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There is probably no impor tan t  group of bacteria so poorly known 
as t ha t  group which is made up of methane-producing organisms. 
Although the  formation of methane is a phenomenon of common and 
wide spreac~ occurrence in nature  and is of ineIeasing importance in 
sewage purification and for the disposal of waste pToducts with the 
simultaneous production of fuel (Buawell and Neave, 1930), the existing 
knowledge of the causative agents of this fermentat ion is still very 
slight, as is evident f rom the fact  t ha t  not  a single represeI~tative of 
the group is listed in the s tandard works on bacterial  t axonomy 
(Bergey, 1934; Lehman~ and 2Veuman~, 1927). 

The reason for this deficiency evidently is t ha t  the methane bac- 
teria possess properties which make them exceedingly difficult to isolate 
and to s tudy by  ordinary methods. The difficulty in isolating these 
organisms is, in fact, so great  tha t  it has been impossible to obtain pure 
cultures and even ~ttemp~s to  separate the various members  of the group 
from one another  have until now met  with little or no success. 

Although there is no precise information concerning methane bac- 
teria such as can only be obtained by  a s tudy of pure cultures, there are 
several observations upon the organisms which occur in methane- 
producing enrichment cultures. All these bacteria have been found to 
be non-spore-forming with the possible exception of those active in the 
methane fermentat ion of cellulose (Ome[iauski, 1904), The lat ter  or- 
ganisms will not be considered in the present paper. 

SSh~ges (1906) described two organisms which were responsible for the 
methane fermentation of the calcium salts of some of the lower fa t ty  acids 
One was an immotile, rod-shaped bacterium which was particularly abundant 
in fermentations of the salts of butyric, caproic, caprylic and capric acids. 
but also was observed in acetate fermentations. This organism apparently 
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could not ferment fatty acids with an odd number of carbon atoms except, 
perhaps formic acid. It was about 5--7 tz long and 0.3--0.5 [z thick. The 
individual cells appear from the photomicrograph of a stained preparation 
to be more or less bent. They are described (though not shown) as being 
often joined together to form long threads which are commonly grouped 
into bundles or loose, ballshaped aggregates. The bundles are particularly 
characteristic for this bacterium. Spore formation was never observed. 
The organism was easily stained with the ordinary basic dyes but was not 
colored by the Gram stain. This methane bacterium of SShnge~ appears 
not to have been identified with certainty nor redescribed by any later 
investigator although Groenewege (1920) and Buswell and ~eave (1930) 
mentioned observing a rod-shaped bacterium which differed only slightly 
from the organism described by  SShnge~. Kluyver and van Niel (1936) in 
their recent paper upon bacterial taxonomy have created the genus Methano- 
bacteriu~n for SShngen's methane bacterium. 

SShngen's second methane-producing organism is a large and conspi- 
cuous Sarcina which predominates in fermentations of calcium acetate. I t  is 
described as being an immotile, non-sporeforming, coccus-shaped organism, 
the individual cells of which are grouped into more or less cubical sarcina 
packets. The edges of the packets are 8--10 ~z long. Like the methane 
bacterium, the sarcina was found to be Gram-negative. SShnge~ believed 
this sarcina to be able to ferment formic acid in addition to acetic acid; 
whether it is also able to ferment the higher fa t ty  acids remains uncertain 
from his work. Several later investigators have observed the S6hngen 
sarcina both in acetate enrichment cultures and in sewage sludge (Groene- 
wege, 1920; Buswell and Neave, 1930; Smit, 1933). Smit mentions the 
possibility tha t  the sarcina observed by him is identical with Sarcina paludosa 
Schr6ter but  nevertheless he includes the organism with other anaerobic 
fermenting sarcinae in his new genus Zymosarcina under the name of Zymo- 
sarcina methanica. Kluyver and van Niel have, however, pointed out with 
good reason that  the anaerobic sarcinae, though morphologically much alike, 
are too dissimilar in their physiological characteristics to be grouped to- 
gether in one genus. They have, therefore, created the genus Methano- 
sarcina for the methane-producing sarcina. 

A third, perhaps distinct, type of non-spore-forming, methane-producing 
bacterium has been described by Omelianski (1916). This organism was found 
to be responsible for the methane fermentat ion of ethyl alcohol I n  this 
fermentat ion it  developed to the practical exclusion Of all other types. This 
bacterium is a long, th in  and usually bent  rod which appeared to be per- 
manen t ly  immotile. Orrelianslci does not  state whether or not  it is capable 
of fermenting substrates other than  ethyl alcohol. In  fact, his description 
is inadequate to make it certain tha t  this organism is different from S6hngen's 
methane bacterium. A comparison of the photomicrographs of the two 
organisms, however, suggests tha t  they are not  identical. The same or- 
ganism is probably responsible for the methane fermentat ion of acetone 
(Mazd, 1915). 

Another  type of alcohol-fermenting methane bacterium has been des: 
cribed by  Groenewege (1920). This organism is claimed to be able to ferment 
methyl  and butyl  alcohols and acetone in addit ion to ethyl alcohol. I n  
cultures with the lat ter  substrate especially it was observed t o  overgrow all 
other types of methane bacteria. The organism is described as a small micro- 
coccus. The individual  cells usually stick together to form considerable 
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masses. Intense staining with  carbol fuchsin showed tha t  the  cells are 
imbedded in a s l imy mat r ix .  Fo r  this  organism Kluyver and van Niel have 
created the  genus Methanococcus. 

Another  coccus-shaped bacterium, which on the  basis of its physio- 
logical characters  m a y  well be different from Groenewege's organism, has 
been described in some detai l  b y  Maz~ (1903, 1915) and has also been ob- 
served b y  Omelianski (1906). ~/iazd first  not iced this organism, which h e  
called a "pseudosarcina", in decaying leaves. He  la ter  found t ha t  the  same 
organism developed in cultures in which acetone was undergoing a methane 
fermentat ion.  He regarded the pseudosarcina as causing the decomposit ion 
of acetone bu t  his in terpre ta t ion  is possibly incorrect,  as the  organism only 
appeared  after  the  fermenta t ion  had  been in progress for a considerable t ime. 
I t  is more probable  t ha t  the  pseudosarcina was developing upon some f a t t y  
acid formed in the  p r imary  decomposit ion of the  acetone. M.azd described 
the organism as being somewhat  polymorphic .  I t  occured either as isolated, 
coccus-shaped cells or in small  groups of cells or even in large masses in the  
form of a mulberry .  These different groupings of the  organism are clearly 
shown in a drawing. There can be no doubt ,  however,  t ha t  some of the  
organisms thought  b y  Mazd to be modifications of his pseudosarcina were 
ac tua l ly  sarcinae of the  t ype  described b y  SShngen. 

