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Abstract. A variety of  compounds  were investigated for use as sulfur sources for the growth of  
methanogenic  bacteria.  Methanococcus  (Mc.) deltae, Me.  maripaludis, Methanobac ter ium 
(Mb.) species GC-2B, GC-3B, and M M Y ,  Methanobrevibacter  (Mbr.) ruminantium, and Me- 
thanosarcina (Ms.) barkeri strain 227 grew well with sulfide, S ~ thiosulfate, or cysteine as sole 
sulfur source.  Mbr. ruminantium was able to grow on SO4 or SO3, and Ms. barkeri strain 227 
was able to grow on SO3, but not on SO4 as a sole sulfur source. Mc. jannaschi i  grew with 
sulfide, S ~ thiosulfate or SO3, but not on cysteine or SO2 as sole surface source. Mc.  thermo- 
lithotrophicus, Mc.  jannaschii ,  Mc.  deltae, and Mb. thermoautotrophicum strains Marburg  and 
AH were able to grow with methanethiol,  ethanethiol,  n-propanethiol ,  n-butanethiol,  methyl  
sulfide, dimethyl  sulfoxide, ethyl sulfide, or CS2 as a sulfur source, when very low levels (20-30 
/xM) of sulfide were present;  no growth occurred on 5 -100 /xM sulfide alone. Methanethiol ,  
ethanethiol,  and methyl  sulfide-using cultures produced sulfide during growth. 

Methanogenic  bacter ia  have been studied for many  
years,  but recent  technical advances with tubes or 
bottles pressur ized with the substrates H2-CO2 
(80 : 20 vol/vol)  have  facilitated small-scale growth 
of  these bacter ia  [1, 2]. This system involves using 
O2-free medium with Na2S or cysteine or both to 
assure strict anaerobic conditions and provide a sul- 
fur source.  The present  understanding in regard to 
sulfur nutrition and metabol ism in these bacter ia  is 
limited [36]. 

It  has been thought that methanogenic  bacter ia  
require fully reduced sulfur (i.e., sulfide) as a sulfur 
source [5, 6, 13, 16, 22, 26-28,  35, 37], but recently 
Stet ter  and Gaag [30] and Daniels et al. [9] have 
shown that many  methanogens  can reduce elemen- 
tal sulfur to sulfide. Most  recently,  Daniels et al. 
[10] have demonst ra ted  the effects of  a wide range 
of inorganic sulfur-containing compounds  (espe- 
cially sulfate, sulfite, and thiosulfate) on the growth 
of four  methanogens .  In continuation of  these stud- 
ies we repor t  here the effects of  sulfate, sulfite, 
thiosulfate, and cysteine on the growth of  several  
other methanogenic  bacteria,  especially from the 
marine environment .  Also, since fe rmentor  cultures 
of  Mb. thermoautotrophicum strain Marburg pro- 

duce mercap tans  (B.S. Rajagopal,  unpublished 
data), we invest igated the use of  mercaptans  (me- 
thanethiol,  ethanethiol ,  n-propanethiol  and n-bu- 
tanethiol) as sulfur sources for growth, as well as 
methyl  sulfide (diemthyl sulfide) and its oxidized 
product  dimethyl  sulfoxide (DMSO), ethyl sulfide 
(diethyl sulfide), carbon disulfide (CS2), and car- 
bonyl  sulfide (COS). We report  that a wide variety 
of  sulfur compounds ,  including all the mercaptans  
and organic sulfides examined,  serve as sulfur 
sources for the methanogens  studied. 

Materials and Methods 

Organisms. Methanococcus (Mc.) 1 deltae strains ARC and ALH, 
Mc. maripaludis, Methanobacterium (Mb.) species MMY, GC- 
2B, and GC-3B were obtained from Dr. J. Reeve [7, 14, 18]. Mc. 
jannaschii [17] and Methanobrevibacter (Mbr.) ruminantium [1] 
were gifts of Dr. R.S. Wolfe. Mc. thermolithotrophicus was ob- 
tained from Dr. K.O. Stetter [15], and Mb. thermoautotrophi- 
cum strain AH (DSM 1053 = ATCC 29096) was a gift of Dr. J. 
Winter [39]. Mb. thermoautotrophicum strain Marburg (DSM 
2133) was provided by Dr. Georg Fuchs [12]. Methanosarcina 
(Ms.) barkeri strain 227 was obtained from Dr. S.H. Zinder [21]. 

