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Summary. The 16S ribosomal RNAs from two species of  methanogenic bacteria, 
the mesophile Metbanobacterium ruminantium and the thermophile Metbanobac- 
terium tbermoautotropbicum, have been characterized in terms of the oligonucle- 
otides produced by digestion with T1 ribonuclease. These two organisms are found 
to be sufficiently related that  they can be considered members of the same genus or 
family. However, they bear only slight resemblance to " typical"  Procaryotic genera; 
such as Escbericbia, Bacillus and Anacystis. The divergence of the methanogenic 
bacteria from other bacteria may be the most ancient phylogenetic event yet  de- 
tected - antedating considerably the divergence of the blue green algal line for exam- 

ple, from the main bacterial line. 
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I ntroduction 

Bacteria clearly played a central role in shaping and reflecting the environmental para- 
meters of the primitive Earth. An understanding of their phylogeny is essential to any 
a t tempt  to reconstruct  the primitive scenario. Without such a background our concept 
of Precambrian evolution must remain a purely speculative one. 

The structure of the bacterial phylogenetic tree is not readily revealed by  compara- 
tive biochemistry or morphology. Although some progress has been made the general 
outline of the tree remains largely unknown. In addition, what information is available 
is primarily qualitative and is thus of limited value to the molecular paleontologist.  
However, the approach pioneered by Zuckerkandl and Pauling (1965), the reading of 
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the historical trace retained in macromolecular sequence, holds great promise for the 
bacteria, in spite of their antiquity and in spite of  the fact that  they possess a relatively 
rapid biological clock, i.e., they fix mutations at a relatively rapid rate (Drake, 1974). 
All bacteria contain macromolecules, the constraints on whose primary structures are 
sufficiently complex that  evidence of extremely ancient events are still retained therein. 

It was suggested several years ago that the ribosomal RNAs might be the proper 
"semantides" through which to approach bacterial phylogeny (Sogin et al., 1972). Not 
only is the translation function ubiquitous, but r ibosomal RNAs appear functionally 
equivalent (interchangeable) over a wide range of bacteria (Nomura et al., 1968; Lee 
and Evans, 1971 ; Bellemare et al., 1973; Wrede and Erdman, 1973), implying consider- 
able sequence homology. The conjecture has proven correct. 

To date, approximately 40 bacterial species including at least one representative of 
each of the following genera; Eschericbia, Aeromonas, Vibrio, Acinetobacter, Alcaligenes, 
Pseudomonas, Rhodopseudomonas, Rhodospirillum, Cbromatium, Bacillus, Corynebac- 
terium, Micrococcus, Lactobacillus, Clostridium, Mycoplasma, Acboleplasma, Anacystis, 
Apbanocapsa have been characterized by comparative cataloging of their 16S rRNAs. 
This sample is broadly representative of the bacteria, although not exhaustively so. All 
of these ribosomal RNAs exhibit considerable sequence homology despite the antiquity 
of their divergences (Woese et al., 1975). 

In the present communication 16S rRNA catalogs are reported for two species of 
the methanogenic bacteria, the mesophile Methanobacterium ruminantium and thermo- 
phile Methanobacterium tbermoautotrophicum. These anaerobes are of  particular interest 
to the evolutionist because of their unique energy metabolism - the generation of meth- 
ane from carbon dioxide and hydrogen. In that the latter two gases are considered to 
have been prevalent in the early Precambrian atmosphere these organisms could represent 
an ancient divergence in the line of bacterial descent. 