Final ly ,  there  is the  thermophilic methane bacterium of Coolhaas (1928). 
This bac ter ium was claimed to cause a fermenta t ion  of formic, acetic, iso- 
bu tyr ic  and  other  acids bu t  no t  of propionie acid or normal  bu tyr ic  acid. 
I t s  op t imum tempera ture  for development  is 630 C. ; its maximum,  about  
70 o C. The organism is a modera te ly  long (3---6 ~), thin,  immoti le  rod which 
is usual ly  somewhat  ben t  and  forms long threads  and  bundles of threads.  
Coolhaas says t ha t  i t  occasionally forms spores bu t  the  evidence for this 
appears  to be exceedingly slight. No spores are visible in the  photomicrograph 
of the  bacterium. Since Coolhaas worked only with crude enrichment cul- 
tures,  i t  seems probable  tha t  the  occasional spores which he observed were 
those of a different organism. I n  general appearance  Coolhaas' thermophil ic 
bac te r ium cer ta inly  shows a s t r iking resemblance to the  other methane-  
producing rods. The high op t imum tempera ture  is not  in itself a sufficient 
cri ter ion to separate  this  organism from re la ted  mesophilic forms, for as 
Kluyver and Baars (1932) have proved with thermophilic 8ul]ate-reducing 
bacteria, the  abi l i ty  of an organism to grow in a given tempera ture  range is 
an  adap t ive  ra ther  than  a f ixed character .  

This  comple tes  t h e  l i s t  of t he  non-spore - forming  organisms  which 
have  been  desc r ibed  as  t he  agents  respons ib le  for t he  fo rma t ion  of 
m e t h a n e .  I t  wil l  be seen a t  once t h a t  al l  t he  organisms are  s imi lar  in 
be ing  p e r m a n e n t l y  immot i l e  and  t h a t  in o ther  respec t s  t h e y  belong to 
one of two  morpholog ica l  types .  One t y p e  has  coccus-shaped  cells and,  
therefore ,  be longs  to  t h e  f ami ly  of t he  Micrococcaceac (Kluyver ~nd 
van Niel). To th i s  g roup  be long the  Sarcina of S6hngen, t he  ~seudo- 
sarcina of Mazd and  Omelianslci, and  the  Micrococcus of G'roenewege. The 
o the r  t y p e  has  r o d - s h a p e d  cells which  are  genera l ly  r a t h e r  long, thin,  
more  or less ben t ,  a n d  w i t h  a t e n d e n c y  to  t h e  fo rma t ion  of t h r e a ds  or 
f i l aments .  This  t y p e  should  p r o b a b l y  be inc luded  in t he  f~mily  of the  
Mycobacterlaceae. I t  is r ep re sen ted  b y  the  butyrate-/ermenting bacterium 
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of SShngen, the alcohol- and acetone-/ermenting bacteria of Omelianski 
and Mazd, and the thermophilic acetate-/ermenting organism of Coolhaas. 
Further  discussion of the relation of these various organisms to one 
another  can best be left until we have described our own observations. 

Essential physiological characters o/ methane bacteria. 

Before describing the methods which we have used for the culture 
ot methane bacteria it wili be well to briefly mention their more important  
physiological characters upon which any  rational culture method of 
tl~ese organisms must  be based. 

Methane bacteria are obligate anaerobes which ferment a great 
var iety of organic compounds with a production of methane. Their 
sensit ivity towards oxygen seems to be greater than  tha t  of most  other 
anaerobic bacteria. This fact when considered together with their lack 
of ability to produce resistant  endospores accounts already to a con- 
siderable degree for the difficulty which has been experienced in culturing 
these organisms. 

However, in addition there are several other characters which are 
undoubtedly very impor tant  in this connection. One of these is the 
necessity of carbon dioxide for the metabolism of the methane bacteria. 
This requirement has until recently been completely overlooked because 
of the inadequate knowledge which existed concerning the mechanism 
of methane formation. We have shown elsewhere (Barker, 1936) tha t  
the hypothesis of van ~[iel tha t  the methane fermentation is a process 
of carbonate or, perhaps better, of carbon dioxide reduction is undoubtedly 
correct. This process is strictly analogous to the process of sulfate 
reduction (Baars, 1930) in tha t  the molecules of the organic substrate 
ac t  only as hydrogen donators. In. sulfate reduction sulfate acts as the 
only hydrogen acceptor and is reduced to hydrogen sulfide; in the 
methane fermentation carbon dioxide is the hydrogen acceptor and is 
reduced to methane.  This analogy is expressed by the general equations : 

4 H~A + H~SO4 -+ 4 A + SH 2 + 4 H20, (1) 

4H2A + H2CO ~ -~ 4A + CH 4 + 3H20.  (2) 

Another character of the methane bacteria which has made their 
culture difficult is their  very low rate of development.  This character 
is undoubtedly  an expression of their extraordinary dissimilation process 
which yields, for each unit of substrate fermented, only a small amount  
of energy for growth. Conversely, this means tha t  each cell must  convert 
a relatively large quant i ty  of substrate in order to be able to synthesize 
a small amount  of cell material  and, therefore, development will be slow. 

The nitrogen requirements of the methane bacteria are satisfied with 
ammonia  nitrogen. 

Archly  fiir Mikrobiologie. Bd. 7 29 
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To sum up, in  developing a cul ture  method  tor the methane bacteria 
i t  m u s t  be remembered  t h a t  t hey  are str ict  anaerobes which do no t  form 
spores, t h a t  in  add i t ion  to a hydrogen  dona to r  (usually an  organic 
compound)  t hey  require carbon dioxide as a hydrogen  accepter,  t h a t  
t hey  grow slowly, and  t h a t  t hey  require on ly  inorganic  n i t rogen  sources. 

Methods ]or the isolation o] methane bacteria. 

