  Begq ia toa  i s  m o s t  p robab ly  r e s p o n s i b l e  f o r  

d e t o x i f y i n g  t h a t  r i z o s p h e r e  o f  H S ( 9 7 ) :  The p l a n t  i s  

p r o t e c t e d  by Beqg ia toa  o x i d i z i n q  H S t o  i n t r a c e l l u l a r  

s u l f u r  g l o b u l e s  and  a p l a n t  r o o t  ca t a l a se  i n  t u r n  pro-  

tects  Begg ia toa  from a u t o i n t o x i c a t i o n  by decomposing i t s  

s e l f - p r o d u c e d  H 2 0 2  ( 9 7 ,  9 8 ) .  

The soil amoeba Acanthamoeba c a s t e l l a n i  a p p e a r s  t o  possess 
two mechanisms f o r  o x i d a t i v e  d e t o x i f i c a t i o n  o f  H2S 

n e i t h e r  o f  which h a s  been f u l l y  e l u c i d a t e d .  

The d e t o x i f y i n g  impor t ance  o f  m i c r o b i a l  s u l f i d e  o x i d a t i o n  

2 2 '  

2 

2 

( 9 9 )  

PS-H 
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i n  n a t u r e  i s  n e i t h e r  a s s e s s e d  q u a n t i t a t i v e l y  no r  i s  it 

f u l l y  unde r s tood .  The d e t o x i f y i n g  e f f e c t  may be  obvious-  

l y  s e l f  p r o t e c t i v e  f o r  s i n q l e  m i c r o b i a l  s p e c i e s  as w e l l  

a s  a mutual  symbio t i c  one f o r  l a r g e  h a b i t a t s  such as  

r i c e  p l a n t a t i o n s ,  s a l t  marshes and o t h e r  e s t u a r i n e  ha- 

b i t a t s .  
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