1 Since all methanogen genus names begin with M, for clarity we 
use the nomenclature for abbreviation suggested by Daniels et al. 
[11]. 
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Medium and growth conditions. Cells were grown by a modifica- 
tion of the method of Balch and Wolfe [1]. Mc. deltae strains 
ARC and ALH were grown at 37~ in a medium modified from 
that previously described [7]; it consisted of the following com- 
ponents (mM) in distilled and deionized water: K2HPO4 (1.72), 
KH2PO4 (2.2), NaCI (513.3), sodium acetate (12.2), NH4C1 (50.5), 
MgC12 �9 6H20 (20), NaECO3 (1.9), resazurin (0.003). MgClz was 
added separately after autoclaving; 10 ml/liter each of 100 • 
concentrated solution of trace elements [10] and vitamin mix [38] 
was also added. The pH of the medium was adjusted to 6.9 by 
addition of NazCO3 while the medium was flushed with H2-CO2 
(80 : 20 vol/vol). 

Mc. maripaludis was grown at 37~ in a medium modified 
from that previously described [18], which consisted of the fol- 
lowing components (mM): KzHPO4 (0.8), KC1 (4.43), NH4C1 
(4.67), CaC12 �9 2HzO (0.34), NaC1 (342.23), MgC12 �9 6H20 (15), 
Na2CO3 (1.9), resazurin (0.003); the mineral elixir and vitamin 
mix were the same as for Mc. deltae. MgCI2 was added sepa- 
rately after autoclaving. The pH was adjusted to 6.8 in the same 
manner as for Mc. deltae. Mc. jannaschii and Mc. thermolitho- 
trophicus were grown at 62~ in a medium described previously 
[10]. 

Mbr. ruminantium was grown at 37~ in a medium modified 
from that previously described [1]; it consisted of the following 
components (mM): K2HPO4 (5.74), NH4C1 (3.36), NaC1 (15.4), 
MgC12 �9 6H20 (0.58), sodium acetate (30.5), CaC12 �9 2H20 (0.11), 
NaHCO3 (29.8), Coenzyme M (0.76 x 10-3), resazurin (0.003); 
the mineral elixir and vitamin mix were the same as for Mc. 
deltae; yeast extract and trypticase were added at 0.5 g/liter 
each; isobutyric, a-methylbutyric, isovaleric, and valeric acids 
were each added at a final concentration of 0.05% (vol/vol); 
Tween 80 was added at a final concentration of 0.002% (vol/vol); 
pH was adjusted to 7.0 with Na2CO3 while the medium was 
gassed with H2-CO2 (80 : 20 vol/vol). 

Methanobacterium species GC-2B and GC-3B were grown 
at 37~ in a medium that consisted of the following components 
(mM): K:HPO4 (1.72), KH2PO4 (2.2), NaC1 (10.26), sodium ace- 
tate (12.2), NH4CI (50.5), CaCI2" 2HzO (0.05), MgC12" 6H20 
(0.49), Na2CO3 (1.9), resazurin (0,003); the mineral elixir and 
vitamin mix were the same as for Mc. deltae. The pH was ad- 
justed to 6.5 in the same manner as described for Mc. deltae. 
Methanobacterium species M M Y  was grown in the same me- 
dium, but was supplemented with 428 mM NaC1 and 38 mM 
MgC12 �9 6H20. Mb. thermoautotrophicum strain AH and Mar- 
burg were grown at 62 ~ as described previously [10]. Ms. barkeri 
strain 227 was grown at 37~ in a medium described previously 
[24]. 

The techniques for the preparation of media were as de- 
scribed previously [10]. Elemental sulfur was added as a solid 
prior to making the media anaerobic. When sulfide was the sulfur 
source, Na2S �9 9H20 (1.8 mM) was added by syringe from an 
anaerobic stock solution after the media were made anaerobic. 
The tubes with about 70 kPa overpressure of Hz-CO2 were then 
autoclaved. Breakage of the tubes during this procedure owing to 
vacuum or pressure is very rare. After sterilization, sodium salts 
of sulfate, sulfite, thiosulfate or cysteine, or 2-mercaptoethanol 
(2-ME) were added to the tubes without sulfide or S ~ by sterile 
syringe from filter-sterilized stock solutions prepared under a gas 
phase of argon. Before inoculation with cultures, the tubes (ex- 
cept those containing sulfide as a sulfur source, which were pres- 
surized after inoculation) were re-evacuated, flushed, and pres- 
surized with 140 kPa H2-CO2 (80 : 20 VOI/vo1) by use of sterile 
hoses. 