By the  aid of the  en r i chmen t  cul ture  me thod  i t  is easy to ob t a in  
vigorously fe rment ing  cul tures  of var ious types  of methane bacteria. 
Ord ina ry  garden  soil m a y  be used as a n  inoeu lum for such cultures,  bu t  
more rap id  deve lopment  of the desired bac ter ia  is usual ly  ob ta ined  when  
black mud  con ta in ing  hydrogen  sulfide is used, because such m u d  
conta ins  greater  number s  of non-spore-forming obligate anaerobes.  The 
feces of herbivorous  an imals  seem also to be a good source of methane 
bacteria. An inocu lum of several grams per 100 ccm of cul ture  med ium is 

des i rable .  

I n  making up an enrichment culture medium for methane bacteria, 
advantage is taken of the fact tha t  these organisms have exceedingly simple 
requirements. I t  has already been mentioned that  ammonium salts suffice 
as a nitrogen source. The only other inorganic salts tha t  need be added to 
a medium made up with tap water are potassium phosphate and magnesium 
chloride. The addit ion of sulphates should be especially avoided in order to 
prevent  the growth of sulphate-reducing bacteria. The following medium is 
suitable: tap water, NI-IdC1 0.1%, K,  t tPO4  0.04%, MgCI~ 0.01%, organic 
substrate 1--2 e/o, PH 7. The choice of the organic substrate depends upon 
the type of methane organism that  is desired. I n  general, however, only 
comparatively simple organic compounds should be used, such as are not  
fermented under  anaerobic conditions by  the more common saprophytic 
bacteria. To obtain the Sarcina of SShngen or the Coccus of Mazd calcium 
acetate should be used as organic substrate in the above medium. Calcium 
butyra te  causes the abundan t  development of rod-shaped organisms, 
similar to or identical with SShngen's methane bacterium, along with a restric- 
ted number  of cocci. In  media containing ethyl alcohol the rod-shaped 
bacterium of Omelianski (1916) develops first to the exclusion of all other 
forms ; only in cultures in which the alcohol has largely been converted into 
acetic acid do the coccus and to a lesser extent  the sarcina appear in appreciable 
numbers.  When  alcohols are ~sed as substrates, an  equal quant i ty  of 
calcium carbonate must  be added to neutralize the acids which are formed. 
To obtain the above organisms the enrichment cultures can best be incubated 
at 30~ ~ C. The same or similar organisms will grow at temperatures as 
high as 450 C. Above 45 o C., especially in the region of 55o--65 o C., only 
thermophilic varieties such as tha t  described by Coolhaas develop. 

An enrichment medium containing any one of the above organic 
compounds will allow the exclusive development of methane bacteria only 
if it is incubated under  strictly anaerobic conditions. In  the presence of 
oxygen many types of aerobic organisms can mult iply  as well. I n  order 
to suppress the growth of the latter, the medium, just  before being inoculated, 
should be boiled to remove dissolved oxygen, and glass stoppered anaerobic 
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b o t t l e s  s h o u l d  be  u s e d  as c u l t u r e  vessels .  Smal l  a m o u n t s  of o x y g e n  w h i c h  
r e m a i n  in  t h e  m e d i u m  will  be  of no  i m p o r t a n c e  for  t h e  f i r s t  e n r i c h m e n t  
c u l t u r e ,  b e c a u s e  t h e  m u d  or soil  u s e d  for  a n  i n o c u l u m  will  c o n t a i n  a n  
a p p r e c i a b l e  q u a n t i t y  of o rgan ic  m a t t e r  a n d  la rge  n u m b e r s  of ob l iga te  o r  
f a e u l t a t i v e  ae rob ic  o r g a n i s m s ;  t h e  r e s p i r a t i o n  of t h e  l a t t e r  will q u i c k l y  
r e m o v e  t h e  l a s t  t r a c e s  of o x y g e n  a n d  wil l  also p r o d u c e  t h e  c a r b o n  d i o x i d e  
w h i c h  is e s sen t i a l  for  t h e  d i s s imi l a t ion  process  of t h e  metI~ane bacteria 
(Barker, 1936). 

A l t h o u g h  in  i n i t i a l  e n r i c h m e n t  cu l t u r e s  t h e  comple t e  r e m o v a l  of o x y g e n  
a n d  t h e  p r o d u c t i o n  of c a r b o n  d iox ide  c a n  h e  l e f t  to  t h e  ac t i v i t i e s  of o r d i n a r y  
s a p r o p h y t i c  b a c t e r i a  p r e s e n t  in  t h e  i nocu lum,  in  f u r t h e r  t r a n s f e r s  f r o m  t h e  
in i t i a l  cu l tu re s  specia l  care  m u s t  be  t a k e n  to  r e m o v e  o x y g e n  a n d  p r o v i d e  
c a r b o n  dioxide .  Th i s  c a n  eas i ly  be  done  b y  a d d i n g  to  t h e  m e d i u m  desc r ibed  
a b o v e ,  a f t e r  i t  h a s  b e e n  bo i led  to  r e m o v e  m o s t  of t h e  o x y g e n  a n d  t h e n  
cooled,  sma l l  a m o u n t s  of h y d r o g e n  sul f ide  a n d  s o d i u m  b i c a r b o n a t e .  F o r  
c o n v e n i e n c e  t h e s e  s u b s t a n c e s  a re  a d d e d  in  t h e  f o r m  of a s o l u t i o n  c o n t a i n i n g  
1 ~o of Na~S . 9 H~O a n d  5 ~o of Na2CO ~. Th i s  s o l u t i o n  c a n  be  s te r i l ized  a t  
120 ~ C w i t h o u t  loss of t h e  h y d r o g e n  su l f ide  or c a r b o n  d ioxide .  3 ecm of  
t h i s  s o l u t i o n  a re  a d d e d  to each  100 ccm of m e d i u m ,  a n d  t h e n  t h e  r e a c t i o n  
is r e a d j u s t e d  to  p ~  7 w i t h  a s e p a r a t e l y  s te r i l i zed  so lu t i on  of h y d r o c h l o r i c  
ac id .  I n  a m e d i u m  to  w h i c h  h y d r o g e n  sul f ide  a n d  c a r b o n  d iox ide  h a v e  b e e n  
a d d e d  in  t h i s  way ,  t r a n s f e r s  c an  be  m a d e  i n d e f i n i t e l y  f r o m  t h e  in i t i a l  en -  
r i c h m e n t  cu l tu re .  

