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A revolution is occurring in bacterial 
taxonomy. What had been a dry, esoter- 
ic, and uncertain discipline-where the 
accepted relationships were no more 
than officially sanctioned speculation-is 
becoming a field fresh with the excite- 
ment of the experimental harvest. For 
the most part the transition reflects the 
realization that molecular sequencing 
techniques permit a direct measurement 
of genealogical relationships. 

Bacterial genealogies appear to be far 
more ancient than their eukaryotic coun- 
terparts. For this reason techniques that 
have worked so well in establishing eu- 
karyotic phylogenies-such as com- 
parative analysis of cytochrome c se- 
quences (1)-are of limited value when 
applied to the bacteria. However, by the 
choice of the properly constrained mole- 
cule, the molecular approaches to 
phylogeny that have proved to be suc- 
cessful for eukaryotes can readily be ex- 
tended to the bacterial domain. The 
molecules of choice in this instance ap- 
pear to be the ribosomal RNA's 
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(rRNA's). They are universally distrib- 
uted, exhibit constancy of function, and 
appear to change in sequence very slow- 
ly-far more slowly than most proteins. 
Moreover, they are readily isolated. 

Over the past decade, comparative 
analysis of the 16S ribosomal RNA se- 
quence has been used to explore pro- 
karyote phylogeny. For the most part 
these studies have been carried out at the 
University of Illinois. However, the cy- 
anobacterial characterizations discussed 
below have been done at Dalhousie. To 
date more than 170 individual species 
have been characterized in this way (2- 
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16). In this article we summarize these 
results and provide a first glimpse of the 
outline of prokaryotic phylogeny. 

Experimental details of the approach 
and the methods of data analysis have 
been described (3, 4, 17). In summary: 
32P-labeled 16S rRNA from a given spe- 
cies is digested with ribonuclease T1, 
and the resulting oligonucleotides are re- 
solved by two-dimensional paper elec- 
trophoresis (17) and then sequenced- 
thus producing a catalog of sequences 
characteristic of the organism. Com- 
parisons of these catalogs-which is tan- 
tamount to comparing the original 16S 
rRNA sequences-reveals the genealogi- 
cal relationships among the organisms 
considered. These relationships can be 
quantified in terms of an association co- 
efficient, SAB, which is calculated for 
each binary pair. Dendrograms are then 
obtained by cluster analysis (average 
linkage between the merged groups) (18). 
Unfortunately, this association coeffi- 
cient is related to the actual number of 
nucleotide differences between the un- 
derlying 16S rRNA sequences in an un- 
known and nonlinear way. Hence the 
usual methods of tree construction (that 
is, the matrix method) have not been em- 
ployed, since it is unclear how the 
branch lengths should be interpreted. 
Nevertheless the analysis appears to 
yield a good approximation to the true 
phylogenetic relationships provided that 
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all the lines of descent considered have 
evolved at similar rates, which is gener- 
ally the case (4, 15). This problem is dis- 
cussed in (15). 

The Basic Phylogenetic Categories 

The general outline of phylogeny seen 
in 16S rRNA comparisons is shown in 
Fig. 1. Three lines of descent emerge 
from a common ancestor. These define 
the primary kingdoms, the ultimate 
groupings on the prokaryotic organiza- 
tional level (5, 6). The SAB values sepa- 
rating organisms in one kingdom from 
those in another are in the range of 0.10, 
a factor of 2 less than the SAB values that 
separate distantly related species within 

missible to take these two categories-or 
their equivalents as others define them 
(19, 22)-as phylogenetically com- 
parable, much less to see them as exclu- 
sive. It is only the genealogically distinct 
components of the eukaryotic cell that 
can be compared individually to pro- 
karyotes. Let us now consider in some 
detail the two bacterial kingdoms, the ar- 
chaebacteria and the eubacteria. 