Materials and Methods 

Methanobacterium ruminantium strain M1 was obtained from M.P. Bryant, Department 
of Dairy Science, University of Illinois, and cultivated in the following low-phosphate 
medium (values in g/l) : (NH4)2SO4, 0.45 ; NaC1, 0.9 ; MgSO4 • 7H20, 0.18 ; CaCI2 • 2H20, 
0.12 ; FeSO4 • 7H20, 0.002 ; resazurin, 0.001 ; sodium formate, 2.0; sodium acetate, 
2.5 ; NaHCO3, 2.5 ; L-cysteine - H20, 0.5 ; Na2S • 9H20, 0.5 ; 2-mercaptoethane sulfonic 
acid, 0.0001 ; and dephosphorylated yeast extract (Difco) and Trypticase (BBL), 2.0 each. 
Isobutyric, a-methyl  butyric,  isovaleric, and valeric acids were each added at a final con- 
centration of 0.05 % (v/v) ; Tween 80 was added at 0.002 %. Methanobacterium tbermo- 
autotrophicurn (Zeikus and Wolfe, 1972) was cultivated in the following phosphate-free 
medium (values in g/l): (NH4)2SO4, 0.15 ; NaC1, 0.3 ; MgSO4 • 7H20, 0.06; CaC12 • 2H20, 
0.04; FeSO4 (NH4)2SO4 • 6H20, 0.02 ; NH4C1, 1.25 ; resazurin, 0.001 ; NaHCO3, 7.5 ; 
L-cysteine • H20, 0.6; Na2S • 9H20, 0.6; trace mineral solution, 10.0 ml and vitamin 
solution (Wolin et al., 1963), 10.0 ml. Tween 80 was added at a final concentration of 
0.002 %. 

Media were prepared in a 500 ml round bo t tom flask under an 80 % nitrogen and 
20 % carbon dioxide gas mixture by the Hungate technique as modified by Bryant and 
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Robinson (1961). Organisms were grown under a 80 % hydrogen and 20 % carbon dioxide 
gas mixture at 3 atmospheres pressure in 125 ml serum bottles as described by Balch and 

Wolfe (1976). To a 15 ml culture in early log phase, 3~P ortho-phosphate in a 0.3 % L- 
cysteine - H~O - 0.3 % Na~S • 9H~O solution under a nitrogen gas phase was introduced 

anaerobically at a final concentration of 0.5 - 1.0 mc/ml. 
After 3-5 generations in log phase growth the cells were harvested by centrifugation. 

Cell lysis was effected by passage through a French press at 10,000 psi. The 16S rRNA 

was obtained by direct phenol extraction of the lysate (Gierer and Schramm, 1956) fol- 
lowed by electrophoresis on a 3.6 % polyacrylamide gel (Bishop et al., 1967), the 16S 

rRNA band being located by radioautography and removed from the appropriate gel 
slice by electrophoresis (Luehrsen, unpublished). A final desalting on Whatman Chromedia 

CF-11 (Doolittle and Pace, 1971) was performed. 
Two dimensional electrophoretic fingerprints of ribonuclease T~ digests of each 16S 

rRNA were prepared according to the method of Sanger and coworkers with modifications 
introduced by this laboratory (Sanger et al., 1965 ; Uchida et al., 1974). The oligonucleo- 
tides were not dephosphorylated. Secondary and tertiary characterizations leading to 
sequence of individual spots on the primary fingerprint were done by the methods of 
Uchida et al. (1974) and Woese et al. (1976). 

Results and Discussion 

Table 1 lists the catalogs of oligonucleotide digestion products for the two 16S rRNAs, 
indicating in addition the presence or absence of each sequence in any of several large 

groups of "typical" bacteria.- 

Table 1. List of oligonucleotides found in M. rurninantium. (column 1) and M thermoautotropbicum 
(column 2). Their occurrence in Bacillus species, seven examples, (column 3); blue green algae, four 
species, (column 4); and Enteric-Vibrio species, eleven examples, (column 5) is indicated by a + 
(present in > 80%), a +- (present in 30--50%) or a -- (present in < 30%). Uncertainty as to the num- 
ber of occurrences of a particular oligonucleotide are indicated by O-1, 1-0, 1-2, etc., where the 
first number of the couple should be taken as the more likely. Sequence uncertainties are enclosed 
in brackets 

sa!~ads OT'Iq!A-3-TIa:IU~ + + + +~ I +, , , + + + I - ~  , I , I , , , i I + + + + I , , 