I t  is c h a r a c t e r i s t i c  of methane bacteria t h a t  t h e y  deve lop  m a i n l y  in  t h e  
s e d i m e n t  of a c u l t u r e  a n d  v e r y  l i t t l e  in  t h e  u p p e r  l aye r s  of t h e  l iquid .  G r o w t h  
is f r e q u e n t l y  r e s t r i c t e d  to  t h e  s e d i m e n t  to  such  a n  e x t e n t  t h a t  t h e  l iqu id  of 
a a  a c t i v e l y  f e r m e n t i n g  c u l t u r e  r e m a i n s  as c lear  as o r d i n a r y  t a p  wa te r .  
Th i s  f a c t  h a s  led seve ra l  a u t h o r s  (Coolhaas, 1928; ~Breden a n d  Buswell, 1933) 
to  be l i eve  t h a t  some  so r t  of i n e r t  s e d i m e n t  is e ssen t i a l  for  t h e  d e v e l o p m e n t  
of methane bacteria. I n  our  e x p e r i e n c e  t h i s  bel ief  h a s  n o t  b e e n  s u b s t a n t i a t e d ,  
b u t  i t  is c e r t a i n l y  t rue ,  in  genera l ,  t h a t  c u l t u r e s  w i t h  a cons ide rab l e  s e d i m e n t  
a re  m o r e  s t a b l e  t h a n  t h o s e  w i t h o u t  a s e d i m e n t .  As a s e d i m e n t  we h a v e  
a lways  u s e d  e i t h e r  c a l c i u m  c a r b o n a t e  or s h r e d d e d  a sbes tos  (Breden a n d  
Buswell) or, in  some  in s t ances ,  sma l l  a m o u n t s  of s ter i le  m u d .  

Before  a t t e m p t i n g  to  i so la tc  methane bacteria in  sol id  m e d i a  i t  is des i r ab le  
to  p u r i f y  t h e  in i t i a l  e n r i c h m e n t  cu l t u r e  b y  t h r e e  or four  success ive  t r a n s f e r s .  
E a c h  c u l t u r e  r equ i r e s  a t  35 o C. a b o u t  two  weeks  to  deve lop  su f f i c i en t ly  
t o  b e  t r a n s f e r r e d .  A few cub ic  c e n t i m e t e r s  of s e d i m e n t  (1 ccm is su f f i c i en t )  
a re  t h e n  d i r e c t l y  i n o c u l a t e d  i n to  a n e w  m e d i u m  w h i c h  h a s  b e e n  f reed  of 
o x y g e n  b y  t h e  a d d i t i o n  of h y d r o g e n  su l f ide  as m e n t i o n e d  a b o v e .  Af t e r  f o u r  
t r a n s f e r s  t h e  m u d  of t h e  o r ig ina l  i n o c u l u m  will  h a v e  d i s a p p e a r e d  b y  d i l u t i o n  
a n d  t h e  n u m b e r  of c o n t a m i n a t i n g  ae rob ic  a n d  f a c u l t a t i v e  a n a e r o b i c  b a c t e r i a  
will  be  c o m p a r a t i v e l y  low. Such  a pu r i f i ed  e n r i c h m e n t  c u l t u r e  is s u i t a b l e  as  
a n  i n o c u l u m  for  a g a r  s h a k e  cu l tu re s .  

The  e x t r e m e  a n a e r o b i c  c h a r a c t e r  of t h e  methane bacteria on ly  b eco mes  
s t r i k i n g l y  e v i d e n t  w h e n  a n  a t t e m p t  is m a d e  to  grow t h e m  u p o n  sol id med ia .  
�9 -Ylany a u t h o r s  (S6hngen , 1906; Groenewege, 1920; Coolhaas, 1928; Stephenson 
a n d  Stick,and, 1933 ; a n d  o the r s )  h a v e  a l r e a d y  t r i e d  to  i so la te  t he se  o r g a n i s m s  
b y  th i s  m~ans ,  b u t  o n l y  one  (Mazd, 1915) ha s  r e p o r t e d  a n y  success.  I n  f ac t ,  
t h e  o p i n i o n  h a s  g r o w n  u p  t h a t  for  some  occu l t  r e a s o n  t h e  g r o w t h  of methane 
bacteria i n  or  on  so l id  m e d i a  is n o t  poss ib le .  Th i s  is m a n i f e s t l y  on ly  a pre-  
jud ice ,  for  ~/[az~ h a d  o b s e r v e d  a l r e a d y  in 1915 t h e  f o r m a t i o n  of colonies  of  

29* 
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his "pseudosarcina" in agar tube cultures. However,  it is apparent  that  it is 
exceedingly difficult, if not  impossible, to obtain growth upon ordinary agar 
plates, probably because the methane bacteria are killed by even a brief 
exposure to the air. Our own a t tempts  in this direction have so far always 
resulted in failure. 

These facts led us to use a culture method whereby all contact of the 
organisms with the air could be avoided. For  this purpose agar shake cul- 
tures in test tubes were employed. The medium used was the same as has 
been described for the liquid enrichment cultures, only it  was solidified 
with 2 ~o of washed agar, i. e., agar which had been freed from all soluble 
organic compounds, which might  favor the growth of contaminating or- 
ganisms, by prolonged washing in cold water. The medium was first made 
up with the essential inorganic salts and the organic substrate and then 
sterilized. After sterilization the agar medium was cooled to about  45 ~ C. 
and while it was still liquid the sterile sodium sulfide-sodium carbonate 
solution and the sterile hydrochloric acid solution were added. The medium 
was then poured into six or seven sterile test tubes. One tube was inoculated 
with about 0.5 ccm of sediment from an act ively fermenting, purified en- 
r ichment culture, and the other tubes were inoculated successively each 
from the preceding tube so that  a series of dilutions resulted. The tubes were 
then allowed to solidify, covered with a layer of paraffin 1 to prevent  eva- 
porat ion and contact with the air, and placed in an incubator at 35 o C. 