The Archaebacteria 

Although there is a superficial resem- 
blance between them, the archaebacteria 
are quite distinct from the eubacteria in 
phenotype-sufficiently so to justify a 
separation of the two at the highest tax- 

Summary. For the first time a single experimental approach, 16S ribosomal RNA 
sequence characterization, has been used to develop an overview of phylogenetic 
relationships in the bacterial world. The technique permits the tracing of relationships 
back to the common ancestor of all extant life. This first glimpse of bacterial phylogeny 
reveals a world whose roots appear to span more than 3 billion years. A deep phylo- 
genetic split exists among the bacteria, which necessitates their division into two ma- 
jor lines of descent, the archaebacteria and the true bacteria (or eubacteria). It is a 
general finding that the most ancient bacterial phenotypes are anaerobic, and that 
aerobic phenotypes have arisen a number of times. Photosynthetic phenotypes are 
also extremely ancient. Many nonphotosynthetic groups appear to have arisen from 
photosynthetic ancestry, which is reason to question the generally held belief that the 
first bacteria were anaerobic heterotrophs. The two ultimate lines of bacterial descent 
are no more closely related to one another than either is to the cytoplasmic aspect of 
the eukaryotic cell. However, in that the eukaryotic cell is a phylogenetic chimera, it 
itself cannot be seen as a line of descent comparable to the two bacterial lines- 
although some of its individual parts can be so viewed. In this way, the chloroplast and 
perhaps the mitochondrion are each eubacterial, and at least one ribosomal protein is 
archaebacterial. A third line of descent that is neither eubacterial nor archaebacterial 
is represented in the 18S ribosomal RNA. 

any kingdom (5). There is no indication 
in the data that any two of the kingdoms 
are specifically related to one another to 
the exclusion of the third (5). The better 
characterized of the bacterial kindgoms 
contains most of the commonly recog- 
nized species and is therefore designated 
the true bacteria or eubacteria. A second 
kingdom contains methanogenic bac- 
teria, the extreme halophiles, and certain 
thermoacidophiles, and is referred to 
collectively as the archaebacteria. The 
remaining kingdom, is defined solely in 
terms of one aspect of the eukaryotic 
cell, its cytoplasmic rRNA (5). 

This tripartite division of extant life is 
incompatible with the conventionally ac- 
cepted view in which living systems are 
divided into two basic phylogenetic cate- 
gories, prokaryotes and eukaryotes (19, 
20). However, the eukaryotic cell is now 
recognized to be a genetic chimera, 
whose evolutionary origins we do not yet 
understand (20, 21). It is no longer per- 
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onomic level (23). Archaebacteriae 
should be considered a separate kingdom 
of prokaryotes that possess (i) a variety 
of cell walls, none of which contain mu- 
ramic acid (the hallmark of eubacterial 
walls) (24), (ii) membranes whose major 
component is a branched chain (phy- 
tanyl), ether-linked lipid (25), (iii) transfer 
RNA's (tRNA) devoid of ribothymidine 
in the TPC loop (T, thymine; P, pseudo- 
uridine; C, cytidine) (26), (iv) distinctive 
RNA polymerase subunit structures (27, 
28), and perhaps (v) an unusual but still 
not fully elaborated spectrum of coen- 
zymes (11, 29). (All archaebacteria dem- 
onstrate the first four of these properties; 
the fifth so far is confined largely to 
methanogens.) 

The 16S rRNA data (Fig. 2) indicate 
that the archaebacteria break into two or 
three major subclusters: the meth- 
anogens and extreme halophiles in one 
group, and the thermoacidophile Sulfo- 
lobus in the other. It is uncertain from 

these data whether the wall-less 
thermoacidophile, Thermoplasma, is 
best grouped specifically with one or the 
other of these or must be considered to 
represent a third line. The subunit struc- 
ture of RNA polymerase (27) has led Zil- 
lig and co-workers to prefer two major 
subclusters; the methanogens and halo- 
philes in one group and the two thermo- 
acidophiles in the other. 