The experiments with mercaptans and organic sulfides as 
sulfur source were done in 250-ml stoppered bottles (Wheaton 

Scientific no. 223950 sealed with cutoff no. 1 black stoppers and 
30-mm OD aluminum seals, Wheaton Scientific no. 224187), as 
we were unable to obtain appreciable growth when the experi- 
ments were conducted in tubes. Medium (50 ml) was dispensed 
into these bottles and made anaerobic, as described previously 
[10]; due to larger volume, evacuation and gassing require con- 
siderably more time than with tubes. (Unlike the safety record of 
tubes, bottles present an explosion hazard when removing them 
from the autoclave; we have developed a protective cover from a 
large plastic bottle for use during autoclaving [8].) Solutions of 
mercaptans (methanethiol, ethanethiol, n-propanethiol, and n- 
butanethiol) and organic sulfides (methyl sulfide and its oxi- 
dized product, DMSO [dimethylsulfoxide], ethyl sulfide, and 
CS2) were made in sterile anaerobic distilled and deionized wa- 
ter, and these solutions were resterilized using Millex-GV sy- 
tinge filters (Millipore Corporation, Bedford, Massachusetts; 
prior to filtering, the filters were made anaerobic with sterile 
anaerobic water). These solutions were not evacuated, as some 
of the compounds might be lost under vacuum. Required quanti- 
ties of these solutions (kept cold at 4~ in an ice bucket) were 
added to the bottles with a sterile syringe before the cultures 
were inoculated. Carbonyl sulfide (COS) was transferred from 
the cylinder into a sterile anaerobic bottle through a rubber hose 
fitted with cutoff glass-metal Luer lock 3-ml syringe and Millex- 
GV filter unit, and the required quantity of the gas was added 
from this bottle with a sterile syringe fitted with gas-tight 
Mininert syringe valve (Alltech Associates, Deerfield, Illinois). 
After inoculation with cultures, all the bottles were pressurized 
with 140 kPa H2-CO2 (80 : 20 vol/vol) through sterile hoses. 

Inocula for sulfur source experiments were prepared in 250- 
ml bottles containing 50 ml medium and 0.7 mM sulfide, thus 
giving a maximum of about 70/zM carryover sulfide in the inoc- 
ulum since inocula were typically 10%. 

Incubation was carried out with the tubes and bottles hori- 
zontal in a gyratory shaker at 150 rpm unless indicated other- 
wise. Growth was measured by absorbance at 600 nm with a 
Spectronic 20 spectrophotometer. All data points were averages 
of triplicate tubes. All the cultures were routinely checked for 
contaminants by microscopic (phase contrast) examination, by 
inoculation into medium under N2-CO2 (80:20 vol/vol) atmo- 
sphere supplemented with 0.2% each of yeast extract and pep- 
tone, and 0.05% each of glucose, sucrose, xylose, and glycerol, 
and by growth in sulfide or other sulfur sources (SO4, SO3, or 
thiosulfate) in the presence of antibiotics (53.6 /xg/ml each of 
streptomycin and kanamycin for Mc. jannaschii, and 53.6/xg/ml 
each of streptomycin and vanomycin for other organisms). None 
of the cultures showed any contaminants. 

Analysis of sulfur-containing compounds. The gas phase (by di- 
rect injection [3]) and liquid phase (by benzene extraction [33]) of 
uninoculated and inoculated tubes containing different sulfur 
compounds was analyzed for volatile sulfur compounds with a 
Shimadzu GC 9A chromatograph equipped with a flame photo- 
metric detector (394 nm) and a 3 m • 3.2 mm (ID) Teflon (FEP) 
column packed with chromosil 330. The gas chromatograph was 
operated at 70~ with H2 flow rate of 105 ml/min, He flow rate of 
50 ml/min, and air flow rate of 55 ml/min. Also, dissolved sulfide 
was measured spectrophotometrically by a chemical assay [32]. 

Results 

Examination of uninoculated media for the abiologi- 
cal production of  reduced sulfur compounds.  A s  an  

a id  t o  t h e  i n t e r p r e t a t i o n  o f  t h e  s u l fu r  s o u r c e  e x p e r i -  
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Table 1. Use of various sulfur sources for growth by methanogens 

A600 a 

Methanococcus Methanococcus 
deltae deltae Methanococcus Methanococcus 

Substrate Strain ARC Strain ALH maripaludis jannaschii 
Sulfur concentration 
source (mM) A B A B A B A B 