Development  of the methane bacteria in these shake cultures is indicated 
by the production of gas which causes a splitting of the agar and a rising 
of the paraffin plug. The t ime required for the gas production to become 
visible in this way in a particular tube depends, of course, upon the size of 
the inoculum. The greater the dilution of the inoculum, the longer is the 
t ime required for the agar to begin to split. The first three dilutions com- 
monly show gas production within two weeks. Four th  dilutions have been 
observed to show gas in from 8 to 39 days; fifth dilutions in from 13 to 
60 days; sixth, from 20 to l l 0  days;  and seventh, from 30 days on up. 
Some series of cultures never develop in the highest dilutions. I t  is not  
entirely clear why there are such large variations in the rate  of development 
of cultures, but  most  probably such factors as the absolute size and the age 
of the inoculum and the number and kinds of contaminating organisms can 
account for the observed differences. In  particular,  it has been observed 
tha t  the organisms from very old inoculating cultures are less vigorous than 
those from young cultures. 

The  mul t ip l ica t ion  of the  methane bacteria t h o u g h  slow never-  

theless  resul ts  in the  format ion  of easi ly dis t inguishable  colonies. Al- 

r eady  a t  the  t ime when  gas p roduc t ion  is f irst  ev iden t  in tubes  wi th  t he  

more  highly d i lu ted  inocula,  an examina t ion  of sections of the  agar  w i th  

a low power  ob jec t ive  shows colonies 50- -100  ~ in d iameter .  Colonies 

have  been observed  to reach an u l t imate  d i ame te r  of 500--600 ~ which  
is easi ly visible wi th  the  unaided eye. Pho tomic rographs  of the  colonies 

of  var ious  types  of methane bacteria are shown in the  figures. 

i A mixture of one part of paraffin and one part of paraffin oil was used. 
The melting point of the mixture should be about 450 C. 
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A microscopic examination of the colonies which developed ill the 
~gar tubes showed that  the organisms were in many instances the same 
as those which predominated in the enrichment culture which had been 
used as an inoculum for the tubes. Several kinds of common sapro- 
phytic bacteria also formed colonies which could, however, readily be 
distinguished from the colonies of ,methane bacteria. In  order to prove 
more conclusively that  the organisms which looked like methane bacteria 
were actually capable of producing methane, the colonies were picked 
out and inoculated into a suitable liquid medium. Because of the 
smallness of the colonies they were picked out from thin sections of agar 
with the aid of a sterile micropipette and a micromanipulator. In  order 
to protect the organisms as much as possible from contact with the air, 
the micropipette was filled with the hydrogen sulfide containing culture 
medium and the colonies were drawn up into the pipette and inoculated 
into the isolation tubes as quickly as possible. ]?or each colony a new 
sterile pipette was used. The small (12 • 1 cm) tubes into which the 
colonies were inoculated were filled to a height of about 8 cm at which 
point there was a constriction. The culture medium was the same as 
that  used for the enrichment cultures. There was a small sediment of 
asbestos or calcium carbonate, and sterile mud. After inoculation the 
medium in the tubes was covered with a layer of paraffin. The tubes 
were, of course, protected from ocltside contamination by cotton plugs. 

Many of these small isolation tubes inoculated with single colonies 
produced gas after a period of incubation. The length of time required 
for the fermentation to start  was very variable just as with the agar 
cultures. The extreme variations of the incubation period were from 
10 days to 6 months;  the average was about 30 days. The proportion 
of the tubes which produced gas in any single series of inoculations was 
also extremely variable. Even when all the colonies used for inoculation 
were undoubtedly those of methane organisms, the proportion which 
showed a fermentation even after a very long incubation varied from one 
in ten to nine in ten. 

Because of the small size of the isolation tubes, a felmentation once 
started could only last for 1--2 weeks before the substrate was all de- 
composed. At the end of the fermentation the tubes were broken open 
and the contents were transferred under aseptic conditions to special 
culture tubes holding about 30 cem of medium. 

The special culture tube (see Fig. 1) is a modification of the con- 
stricted tube with marble seal designed by Hall (1921) for the culture 
of gas producing anaerobes. The special feature is a short closed side arm 
situated just above the constriction and so designed that  the glass bead, 
which ordinarily seals the constriction, can be rolled into it. This makes 
possible the removal of the bead from the constriction and the intro- 
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duction of a sterile 1 ccm pipette into the tube to remove samples of th~ 
sediment  for examinat ion or for inoculation into other media. The 
general advantage of this bead-sealed tube over the ordinary glass- 
stoppered anaerobic bott le is tha t  gas m a y  escape and nutrients may  
be added without  the liquid coming in contact  with the outside of the 
tube. This greatly lessens the chance of the culture becoming conta- 
minated with air-carried organisms. The glass cap which covers the 
top of the tube prevents  dust from collecting on the cotton plug and 
also greatly lessens evaporation. In  such tubes cultures can be kept  
indefinitely by adding a sterile, concentrated solution of nutrients from 
time to t ime as the medium becomes exhausted. 

We have now completed the description of the general 
methods used in the isolation and culture of methane bacteria. 
The procedure given may, of course, be repeated several times 
or modified in various ways, for example, by  making successive 
transfers from one solid medium to another  instead of horn a 
solid to a liquid medium. In  principle the former procedure 
is much to be preferred, but  we have so far only succeeded 
in applying it to the isolation of one special organism. Although 
the methods described still leave much to be desired, they 
have made possible the isolation 1 of several types of organisms 
which could be proved beyond any reasonable doubt  to be 
the causative agents in the production of methane.  

Observations upon special types o/ methane bacteria. 

As a result of our studies, it has become possible to clearly 
Fig. 1. 

Anaerobic  distinguish ~our types of non-spore-forming methane bacteria, 
culture namely, a sarcina, a coccus, and two kinds of rod-shaped 
tube, 

organisms. I t  is not  to be implied tha t  these are the only 
types  of methane-producing bacteria. Indeed, it seems highly probable 
t ha t  other species will be recognized when fermentations are studied 
with substrates and conditions different from those which we have 
used. But  our own experience, as well as a review of the literature, 
indicates tha t  the four organisms which will be described below are 
the most  common and perhaps the most  impor tant  of the methane 
bacteria. 