Figure 2 also shows that the meth- 
anogenic phenotype encompasses three 
major subgroups, the orders Meth- 
anobacteriales, Methanococcales, and 
Methanomicrobiales (11). The cluster of 
extreme halophiles falls among these 
three methanogenic groups. Although an 
SAB analysis suggests that the halophiles 
may be most closely related to the Meth- 
anobacteriales, patterns of posttrans- 
criptional modification of nucleotides in 
16S rRNA (11) and the structure of 5S 
rRNA (30) point to a closer, specific rela- 
tionship of the halophiles to the Meth- 
anomicrobiales. It should be mentioned 
also that the 16S rRNA catalogs for rep- 
resentative strains of Halobacterium 
halobium, H. cutirubrum, and H. salina- 
rium are all identical, while that for 
Amoebobacter morrhuae differs from 
these by a single base change (16). These 
four organisms then must be considered 
at best strains of a single species. The 
specific groupings of methanogens in- 
dicated in Fig. 2 are in excellent agree- 
ment with various phenotypic character- 
istics of the various members-for ex- 
ample, cell wall and lipid compositions. 
This topic has been reviewed by Balch et 
al. (II11). 

In spite of the small number of known 
species, the diversity of the archae- 
bacteria as measured by phylogenetic 
depth and phenotypic variety appears 
comparable to that encountered in the 
true bacteria. For example, at least four 

major cell wall types are encountered in 
the archaebacteria, compared to only 
one among all the eubacteria (24). DNA 
base compositions, a standard measure 
of phylogenetic diversity, range in guan- 
ine + cytosine (G + C) content from 27 
to 68 moles percent (that is, per 100 
moles) (11, 31) among archaebacteria. 
Yet the archaebacteria appear restricted 
to an unusual class of niches. It is not 
unreasonable that the archaebacterial 
ancestral phenotype evolved at a period 
in the earth's history when what was a 
typical niche was very different from 
what it was later-that is, with respect to 
its physical parameters and the extent to 
which these varied. If so, basic archae- 
bacterial metabolism and control mecha- 
nisms could have evolved to reflect con- 
ditions that no longer prevail. 
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The True Bacteria (Eubacteria) 

All the bacterial strains examined to 
date by 16S rRNA cataloging that do not 
cluster with the archaebacteria, cluster 
instead in the eubacterial kingdom. The 
designation true bacteria reflects the fact 
that it is these organisms that have 
shaped our conception of bacteria. Eight 
major eubacterial divisions have so far 
been identified (Fig. 3), although only 
four of these have been explored to a sig- 
nificant extent by the present technique. 
It appears that all the major eubacterial 
groups diverged from one another over a 
relatively short period of time, so that 
their exact order of branching is difficult 
to determine. 

The eight recognized groups are as fol- 
lows: 

1) A group (Fig. 4) containing the 
purple photosynthetic bacteria and vari- 
ous nonphotosynthetic genera such as 
Escherichia, Pseudomonas, Rhizobium, 
Alcaligenes, and Desulfovibrio. 

2) A group (Figs. 5 and 6) which in- 
cludes all Gram-positive eubacteria so 
far examined except for Micrococcus ra- 
diodurans and its immediate relatives, 
and in addition contains all mycoplasmas 
so far studied (except for Thermo- 
plasma, which is a member of the ar- 
chaebacteria) (7). 

3) An apparently small group of non- 
sporeforming Gram-positive bacteria 
that includes Micrococcus radiodurans 
and relatives but no other Micrococcus 
species (14, 32). 

4) Members of the genus Spirochaeta. 
5) Leptospira, which do not cluster 

with Spirochaeta. 
6) The cyanobacteria (Fig. 7), a group 

which likely encompasses the chloro- 
plast of Porphyridium (8) and shares a 
common ancestry with the chloroplasts 
of Lemna (9) and Euglena (10). 