s~To~dsu~-enI~ + 1 + l i + i  i + L + i t 1 + + i  i l t l t l i ~ $ + i  il 

S ~ T D ~ d ~  ~ I ~ I T D ~  ~ + I + I I I +1 I -F I I -I- + I I I I + I -I-I I I + + + I I I 
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Although there are not  many sequences in Table 1 common to the 16S rRNAs of  
the methanogenic bacteria and other bacterial 16S rRNAs, their  number is sufficient to 
demonstrate a primary structural relationship (Pechman and Woese, 1972). In addition, 

the following points should be noted:  1) the 3' terminal segment, G/AUCACCUCCUo~ q 
is of  the general form G/AUCACCUCCUN x common to most  bacterial 16S rRNAs 
(where N X stands for 0 - 5 additional pyrimidine residues, sometimes terminating in 
AOH) (Shine and Dalgarno, 1975 ; Woese et al., 1975 ; Woese et al., unpublished). 
2) Those sequences ( >  5 nucleotides) common to one methanogenic species and one or 
more of the other bacterial groups tend to be found in the second methanogenic species 
as well. And 3) although not  indicated in the table, all of the post-transcriptionally mo- 
dified oIigonucleotides found in methanogenic bacteria appear to have counterparts in 
the 16S rRNA catalogs of  the other bacteria. I~CCG in the methanogenic bacteria 

~¢ 

appears to correspond to the sequence GCCG. • reported in a~ll other  bacteria (Fellner 
and Sanger, 1968;Woese et al., 1975). UAAC.AAG has a UAACAAG counterpart  in 
other bacteria (Woese et al., 1975), while AUNCAACG may have the counterpart  
AUGCAACG. (There exist uncertainties in the  E. coli 16S rRNA sequence regarding 
the placing of  AUG in relation to CAACG.) 

The catalogs of  the two methane producers do bear a strong resemblance to one 
another. Their binary relatedness coefficient (Fox et al., 1977; Bonen and Dootittle, 
1976) is 0.49,  a value one. observes for distantly related members within an ancient 
genus or family. 

The extent  of  relatedness to other bacterial groups can be seen in Figure 1, a 
phylogenetic tree constructed from the binary association coefficients of the organisms 
included in Table 2. It is clear that the methane producers stand quite apart from 
these otherwise diverse bacterial groups. This can also be seen in Table 1, where among 
oligonucleotides hexamer and larger, there occur no more than 6 sequence coinci- 
dences between a methane producer and any of  the bacterial groups. This number 
of coincidences exceeds t~velve for any binary comparison not  involving a methano- 
genic species. 

In view of these results the evolutionary divergence between the methanogenic 
bacteria and the procaryotes appears to be extremely ancient -antedat ing  any others 
so far detected. Unfortunately,  for the present this divergence cannot be readily 

M, ther mooufotrophicum 

M. rumin~Jntium 

Blue-Green species 

f ....... ~,~illus species 

E~feric-Vibrio species 

I I I , , I  i I 1 
0.0 0.I 02 0,3 O~ 0.5 0.6 0.7 

Fig. 1. A dendrogram obtained by 
average linkage clustering is shown 
for the two methanogenic bacteria 
and the three groups of organisms 
included in Table 1. The binary 
association coefficient, SAB , has 
been introduced previously (Fox et 
al., 1977; Bonen and Doolittle, 1976). 
Briefly, it is the ratio of twice the 
number of nucleotide residues con- 
tained in identical oligomers be- 
tween two catalogs (of size 6 or 
larger) to  the total number of nuc- 
leotide residues represented by 
otigomers 6 and larger in two 
combined catalogs 

SAB 
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related to real time. However, it is generally accepted that rocks over 2.5 billion years 
old show evidence of organisms that seem to be blue-green algae (Schopf, 1972) i.e. 
the bluegreen divergence from the bacterial line of descent should be at least this 
old. 

The phylogeny of methanogenic bacteria is not yet sufficiently explored to 
speculate beyond this point. If their phenotype were indeed an ancient one (i.e., it 
does not represent a "recently" evolved biochemical complexion) then the group it- 
self would be expected to contain some ancient divergence - divergences represented 
by relatedness coefficients considerably lower than those seen between M. ruminatium 
and M. tberrnoautotropbicum. 
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