Sulfide b 0.07 0.04 0.08 0.04 0.05 0.05 0.06 0.09 0.08 
Sulfide 1.90 0.85 0.45 0.88 0.40 0.85 0.42 0.85 0.55 
Sulfate 3.65 0.05 0.10 0.05 0.06 0.05 0.06 0.05 0.08 
Sulfite 0.50 0.06 0.08 0.04 0.05 0.04 0.05 0.80 0.15 
Thiosulfate 4.00 0.88 0.48 0.92 0.52 0.75 0.50 0.70 0.45 
Sulfur 3.6 mg/ml 0.92 0.54 0.80 0.45 0.90 0.48 0.85 0.50 
Cysteine 3.90 0.90 0.80 0.90 0.85 0.80 0.85 0.05 0.06 

Methano- 
brevibacter 

raminantium 

Methanobacterium 

M M Y  GC~B GC~B 

A B A B A B A B 

Sulfide 0.07 0.12 0.15 0.09 0.08 0.08 0.09 0.10 0.12 
Sulfide 1.90 0.82 0.45 0.95 0.40 0.90 0.54 0.95 0.40 
Sulfate 3.65 0.80 0.14 0.15 0.12 0.14 0.15 0.12 0.15 
Sulfite 0.50 0.50 0.12 0.12 0.14 0.12 0.14 0.14 0.15 
Thiosulfate 4.00 0.80 0.45 0.85 0.45 0.80 0.45 0.80 0.50 
Sulfur 3.6 mg/ml 0.78 0.40 0.95 0.40 0.95 0.52 0.90 0.48 
Cysteine 3.90 0.88 0.90 0.95 0.80 0.90 0.82 0.95 0.90 

A, sulfur source without 2-mercaptoethanol. 
B, sulfur source with 10 mM 2-mercaptoethanol. 
a Maximum A600 was recorded after incubation for 20-120 h for Mc. deltae and Mc. maripaludis, 15-30 h for Mc.jannaschii ,  and 3-12 
days for Mbr. ruminantium and Methanobacterium species. An absorbance of <0.2 is taken as no growth. 
b Residual from inoculum. 

ments described below, the headspace and liquid of 
media containing different sulfur compounds were 
examined by gas chromatography to detect the abi- 
ological production of volatile sulfur compounds 
during incubation for 30 days at both 37 ~ and 62~ 
Thiosulfate, sulfate, sulfite, and S ~ yielded no de- 
tectable volatile compounds during abiological incu- 
bation, but when 2-mercaptoethanol (2-ME) (2.5 
mM) was present with thiosulfate (4 raM) or S ~ (4 
mg/ml), sulfide was produced at a level of 0.5-0.9 
mM. None of the mercaptans or organic sulfides 
yielded detectable sulfide or other volatile com- 
pounds. However, COS was chemically unstable at 
both 37 ~ and 62~ and yielded large quantities of 
sulfide. 

Sulfur sources used for growth.  Tables 1 and 2 de- 
scribe the ability of several sulfur compounds (inor- 
ganic and organic) to serve as sulfur sources for 
growth of several methanogenic bacteria. Because 
of previous workers' use of 2-ME as a medium re- 
ductant [4, 5], the data describe experiments done 
either in the presence or absence of 2-ME. In all 

cases, carryover sulfide (0.07 mM) or 2-ME did not 
result in growth, while added sulfide (1.8 mM) al- 
lowed full growth. 

The initial growth (i.e., cells transferred from 
sulfide medium into medium containing other sulfur 
sources) of all the cultures on thiosulfate, sulfate, 
sulfite, cysteine, mercaptans, or other sulfur 
sources under normal tube-shaking conditions was 
preceded by a lag of 12-20 h, growth was often 
inconsistent, and the medium in some of the cul- 
tures turned pink owing to oxidation during this lag 
period. However, when cells were incubated ini- 
tially without shaking (with the tubes or bottles in 
upright position) for 12-20 h, followed by normal 
shaking, repeatable growth could be observed. 
Thus, for the first transfer it was decided to incu- 
bate all the cultures without shaking for the first 12- 
20 h of growth irrespective of sulfur source. After 
the initial adaptation to these sulfur sources, all the 
cultures were repeatedly transferred without a lag. 
None of the cultures showed a lag with sulfide or S ~ 
as sulfur source. 