7 and 8) Two distinct lines of green 
photosynthetic bacteria, one represented 
by Chlorobium, the other by Chloro- 
flexus. There is no indication that these 
eight categories cover all of the true bac- 
teria. In fact, preliminary characterizations 
of some other species, such as myxobac- 
teria, indicate that one or more cate- 
gories will ultimately have to be added to 
the list. 

General Taxonomic Considerations 

Several general observations regard- 
ing bacterial systematics can be made at 
this point. While in many instances the 
present genealogies are consistent with 
traditional classifications, it is clear that 
in others the classical taxa are not phylo- 
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Fig. 1. Schematic representation of the major lines of prokaryotic descent. 

genetically valid units. The heavy em- 
phasis traditionally placed on morpho- 
logical characteristics is seen not to be 
justified. Spherical shape is a principal 
offender. All spherical bacteria so far ex- 
amined fall into phylogenetic categories 
defined in terms of nonspherical orga- 
nisms. Examples are Paracoccus (a spe- 
cific relative of Rhodopseudomonas cap- 
sitlata) (12), Sporosarcina (a specific rel- 
ative of Bacillus pasteurii) (13), and Mi- 
crococcus (the species of which are 
genealogically intermixed with those of 
Arthrobacter) (14). 

Two other morphological characters 
that are phylogenetically deceptive are 
mode of cell division and lack of a cell 
wall. The fact that Rhodomicrobium di- 
vides by budding does not distinguish it 
strongly from nonbudding representa- 
tives of the purple nonsulfur bacteria 
(12). The mycoplasmas, which some 
would accord the lofty status of a sepa- 
rate class, division, or kingdom, are 
genealogically wall-less relatives of a 
particular subgroup of clostridia (15). In 
fact, the data can be interpreted as in- 
dicating that Mycoplasma and Achole- 
plasma did not even share a common an- 
cestor that was itself wall-less. In other 
words, the mycoplasma condition may 
have arisen more than once from clos- 
tridial ancestry (15). Spore formation is 
in one sense a good phylogenetic in- 
dicator; all sporeformers are related, al- 
beit sometimes at a deep level. How- 
ever, lack of sporeforming capacity does 

not necessarily exclude an organism 
from phylogenetic groupings defined by 
sporeformers. Eubacterium, Lactoba- 
cillus, and Streptococcus are all ex- 
amples. 

The various taxonomic levels defined 
by traditional criteria bear little relation- 
ship to the phylogenetic levels defined by 
the association coefficient, SAB. What is 
traditionally defined as a genus varies in 
evolutionary depth from very "shallow" 
groupings, such as the genera in the fam- 
ily Enterobacteriaceae (minimal S^AB val- 
ues between 0.7 and 0.8), to rather sub- 
stantial genera such as Bacillus (minimal 
SAB values between 0.5 and 0.55), to 
"genera" such as Clostridium, the evo- 
lutionary depth of which compares to 
that of a "major" grouping like the cy- 
anobacteria (minimal SAB values be- 
tween 0.03 and 0.35). An entirely com- 
parable situation occurs among eu- 
karyotes, where what is an intrageneric 
distinction among amphibians corre- 
sponds-an immunological distance 
measure-to intergeneric distinctions or 
higher among mammals (33). The SAB 

values and related methods measure 
evolutionary time, not evolutionary 
"progression." One expects groups of 
anaerobic bacteria, such as the clos- 
tridia, to be older than aerobic groups 
like Bacillus, and therefore to exhibit a 
greater range of SAB values. Indeed, the 
SAB ranges allow one to distinguish the 
ancient phenotypes from the more mod- 
ern ones. It is not germane to debate 
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whether taxonomic level for bacteria 
should be assigned on the basis of phylo- 
genetic depth (a time measure) or-as is 
done in the case of the metazoans-ex- 
tent of phenotypic variation (a measure 
of evolutionary "progression"). Both 
measures are significant evolutionarily 
and should be distinguished. 