Methanosarcina. The methane sarcina is already well known from 
the work of SShngen. This organism can, in general, readily be recognized 
by  its large size and characteristic sat cina packets (see Fig. 2). However, 
both  the size and the grouping of the cells vary  considerably with the 

1 By this it is not meant that  pure cultures in the absolute sense have 
been obtained; further details on this point are given below. 
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environmental conditions. Sometimes also the methane-producing 
coccus forms aggregates of cells which are only with difficulty distin- 
guishable from the sarcina packets. 

The sarcina is almost always abundant  in enrichment cultures 
containing calcium acetate. Starting from such cultures several series 
of agar tube cultures were made. The agar medium, like the liquid 
medium, contained calcium acetate as the only feimentable carbon 
compound. When examined with a low magnification, the colonies of 
the sarcina are easily recognizable (Fig. 4, S. 430) by the  large size of the 

Fig.  2. Methanosarcina methanica. Sarcinae in crushed colony in agar.  Unstained. " X 520. 

cells. By inoculating single colonies into isolation tubes, about twenty 
strains have been isolated. None of these has so far proved to be entirely 
free of contaminating organisms, although they all contained only the 
one type of methane-producing bacterium. The cultures were tested for 
aerobic contaminants by streaking out some of the medium upon peptone 
agar plates and for anaerobic contaminants by inoculating into an- 
aerobic bottles containing a yeast extract-  glucose- calcium carbonate- 
medium. Both types of test media were incubated at 37 ~ C. Ten of the 
sarcina cultures showed no growth upon the aerobic plates and, therefore, 
were presumably free of aerobic contaminants; of these ten, three pro- 
duced no fermentation in the anaerobic test medium. These latter 
might consequently have been regarded as being pure cultures of the 
methane sarcina. However, continued observation showed that  these 
cultures also were undoubtedly contaminated with small numbers of 
anaerobic organisms. We cannot, therefore, claim to have isolated any 
pure cultures of the methane sarcina. 
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We can make only a few additions to the description of the methane 
sarcina given by SShngen. First, the conspicuous variations in the size 
and appearance of the organism shou]d be emphasized. The large and 
regular sareina packets which are so characteristic of this organism 
(Fig. 2) under some conditions change into much smaller and less regular 
groups of cells (Fig. 3). Secondly, SShngen, described the sarcina as 
being Gram negative. We have observed considerable variation in the 
behavior of the organism towards this stain so that  it could better be 
described as Gram variable. Finally, we have examined the ability of 
the .~arcina to ferment ethyl  alcohol and h~ve found tha t  this compound 
is not  attacked. 

In agreement with Kluyver and van Niel we feel tha t  the methane 
sarcina should be placed in a separate genus from the other fermenting 

sarcinae and, therefore, recognize 
the name Methanosarcina methanica 
(Smit) Kluyver et van Yiel .  

Fig. 3. Mcthano,~arcina methanica. Cells in 
old l iquid culture.  UnstMned, X 820. 

Fig. 4. Methanosarcina metha~dca. 
Colonies in  agar .  Unstained.  X 200. 

Methanococcus. Early in our at tempts to isolate the methane 
~areina we obtained a culture from a single colony which, though it 
fermented calcium acetate vigorously, did not. contain any sarcinae. 
A closer microscopic examination of the culture showed tha t  it  contained 
large numbers of small micrococci which sometimes occurred singly but 
more usually adhered to one another to form large irregular aggregates. 
Not infrequently there were observed in addition many sharply con- 
toured bodies ranging in size from 5 y. to 100 ~ and in shape horn 
spherical to what Mazd described as mulberry-shaped. These bodies 
commonly appeared to be quite homogeneous but sometimes could be 
seen to be made up of small round cells. I t  seemed probable tha t  the 
micmcocci and these larger bodies or cysts represented different aspects 
of the same organism, especially since they  showed a close resemblance 
to the cyst forming bacteria previously described by Miiller-Thurgau 
(1908). An a t tempt  was made, therefore, to isolate the methane- 
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producing micrococcus in order to prove tha t  it actually was Capable 
of forming the observed cysts. 

Several additional cultures of the m.icrocoecus were isolated from 
calcium acetate enrichment media by the use of agar tube cultures. 
Typical colonies in agar are 
shown in Fig. 9. The organism 
grows and ferments rather  more 
vigorously than the sarcina and, 
therefore, is easier to isolate. 
None of these original isolation 
cultures was free from conta- 
minants  and, therefore, a second 
series of agar tube cultures was 
made from these cultures. But  
again all the newly isolated eul- 

Fig. 5. Methanococcvs Mazei. Cells in crushed 
tures proved to be contaminated, colony in agar. Stained wi th  erythrosine. 

Fur ther  purification was at temp- • 1ooo. 

ted bytransferr ing single 
colonies directly from 
one agar tube culture to 
another  instead of al- 
ways transferring from 
a solid medimn back 

into a liquid medium. 

It should be mentioned 

that the agar medium of 

these cultures contained 

2 ~ of a clear mud ex- 

tract in addition to the 

usual constituents. The 

solid medium to solid 

medium transfers were 

successful and after an 
incubation of seven 
weeks, twelve out of 
fourteen tubes showed 
gas formation and con- 

tained many colonies of 
the micrococcns. In  all 
tubes, however, there 
also developed c o l o n i e s  Fig. 6. Metha~wcoccus Mazei. Large aggregate of cells in 
of contaminating orga- liquid culture. Unstained. X340. 

nisms. The process of isolation was repeated once more by  transferring 
again to a solid medium but still without complete success. The methane 
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micrococcus, like the sarcina, therefore still remains to be obtained in 
strictly pure culture. 

The isolation of the micrococcus, though not completely successful, 
has been carried far enough to make certain that  the isolated coccus- 
shaped cells (Fig. 5), the large irregular aggregates (Fig. 6), and the 
sharply defined cysts of various sizes (Fig. 7 and 8) as observed in liquid 

Fig. 7. Methanococeus Mazei. Single cells and Fig.  8. Methanococcus Mazei. Large  cyst  
small  cys ts  in l iquid culture.  Stained w i th  ery-  in liquid culture.  Unstained.  X 340. 

throsine.  X 1350. 

cultures are all forms of one organism. Cultures which have been puiified 
by  the repeated isolation of colonies from solid media retain the same 
heterogeneous appearance as comparatively crude cultures. Further,  

Fig. 9. Methanococcus Mazei. Fig.  10. Methanococcu.~ Mazei. Par t ia l ly  
Colonies in agar .  Unstained.  broken cyst .  Stained wi th  erythrosine.  