Sulfide. All methanogens used in this study ex- 
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Table 2. Use of mercaptans and organic sulfides as sulfur source for growth of methanogenic bacteria 

A600 a 

Substrate Methanobacterium Methanobacterium 
concentra- methanococcus thermoauto-  thermoauto- 

Sulfur tion thermol i tho-  trophicum trophicum Methanococcus 
source (mM) trophicus strain Marburg strain AH jannaschii 

Methano-  
Methanococcus  coccus 

deltae deltae 
strain ARC strain ALH 

Sulfide b 0.07 0.03 0.05 0.05 0.06 0.09 0.08 
Methane- 

thiol 1.0 0.72 0.75 0.75 0.45 0.68 0.65 
Ethanethiol 1.0 0.58 0.80 0.80 0.34 0.45 0.40 
n-Propane- 

thiol 1.0 0.62 0.70 0.70 0.35 0.40 0.35 
n-Butane- 

thiol 1.0 0.60 0.75 0.75 0.38 0.39 0.33 
Methyl 

sulfide 1.0 0.54 0.70 0.70 0.40 0.35 0.30 
DMSO 1.0 0.50 0.60 0.65 0.35 0.38 0.34 
Ethyl 

sulfide 1.0 0.62 0.68 0.68 0.35 0.34 0.30 
CS2 1.0 0.55 0.60 0.60 0.40 0.40 0.35 

Maximum A600 was recorded after incubation for 12-15 h for Mc. thermolithotrphicus, 15-30 h for Mc. jannaschii, and 20-120 h for 
Mc. deltae and Mb. thermoautotrophicum strains Marburg and AH. An absorbance of <0.2 is taken as no growth. 
b Residual from inoculum. 

1.0 

0.8 ~ o 
<~ 0.6 

3~ 0.4 

0.2 

soa= or so4= (mM) 

Fig. 1. Effect of sulfate and sulfite concentrations on growth of 
Methanobrevibacter ruminantium and sulfite concentrations on 
growth of Methanococcus jannaschii: (9, sulfate with Mbr. 
ruminantium; 0, sulfite concentration with Mbr. ruminantium; 
and &, sulfite concentration with Mc. jannaschii. 

hib i t ed  an  o p t i m u m  level  o f  1 -2  m M  sulfide.  Mc. 
deltae s t ra ins  ARC and  A L H ,  Mc. marpaludis, and 
Mbr. ruminantium were  inh ib i ted  at  l eve ls  b e y o n d  4 
m M ,  whi le  Mc. jannaschi i  and  Methanobacter ium 
spec i e s  M M Y ,  GC-2B, and GC-3B grew well  even  at  
l0  m M  sulfide.  2 -ME at l0  m M  and a b o v e  was  in- 

h ib i to ry  to  g r o w t h  o f  all the  o r g a n i s m s  on  sulf ide.  
Sulfate. N o n e  o f  the  cu l tu re s  e x c e p t  Mbr. 

ruminantium w e r e  ab le  to use  SO4 as  sole sulfur  
s o u r c e  (Table  l ) ;  this  ab i l i ty  was  con f i rmed  by  re- 
p e a t e d  t rans fe r .  T h e  leve l  o f  SO4 r e q u i r e d  for  opt i -  
mal  g r o w t h  was  4 - 6  m M ,  and  h igher  c o n c e n t r a t i o n s  
had  no fu r the r  ef fec t  (Fig.  1). 2 -ME at > 5  m M  was  
inh ib i to ry  to  g rowth  o f  Mbr. ruminantium on SO4.  
Ms. barkeri s t ra in  227 was  unab le  to  g row with  4 - 5  

m M  SO4 in the  p r e s e n c e  o r  a b s e n c e  o f  2 . 5 -5 .0  m M  
2-ME (da t a  not  shown) .  

Sulfite. Of  the  e ight  o r g a n i s m s  e x a m i n e d  tha t  
a re  s h o w n  in T a b l e  1, on ly  Me. jannaschi i  and  Mbr. 
ruminantium w e r e  ab le  to g r o w  on S O j  as a sole 
sulfur  sou rce .  2 - M E  at > 5  m M  was  inh ib i to ry  to 

g r o w t h  o f  bo th  the  o rgan i sms  on SO~-. A f t e r  4 - 5  
r e p e a t e d  t r ans f e r s ,  the  ef fec t  o f  SO3 c o n c e n t r a t i o n  
on  g r o w t h  was  s tud ied .  O p t ima l  g rowth  o f  Mbr. 
ruminantium o c c u r r e d  at  0 .5 -1  mM,  and  c onc e n t r a -  
t ions  > 1 m M  w e r e  g rea t ly  inh ib i to ry  (Fig.  I). H o w -  
ever ,  op t ima l  g r o w t h  o f  Mc. jannaschi i  o c c u r r e d  at  
2 . 5 - 3 . 0  m M ,  and  c o n c e n t r a t i o n s  up to 6 m M  had  no  
fu r the r  e f fec t  (Fig.  1). Ms.  barkeri s t ra in  227 was  
a l so  ab le  to  g r o w  wi th  0 . 2 5 - 0 . 5 0  m M  SO3 (da ta  no t  
shown) .  