The phylogenetic patterns seen here 
are by no means an idiosyncracy of 
rRNA. To the extent to which they can 
be compared, very nearly the same rela- 
tionships emerge from comparative anal- 
ysis of protein sequences and cell wall 
analysis. Cytochrome c data from a vari- 
ety of purple photosynthetic bacteria are 
in good agreement with the correspond- 
ing 16S rRNA data (12, 34). Likewise, 
results with ferredoxin (35), the 5S 
rRNA (36), and DNA-RNA hybridiza- 
tion (37) are in reasonable agreement; 
the observed differences are generally at 
the level of detail and do not for the most 
part affect major conclusions. Such con- 
gruence of phylogenies is of course satis- 
fying, but more importantly it effectively 

rules out the possibility that the inter- 
specific transfer of genes can obscure 
evolutionary relationships in the bacte- 
rial world. Bacterial phylogenies can be 
determined experimentally! 

The only substantial disagreement 
among trees derived by molecular meth- 
ods is between the present one and the 
attempt of Schwartz and Dayhoff (38) to 
construct a universal phylogeny by com- 
bining various approaches. Given the lo- 
cal agreement among methods, it ap- 
pears that the composite tree generated 
by Schwartz and Dayhoff reflects un- 
warranted assumptions in the analysis of 
the data. A detailed critique of the 
Schwartz-Dayhoff tree has recently ap- 
peared (39). 

Evolutionary Implications 

The implications of the prokaryotic 
phylogenetic tree go far beyond the 
bounds of mere classification. The tree is 
essential to our understanding of the 

early events in cellular evolution. Pre- 
viously we have had very few facts to 
guide us. Nevertheless, certain hypothe- 
ses and lesser prejudices have emerged 
as generally accepted truths concerning 
the primeval evolutionary course. The 
keystone of the conventional view is the 
notion-an integral part of the Oparin- 
Haldane view of the origin of life-that 
the first organisms were heterotrophic 
anaerobes, that is, organisms metabolic- 
ally resembling today's clostridia (40). 
The ultimate goal of phylogenetic study 
is to construct a phylogenetic tree suffi- 
ciently detailed so that such suggestions 
can be treated as testable hypotheses. 

Photosynthetic bacteria hold a promi- 
nent place in the hierarchy of the true 
bacteria. Four of the eight major groups 
are in fact defined by photosynthetic 
bacteria. Moreover, the traditional ten- 
dency to separate the photosynthetic 
from the nonphotosynthetic bacteria 
phylogenetically does not hold. Photo- 
synthetic lines of descent tend to be in- 
termixed with the lines of nonphotosyn- 
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Fig. 2 (left). The phylogenetic relationships among archaebacteria. 
The abbreviated names stand for the following organisms (11): (1) 
Methanobacterium bryantii, (2) Methanobacterium formicicum, (3) 
Methanobacterium thermoautotrophicum, (4) Methanobrevibacter ar- 
boriphilus, (5) Methanobrevibacter smithii, (6) Methanobrevibacter ru- 
minantium, (7) Halobacterium halobium, (8) Halobacterium volcanii, 
(9) Halococcus morrhuae, (10) Methanogenium cariaci, (11) Meth- 
anogenium marisnigri, (12) Methanomicrobium mobile, (13) Meth- 
anospirillum hungatei, (14) Methanosarcina barkeri, (15) Meth- 
anoc,occus vannielii, (16) Methanococcus voltae, (17) Thermoplasma 
acidophilum, (18) Sulfolobus acidocaldarius. Fig. 3 (right). The 
major phylogenetic groups within the true bacteria. The abbreviated 
names stand for these organisms: (1) Bacillus subtilis, (2) Lactoba- 
cillus brevis, (3) Clostridium pasteurianum, (4) C. acidiurici, (5) 
Mycoplasma capricolum, (6) C. ramosum, (7) Arthrobacter globi- 
formis, (8) Actinomyces bovis, (9) Streptomyces griseus, (10) Bifido- 
bacterium bifidum, (11) Rhodospirillum tenue, (12) Alcaligenes fae- 
calis, (13) Rhodopseudomonas sphaeroides, (14) Rhodomicrobium 
vannielii, (15) Escherichia coli, (16) Chromatium vinosum, (17) De- 
sulfovibrio desulfuricans, (18 to 21) Spirochaeta aurantia, S. litoralis, 
S. halophila, and S. stenostrepta, (25 and 26) Micrococcus radio- 
durans, M. roseus UW0294, (27) Chlorobium limicola, (28) Lepto- 
spira interrogans, and (29) Chloroflexus aurantiacus. 
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thetic species. The most thoroughly 
studied example up to now is that of the 
purple bacteria. This group of organisms 
comprises three distinct sublines, each 
containing photosynthetic representa- 
tives (Fig. 1): (i) the subline defined by 
the majority of Rhodopseudomonas spe- 
cies together with some Rhodospirillum 
and Rhodomicrobium species, (ii) the 
subline defined by Rhodopseudomonas 
gelatinosa and Rhodospirillum tenue, 
and (iii) the subline defined by the purple 
sulfur group, such as Chromatium. The 
first of these contains in addition Para- 
coccus, Rhizobium, and Aquaspirillum, 
while the second, in addition, contains 
Alcaligenes and Sphaerotilus; the third 
contains a large number of the classically 
recognized Gram-negative bacteria-en- 
terics, vibrios, pseudomonads, and oth- 
ers (12). Thus many, if not most, of the 
Gram-negative nonphotosynthetic orga- 
nisms appear to be subsumed by this 
group. Overall, the widest separations 
among the purple bacteria give SAB's of 
0.31, which would suggest that this par- 
ticular photosynthetic phenotype is as 