• 200. X 1000. 

it is frequently possible to see in one culture many stages of transition 
(Fig. 10) from one type of cell association to the next. Characteristic 
aggregates and cysts are shown in Fig. 6, 7 and 8. 
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Once we had learned to recognize the micrococcus we became aware 
of the fact  tha t  it was common in all enrichment cultures containing 
acetic and butyric acids. This organism also appeared in the late stages 
of the fermentations of ethyl  or butyl  alcohols after these substrates 
had been par t ly  converted into the corresponding acids, and in spon- 
taneous methane fermentations of sewer m~d. I t  would appear tha t  the 
micrococcus is one of the most  active methane-producing organisms 
in nature.  

The micrococcus readily ferments acetic and butyric acids. Propionic 
acid may  also be slowly fermented but  this is not yet  eeitain. E thyl  
and  butyl  alcohols appa- 
rently cannot  be attacked, 
The organism stains rea- 
di ly with erythrosine. I t s  
behavior to the Gram 
stain is variable. 

The micrococc,~s which 
we have studied is un- 
doubtedly  the same as 
tha t  described by  Mazd 
(1915). This author did 
not give the organism any 
name but referred to it 
only as a pseudosarcina. 
Groenewege (1920) descri- 
bed a morphologically 
similar organism which 
differs, however, from our Fig. 11. Methanobacteriurn S6hngenii. Characteristic 

threads and bundles in liquid medium. Stained with 
bacterium in its presumed erythrosine. ) 1000. 
abil i ty to ferment ethyl 
alcohol. We have never observed a bacteI ium of this mmpho]ogicat type 
in alcohol enrichment cultures. Groenewege also did not use any name, but 
on the basis of his description Kluyver and van Niel have created the 
genus Methanococcus. TheIe can be no doubt but tha t  our bacterium 
must  be placed in this genus. In  view of the fact tha t  Mazg was 
the first to give a clearly recognizable description of this type of 
methane organism, we propose to name our bacterium Methanococcus 
Mazei. 

Methanobacterium. The two rod-shaped methane bacteria which we 
have observed are morphologically somewhat similar, but they may  be 
sharply distinguished on the basis of their physiological properties, since 
one ferments acetic acid and not ethyl alcohol while the other ferments 
e thyl  alcohol and apparent ly  not acetic acid. The acetate-fermenting 
rod will be considered first. 
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The fa t ty  acid-fermenting methane bacterium occurs most abund- 
ant ly  in enrichment cultures containing calcium butyra te  as the only  
organic compound though it  also is nearly always to be found in cultures 
containing calcium acetate. The four strains which we have studied were 
isolated from the lat ter  type of enrichment culture by  means of an 
acetate agar medium. None of these first isolations was entirely free 
of contaminat ing bacteria and we have not as yet  a t tempted any further 
purification. 

This organism in liquid cultures at  once d~aws attention by  its 
long bent threads, composed of rods joined end to end, which frequently 
lie parallel to one another in small bundles (Fig. 11). In  other instances 

Fig. 12. Methanobacterium SShngenii. Slightly crushed colonies in agar. Stained wRh 
erythrosine. X 300. 

the ar rangement  is more irregular and the individual thIeads are so 
bent  and intertwined as to appear  like a loosely tangled ball of yarn.  
The colonies in solid media are also characteristic (Fig. 12). The center 
of a colony is compact  and with a moderate magnification can be seen to 
be made up of bundles of threads lying in close contact. At t he  edges 
of the colony some of these bundles grow away from the main mass and 
penetrate into the surrounding agar in all directions for a distance about 
as great as the diameter  of the central compact  part .  This gives an 
irregular appearance to the colony as a whole. When the individual 
threads either from colonies in agar or from hquid cultures are examined 
without being stained, the spaces between the individual cells are fre- 
quently difficult to see. I t  is only as a result of staining tha t  the com- 
posite s tructure of the threads is clearly evident. The individual rods 
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are straight or only slightly bent. When the bacterium is stained with 
erythrosine {Fig. 11), the individual rods can be seen to be most  deeply 
colored at their ends. Frequently there are several more or less regularly 
spaced regions in the rods which stain only lightly or not at  all. The 
outcome of the Gram stain is negative. 

The physiological characters of this bacterium are similar to those 
of Methanosarcina methanica and Methanococcus Mazei. Acetate and 
butyra te  but not propionate are fermented. Alcohols are not fermented. 

I t  seems highly probable tha t  this organism is identical with 
SOhngen's methane bacterium. Although the photomicrograph which he 
gives shows a bacterium which could hardly be identified with ours, yet  
his description of the characteristic thread and bundle formation in 
liquid cultures leaves little doubt as to the essential similarity of the two 
organisms. For S6hngen's methane bacterium Kluyver and van Niel 
suggested the generic name of Methanobacterium. In  remembrance of 
SShngen's fundamental  work upon the methane fermentation, it is 
appropriate  to name the bacterium which we have studied Methano- 
bacterium SShngenii. 

The second rod-shaped methane bacterium is, as we have already 
mentioned, distinguished by  its ability to ferment  alcohols. This bac- 
te r ium can be readily obtained with enrichment cultures containing 
ethyl or butyl  alcohols and an excess of calcium carbonate. The calcium 
carbonate is essential not only to neutralize the acids tha t  are formed 
by  a dehydrogenation of the alcohols, but  also, as we have shown 
elsewhere (Barker, 1936), to act  as an acceptor for the hydrogen re- 
sulting from these conversions. Enrichment cultures, particularly with 
e thyl  alcohol, develop rapidly and can be repeatedly transferred without 
difficulty. 

In  agar tube cultures made up with ethyl  alcohol and calcium 
carbonate  or sodium bicarbonate and inoculated from the enrichment 
cultures, colonies develop and gas is produced frequently to the seventh 
dilution. As yet  we have made only a few a t tempts  to s tar t  new cultures 
by  transferring single colonies to liquid media. Gf the isolation cultures 
which have been started, only one so far has developed a methane 
fermentation of ethyl  alcohol. Our description of the alcohol-fermenting 
organism is, therefore, largely based upon the examination of purified 
enrichment cultures. 