Thiosulfate. In t e r e s t i ng ly ,  all the  e ight  organ-  
i sms  e x a m i n e d  w e r e  ab le  to  g r o w  on th iosu l fa te  as  a 
sole  su l fur  s o u r c e  (Table  1). 2 - M E  at > 10 m M  was  
inh ib i to ry  to g r o w t h  o f  all the  o rgan i sms  on 
th iosu l fa te .  Al l  the  cu l tu re s  g rowing  on  th iosu l fa te  
we re  t r a n s f e r r e d  4 - 5  t imes ,  and  the  effect  o f  
t h iosu l f a t e  c o n c e n t r a t i o n  on  g r o w t h  was  s tud ied .  
O p t ima l  g r o w t h  o f  all the  o r g a n i s m s  o c c u r r e d  at  4 - 5  
m M ,  and  h ighe r  c o n c e n t r a t i o n s  had  no fu r the r  ef- 
fec t  (da t a  no t  shown) .  Ms.  barkeri s t ra in  227 was  
a lso  ab le  to  g r o w  wi th  3 - 4  m M  o f  th iosu l fa te  as  sole 
sulfur  sou rce  (da t a  not  shown) .  

Elemental  sulfur. All  the  e ight  o rgan i sms  e x a m -  
ined  w e r e  ab le  to  g r o w  on e l emen ta l  sulfur  as a sole  
sulfur  s o u r c e  (Tab le  I). 2 - M E  at  > 10 m M  was  inhib-  
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itory to growth of all the organisms on elemental 
sulfur. 

Cysteine. Of the eight organisms examined, all 
except Mc. jannaschii were able to grow on cys- 
teine as a sole sulfur source (Table 1). After 4-5 
repeated transfers, effect of cysteine concentration 
on growth was determined. The level of cysteine 
required for optimal growth of all the organisms was 
about 5-6 raM, and higher concentrations had no 
further effect (data not shown). Ms'. barkeri strain 
227 was also able to grow with 3-4 mM cysteine as 
sole sulfur source (data not shown). 

Mercaptans and organic sulfides. In this series 
of experiments, the ability of methanethiol, 
ethanethiol, n-propanethiol, n-butanethiol, methyl 
sulfide, dimethyl sulfoxide (DMSO), ethyl sulfide, 
and carbon disulfide (CS2) to serve as sulfur source 
for the growth of Mc. thermolithotrophicus, Mc. 
jannaschii, Mc. deltae strains 2tRC and ALH, and 
Mb. thermoautotrophicum strains Marburg and AH 
was studied. Interestingly, all the organisms tested 
were able to grow with any of these sulfur com- 
pounds as a sulfur source (Table 2) when the me- 
dium was supplemented with very low levels of sul- 
fide. Initially, we were unable to obtain growth on 
these compounds when the experiment was con- 
ducted in tubes, but when the experiment was re- 
peated in bottles (250 ml), growth occurred and all 
the cultures were transferred repeatedly. Probably 
owing to decreased surface area exposed to air and 
thicker rubber stoppers, the bottles provide a more 
reduced environment than with tubes. (We have ob- 
served this bottle-preference phenomenon with our 
N2-fixing cultures of Mc. thermolithotrophieus, Mb. 
bryantii, and Methanospirillum (Msp.) hungatei 
[N. Belay, unpublished observations].) 

All the cultures needed about 20-30/xM sulfide 
along with the mercaptans or organic sulfides. The 
reasons for this requirement of sulfide is not clear, 
but it may help to keep the medium at a more re- 
duced state, thereby enabling the organisms to grow 
on mercaptans or organic sulfides. None of the or- 
ganisms grew on 25-100 /zM sulfide alone. Me- 
thanethiol, ethanethiol, and methyl sulfide-using 
cultures produced 50-100 /xM sulfide during 
growth; uninoculated medium produced no sul- 
fide. In a separate experiment, influence of 5-100 
/xM sulfide alone or in combination with me- 
thanethiol or ethanethiol (1 mM) on Mc. thermo- 
lithotrophicus was studied. Mc. thermolithotrophi- 
cus grew on methenethiol or ethanethiol (lmM) in 
the presence of sulfide at concentrations >20/xM, 
but not on 5-100/xM sulfide alone (Fig. 2). 