old as the clostridial one, whose widest 
separations are at SAB = 0.29. 

Realizing the quite incomplete nature 
of the eubacterial tree at its present 
stage, we can nevertheless draw a num- 
ber of interesting if tentative conclusions 
concerning the evolutionary course. The 
phylogenetic arrangement of eubacterial 
phenotypes constitutes as good a proof 
as any that the earth passed from a glo- 
bally anaerobic, highly reducing environ- 
ment to an aerobic one. Those phenotyp- 
ic groups with the greatest range of SAB 

values, that is, the oldest groups, are all 
basically anaerobic-for example, the 
clostridia, the purple photosynthetic 
bacteria, and the cyanobacteria (if the 
various chloroplasts are included). 
Where a sufficient number of strains has 
been analyzed to give a reliable in- 
dication of diversity, aerobic phenotypes 
all form far shallower groupings. A good 
example is Bacillus and its aerobic rela- 
tives (minimal SAB values of 0.50). 

Given the speed of bacterial evolution, 
it is reasonable that a group such as Ba- 
cillus is about as old as the aerobic envi- 

ronment, so that SAB values in the range 
of 0.5 should measure the age of the 
aerobic atmosphere. More important, it 
is clear that aerobic respiration has aris- 
en many times; in the purple bacterial 
group in particular, there are three clear 
examples of it, and perhaps many more. 
Although the evolution of aerobic metab- 
olism is not always associated with 
photosynthetic phenotypes initially, it 
often is. 

It is a common belief, based on the in- 
terpretation of fossil evidence, that the 
cyanobacteria are a very ancient group- 
ing. The data obtained by 16S rRNA 
cataloging of extant cyanobacteria have 
not detected enough diversity to warrant 
such a conclusion (8). Only when one in- 
cludes the various examples of chloro- 
plasts (41) is sufficient diversity found to 
suggest an age comparable to that of the 
clostridial or purple bacterial pheno- 
types. As has been pointed out many 
times, stromatolites (fossil algal mats) 
need not have been produced by cy- 
anobacteria, however. 