In  liquid media these methane bacteria appear as rather long, thin, 
immotile rods which are typically somewhat bent (Fig. 13). The length 
of the rods and the degree of bending are variable. The rods are more 
delicate than  those of M. S6hngenii and they  never are joined together 
to form the long threads so characteristic of the latter. Spore formation 
has never been observed. This organism is Gram negative. 
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The known physiological characteristics of this methane-producing 
organism may be briefly summed up by saying tha t  it is able to dehydro- 
genate ethyl  alcohol to acetic acid, butyl  alcohol to butyric acid, and 
perhaps also butyric acid to acetic acid. Apparently it cannot at tack 
acetic acid, since this substance accumulates to a considerable concen- 
trat ion when ethyl alcohol is being fermented; the acetic acid only 
disappears in alcohol enrichment cultures after other types of methane 
organisms have become numerous. 

This alcohol fermenting organism is sufficiently similar morpho- 
logically to Methanobacterium S6hngenii to be included in the same genus. 

Since it is clearly very closely related 
to~ if not identical with, the alcohol 
fermenting rod described and pictured 
by Omelianski (1916), we propose to 
name this organism Methanobacterium 
Omelianskii. 

Of the various non-spore-forming 
methane bacteria which have been men- 
tioned in the literature and in the 
introduction to this paper, there are 
only two which cannot be more or less 
definitely identified with the four orga- 

Fig. 13. Methanobacterium Omelian~_kii. nisms described above. 
Cells in l iquid culture. Stained wi th  One of these is the thermophilic, 

erythrosine. • 1000. fa t ty  acid-fermenting, rodshaped bac- 
teriuln of Coolhaas. Morphologically this bacterium is very similar 
to Methanobacterium Sbhngenii. Indeed, it only differs from the 
latter by being thermophilic. For reasons we have already given, this 
character does not  seem sufficient to justify the creation of a separate 
species. Until further information is available regarding this organism 
it can, therefore, best be considered as a thermophilic variety of Methano- 
bacterium S6hngenii. 

The other methane organism which seems not to belong to any of 
the above species is the micrococcus described by Groenewege (1920). 
This microeoccus must belong to the genus Methanococcus, but  it differs 
from Methanococcus Mazei in its supposed ability to ferment alcohols. 
However, this character does not seem to us t o  have been established 
beyond reasonable doubt. Groenewege's observations were made upon 
sediments containing organisms which had been grown primarily upon 
acetate containing media. Only after a heavy development of various 
kinds of methane bacteria was ethyl alcohol added to the cultures. I t  
was observed then that  the fermentation of the alcohol was accompanied 
by an increase in the number of micrococci. Groenewege interpreted this 
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as meaning that  the miciococcus fermented the alcohol, but  it seems quite 
conceivable to us tha t  actually the alcohol was converted into acetic 
acid by another organism and tha t  the micrococcus developed on the 
acid. We have observed just this phenomenon in many alcohol enrich- 
ment cultures. The existence of an alcohol-fermenting micrococcus must, 
therefore, be considered doubtful for the present. 

In  conclusion, the known morphological and physiological characters 
of the methane bacteria which have been described may be summarized 
as follows : 

~Vietha.~osarcina methanica (Smit)  K luyve r  et van Niel .  Large 
spherical cells characteristically grouped to form cubical sarcina packets. 
Tetrads and, more rarely, diplococci also are formed under some 
conditions. Permanently immotile and non-spore-forming. G r a m  
variable. Acetic acid and possibly also butyric acid feimented with a 
production of methane. E thy l  alcohol is almost certainly not fermented. 
The availability of other substrates is unknown. 

Methanococcus Mazei  n. sp. Small spherical cells occur singly, in 
small groups, or in large, irregular and somewhat slimy aggregates. Very 
characteristic also are sharply contoured cysts of various sizes and forms. 
Permanently immotile and non-spore-forming. Gram variable. Acetic 
and butyric acids are fermented with a production of methane. Ethyl  
and butyl  Mcohols are not  fermented. 

Methanobacterium S6hngenii  n. sp. Rod-shaped, permanently ira- 
motile cells. Non-spore-forming. The rods are moderately long, and 
straight to slightly bent. They are characteristically joined into long 
threads which lie parallel to one another so as to form bundles. Gram 
negative. Acetic and butyric acids are fermented with production of 
methane. E thy l  alcohol is not fermented. 

Methanobacterium Omelianski i  n. sp. Thin, frequently bent rods .  
The rods single or ioined to form short threads. Permanently immotile 
and non-spore-forming. Gram negative. Ethyl  alcohol is fermented 
to acetic acid and butyl alcohol to butyric acid with methane formation. 
The same organism probably also ferments butyric acid to acetic acid. 
Acetic acid is almost certainly not fermented. 

Summary. 

1. A survey has been given of the non-spore-forming methane- 
producing organisms on the basis of the rare descriptions scattered 
throughout  the literature. 

2. The reasons for the great difficulty of isolating these organisms 
have been discussed and as a result methods have been developed which 
make possible the growth of various representatives of this gToup is 
solid media. 
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3. F o r  t he  f i r s t  t ime  h igh ly  pur i f ied  cu l tu res  of four  d i f fe ren t  t y p e s  
h a v e  been o b t a i n e d  b y  t r ans fe r r ing  single colonies in to  a p p r o p r i a t e  
cu l t u r e  m e d i a  b u t  i t  has  no t  as y e t  been poss ible  to  i sola te  s t r i c t l y  pure  
cul tures .  

4. Never the less ,  t he  pur i f ied  cu l tu res  a l lowed of a pos i t ive  ident i -  
f i ca t ion  on the  basis  of morpho log ica l  and  phys io log ica l  cha rac te r s  of 
four  c lear ly  d i s t i n c t  t ypes  of m e t h a n e - p r o d u c i n g  organisms  which  have  
been  desc r ibed  under  t he  names  of M e t h a n o s a r c i n a  me than ica ,  M e t h a n o -  

coccus  M a z e i ,  M e t h a n o b a c t e r i u m  S 6 h n g e n i i ,  and  M e t h a n o b a c t e r i u m  

O m e l i a n s k i i .  
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