Out of several mercaptans and organic sulfides 
examined, methanethiol was the best sulfur source 
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Fig. 2. Effect of sulfide concentration on growth of  Methanococ-  
cus thermoli thotrophicus in the presence of methanethiol or 
ethanethioh �9 sulfide alone; A, 1 mM ethanethiol; and 0 ,  1 mM 
methanethiol. 

(giving growth as good as with sulfide) for all 
the methanogenic bacteria tested (Table 2). 
Ethanethiol, n-propanethiol, n-butanethiol, methyl 
sulfide, DMSO, ethyl sulfide, and CS2 provided for 
maximal growth densities (approaching that with 
sulfide) of Mc. thermolithotrophicus and Mb. ther- 
moautotrophicum strains Marburg and AH, while 
growth of Mc. jannaschii and Mc. deltae strains 
ARC and ALH on these sulfur sources was com- 
paratively lower. After four repeated transfers, 
the effects of concentrations of methanethiol, 
ethanethiol, and methyl sulfide on the growth of 
Mc. thermolithotrophicus were studied; the level of 
all the three compounds required for optimal 
growth was 1-2 mM, and higher concentrations had 
no further effect; 50%-80% of maximal growth oc- 
curred at 0.5 mM (data not shown). 

Discussion 

Virtually all media described for the growth of me- 
thanogenic bacteria contain sulfide added to make 
an initial concentration of 1-2 mM; cysteine has 
also been used in conjunction with sulfide [1, 2, 6, 
12, 13, 15, 16, 22, 25-28, 35, 37-39]. Several work- 
ers have studied other potential sources of sulfur for 
media reduction or growth requirements, but the 
implication has been that fully reduced sulfur is re- 
quired by all methanogens [13, 27, 28, 35]. Re- 
cently, Daniels et al. [9, 10] found that Mc. thermo- 
lithotrophicus and Mb. thermoautotrophicum 
strains Marburg and AH can grow on SO3, 
thiosulfate, or elemental sulfur as a sole sulfur 
source; Mc. thermolithotrophicus was also able to 
grow with SO~. Thus it seems clear from our work 
[9, 10] (this study) that a variety of sulfur-con- 
taining compounds, with the sulfur at several differ- 
ent oxidation states (in both inorganic and organic 
for/ns), serve as sole sources of sulfur for growth of 
methanogenic bacteria. 
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When methanogens are tested for their ability 
to grow on sulfur sources other than sulfide, growth 
may be poor or may not occur at all when cultures 
are shaken from the start of the incubation period. 
Cultures may be subjected to more oxidation under 
shaking conditions until they adapt to the new sub- 
strate. Thus, we recommend that when methano- 
gens are grown on sulfur sources other than sulfide 
or S ~ a period, of standing incubation should be 
allowed. 

Gas chromatographic and chemical analysis of 
tubes or bottles containing the different sulfur 
sources has demonstrated that chemical-mediated 
production of sulfide or other reduced sulfur com- 
pounds from most of the compounds used in this 
study is negligible. COS was chemically unstable 
and yielded significant quantities of sulfide, how- 
ever, and thus the growth on COS as sole sulfur 
source is probably due to sulfide and not COS. 
Likewise, when 2-ME is included in the medium 
along with thiosulfate or S ~ chemical-mediated sul- 
fide production occurs. A thorough discussion on 
nonbiological dismutation of oxidized sulfur com- 
pounds used in this paper has been presented in our 
earlier study [10], and all our data indicate that 
chemical-mediated reduction of sulfur compounds 
used in this study is negligible. 

2-ME did not serve as sulfur source for the 
growth of methanogens tested in this and our earlier 
study [10]. Bhatnagar et al. [4] have also demon- 
strated that 2-ME was not metabolized by two 
strains of Methanobacterium. However, growth of 
many of the methanogens we have studied is inhib- 
ited by 2-ME. The use of 2-ME may lead to a false 
conclusion that a sulfur compound is not used by a 
methanogen when in fact its utilization may be in- 
hibited by 2-ME; thus, its use is not recommended. 

The sulfide and especially sulfite concentration 
curves suggest that it is very important to determine 
the levels for optimal growth of each organism (as 
shown here, and by other workers) [I0, 16, 22, 26, 
28, 37]. Bhatnagar et al. [4] used 5 mM SO~ in 
testing methanogens for their growth on this com- 
pound; however, we have found that more than 1-2 
mM is greatly inhibitory to all strains we have 
tested so far except Mc. jannaschii (this study) [10]. 
Care should be taken with elemental sulfur, since it 
could be metabolized rapidly to form toxic levels of 
hydrogen sulfide. 