Given the widespread occurrence of 

Actinomycetes 

and relatives 

L I I I 

0 0.1 0.2 0.3 

12 

.M. M/ueus- I 

A4. giobiformis 2 

?- Ce. flavigena 3 

B. linens- 4 

A. bovis- 5 

A. simplex- 6 

?My. ph/ei- 7 

G. obscurus- 8 
- /N. ca/carea- 9 

D. ourantiacum I10 

Co. diphtheriae I I 

S. griseus- 12 

P freudenreichii 13 

8. bifidum- 14 

i I i i i 
0.4 0.5 0.6 0.7 0.8 

SAB 

I I I I I ,I I I . 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

SAB 

25 JULY 1980 

13 
Fig. 4 (left). The phylogenetic relationships among the purple photo- 
synthetic bacteria and their relatives. The organisms are as follows: 

15 (1) Escherichia coli, (2) Yersinia pestis, (3) Proteus mirabilis, (4) Aero- 
monas hydrophila, (5) Pasteurella multocida, (6) Beneckea harveyi, 

16 (7) Photobacterium fischeri, (8) Chromatium vinosum, (9) Acineto- 
y7 bacter calcoaceticus, (10) Pseudomonas aeruginosa, (11) Desulfo- 

vibrio desulfuricans, (12 and 13) Rhodopseudomonas sphaeroides, 
18 Rps. capsulata, (14) Paracoccus denitrificans, (15) Rps. viridis, (16) 
19 Rhizobium leguminosarum, (17) Rhodomicrobium vannielii, (18) Rps. 

palustris, (19) Rhodospirillum (R.) rubrum, (20) Rps. gelatinosa, (21) 
Sphaerotilus natans, (22) R. tenue, and (23) Alcaligenes fae- 
calis. Fig. 5 (right). The phylogenetic relationships among the 
Gram-positive eubacteria whose DNA's have a high content of gua- 

21 nine and cytosine-that is, actinomycetes and their relatives. The or- 
ganisms are as follows: (1) Micrococcus luteus, (2) Arthrobacter (Ar.) 

22 ^ globiformis, (3) Cellulomonas flavigena, (4) Brevibacterium linens, (5) 
23 Actinomyces bovis, (6) Ar. simplex, (7) Mycobacterium phlei, (8) 

Geodermatophilus obscurus, (9) Nocardia calcarea, (10) Dac- 
tylosporangium aurantiacum, (11) Corynebacterium diphtheriae, 
(12) Streptomyces griseus, (13) Propionibacteriumfreudenreichii, and 
(14) Bifidobacterium bifidum. 
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photosynthetic phenotypes among the 
eubacteria, the conventional notion that 
the eubacteria arose from a nonphoto- 
synthetic, heterotrophic, anaerobic an- 
cestry (40) must be reexamined. It seems 
just as reasonable that the ancestral 
phenotype for the eubacteria was a 
photosynthetic one, perhaps autotrophic 
as well. 

The ancestral phenotype of the ar- 
chaebacteria is less clear. In that three of 
the main archaebacterial sublines are 
methanogenic, methanogenesis may 
have been a part of the ancestral pheno- 
type. The only light-utilizing archae- 
bacteria known, the extreme halophiles, 
seem to have arisen considerably more 
recently, specifically from one of the 
methanogenic sublines. Indeed the mini- 
mal SAB of 0.44 encountered among the 
halophiles suggests that they first ap- 
peared at about the same time as the ma- 
jor aerobic groups among the eubacteria. 

The origin of their photosynthetic capac- 
ity is for now purely a matter for specula- 
tion. In any event, it is clear that the di- 
versity between the various meth- 
anogenic strains (that is, a minimal SAB 

of 0.22) is sufficient to argue that the 
phenotype was present at a very early 
stage in evolution. It is interesting that 
the types of hydrocarbons found in an- 
cient sediments are more closely approx- 
imated by the distribution of the lipid 
components found in methanogens than 
in any other bacteria (42). 