The data suggest that the methanogens used in 
this and an earlier study [10] have a variety of en- 
zymes capable of using diverse sulfur sources like 
S ~ SO4, or SO~. Sulfate can not be used as a signifi- 

cant sulfur source by most of a variety of methano- 
gens examined (this work) [5, 6, 10, 16, 22, 27, 28, 
37]; this suggests that the methanogens do not have 
enzymes for sulfate reduction. Ms. barkeri contains 
P590, a sulfite reductase [23], although growth on 
sulfite had not been demonstrated prior to our 
work. Of the organisms examined, only Mc. ther- 
molithotrophicus and Mbr. ruminantium seem to 
have a full set of enzymes for sulfate reduction, but 
most methanogens have a "sulfur reductase." 

Several microorganisms produce volatile sulfur 
compounds, including alkyl thiols (mercaptans) and 
alkyl sulfides [19], but little is known about their 
biological decomposition. Some of these products 
occur naturally and are also produced by paper 
mills using the Kraft pulp process [29] and cause an 
industrial odor problem because of their low odor 
threshold. Lovelock et al. [20] detected methyl sul- 
fide in ocean waters and in the atmosphere over 
soils and have suggested that methyl sulfide plays a 
major role in the atmospheric sulfur cycle. We have 
shown here that many methanogens can use several 
mercaptans and organic sulfides as sulfur sources 
for growth; although the cultures need a supplement 
of 20-30/xM sulfide to initiate growth, several mer- 
captans and organic sulfides produced sulfide dur- 
ing growth. Given lack of growth on the very low 
sulfide levels alone and the conversion of mercap- 
tans to sulfide, we conclude that these compounds 
are serving as sulfur sources. Anaerobic metabo- 
lism of methionine by mud samples from Lake Men- 
dota (Wisconsin) yielded methanethiol, which was 
further metabolized to methane, carbon dioxide, 
and hydrogen sulfide [43, 44]. Likewise, microbial 
populations present in anaerobic fresh water sedi- 
ments and in anaerobic sewage digester sludge me- 
tabolized the carbon in methanethiol, methyl sul- 
fide, and dimethyl disulfide to methane and carbon 
dioxide [43, 44]; however, no production of meth- 
ane or carbon dioxide from either methanethiol or 
methyl sulfide by pure cultures of Mbr. ruminan- 
tium, Mb. thermoautotrophicum, or Ms. barkeri 
was detected. We have verified this work with Ms. 
barkeri (B.S. Rajagopal, unpublished data). It will 
be of interest to study whether these volatile or- 
ganic sulfur compounds can serve as both a carbon 
and sulfur source for growth of any methanogens. 
The methanogens possibly play an important role in 
anaerobic habitats, which serve as sinks in the bio- 
geochemical cycling of these compounds. 

The reduction of the sulfur-containing com- 
pounds with hydrogen as the reductant is thermo- 
dynamically favorable: S04, S03, and S ~ reduction 
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to S = yields free energies (AG ~ of  - 152, - 173, and 
- 2 8  kJ per reaction. The free energy for the fer- 
mentation of  methanethiol is - 3 5  kJ per reaction, 
whereas the free energy for the reduction by hydro- 
gen of  methanethiol to methane and hydrogen sul- 
fide is - 6 9  kJ per reaction [31, 34]. The free ener- 
gies for methyl sulfide metabolism are similar. 
Several anaerobic archaebacteria, including Ther- 
moproteus, Desulfurococcus, and Thermococcus 
species obtain all their energy from S ~ reduction 
[40-42]; Desulfovibrio species obtain their energy 
by SO~ reduction. However,  in many bacteria, as- 
similatory sulfate reduction supplies cells with a 
sulfur source, but no energy. It is likely that in me- 
thanogens the assimilatory route occurs,  but the 
possibi l i tyexists  that they can produce ATP by hy- 
drogen sulfide production: the distinction between 
these two possibilities is a relevant topic for future 
investigation. 

The marine environment is high in sulfate, and 
it was expected that some of  the marine isolates 
would be able to reduce SOg to use it as a sulfur 
source. However ,  the only methanogen in this 
study capable of  this was Mbr. ruminantium, which 
is a nonmarine organism isolated from the rumen of  
a cow [6]. The only other methanogen known to use 
SO4 is Mc. thermolithotropicus [10], and it is a ma- 
rine isolate. Of the five marine organisms examined 
here, none used SO4; this suggests it is not a com- 
mon attribute with methanogens in this environ- 
ment. 
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