The Eukaryotic Line of 

Descent and Its Origin 

The biologist today is accustomed to 
viewing "eukaryote-prokaryote" as 
some fundamental phylogenetic dichoto- 
my (19-22). However, this cannot be so, 
for two reasons (5): First, the results 

summarized herein show that there are 
at least three major lines of descent rep- 
resented among extant living forms. Sec- 
ond, in that the eukaryotic cell is a phy- 
logenetic chimera, it itself cannot be 
seen as a line of descent comparable to 
the two bacterial lines; only some of its 
component parts can be so viewed: The 
chloroplast has an origin in cyanobac- 
teria-like entities (20-21); the (plant) 
mitochondrion apparently arose from the 
group of purple photosynthetic bacteria 
(12, 43, 44). We are less certain of the 
possible origins of other eukaryotic 
structures. It might of course be argued 
that that aspect of the chimeric eu- 
karyote represented by its nucleus ac- 
counts for the bulk of the cell (informa- 
tionally speaking), and therefore the cor- 
responding line of descent, whatever it 
is, can be taken as the ancestral eu- 
karyotic line. Such an argument makes 
the tacit assumption that the nuclear 
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Fig. 6 (left). The phylogenetic relationships among the Gram-positive 
eubacteria whose DNA's have a low guanine and cytosine content- 
that is, the clostridia and their relatives. Generic abbreviations used 
are these: A, Acetobacterium; Ac, Acholeplasma; B, Bacillus; C, 
Clostridium; E, Eubacterium; L, Lactobacillus; M, Mycoplasma; P. 
Peptococcus; Pd, Pediococcus; R, Ruminococcus; S, Spiroplasma; 
Sa, Sarcina; Sp, Sporolactobacillus; St, Staphylococcus; Str, 
Streptococcus; and T, Thermoactinomyces. Fig. 7 (right). The 
phylogenetic relationships among the cyanobacteria and chloroplasts. 
The generic abbreviation F. stands for Fischerella. This tree differs 
slightly in topology from an earlier one (8) as a result of minor correc- 
tions and the use of a different method of accounting for unsequenced 
oligonucleotides in the calculation of the binary association coeffi- 
cients. 
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component has a single origin-a point 
for which there is at present no evidence; 
the collection of genes constituting the 
nucleus could just as well have arisen 
through myriad gene or gene cluster cap- 
tures from all manner of sources. Until 
this matter is settled-and molecular 
phylogenetic studies will ultimately do 
so-it is unwise to speak of an ancestral 
eukaryotic line of descent. 

What we now know is that two prima- 
ry lines of descent exist as free living 
forms, the true bacteria (eubacteria) and 
the archaebacteria, whereas a third line 
is represented in the eukaryotic 18S 
rRNA. The question concerning eu- 
karyote evolution then becomes the 
manner in and the extent to which eu- 
bacterial and archaebacterial genes, as 
well as genes from other sources, are rep- 
resented in the eukaryotic chimera. In 
addition to the eubacterial representa- 
tion in terms of mitochondria and chloro- 
plasts, it has recently been determined 
that at least one of the eukaryotic cyto- 
plasmic ribosomal protein genes is al- 
most certainly of archaebacterial origin 
(45). 

The Universal Ancestor 

A central issue remaining is the nature 
of the ancestor that gave rise to all extant 
life. Presumably features common to all 
three major lines of descent would be 
characteristic of their ancestor. There 
are surprisingly few such common fea- 
tures. Clearly all three major types of or- 
ganisms have utilized the same basic 
processes-the same genetic code, simi- 
lar biochemical pathways, and so on. 
Yet important details of just about every 
process appear to differ in one way or an- 
other in each of the kingdoms. Genetic 
control mechanisms seem to differ; RNA 
polymerase subunit structure differs; 
rRNA's and tRNA's differ in patterns of 
posttranscriptional modification; cell 
walls differ in composition, as do lipids, 
and so on. These findings suggest that 
the three lines of descent diverged before 
the level of complexity usually associat- 
ed with the prokaryotic cell was reached, 
at a level of organization which we have 
called the "progenote" (6). Thus, those 
features of the cell that have to do with 
refining molecular functions, coping with 
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