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Of all the spectacular changes that have transformed biology
over the last several decades, the least touted, but ultimately
one of the most profound is that now under way in microbiol-
ogy. It is not simply that we are coming to see microbiology per
se in a new light but that we are coming to appreciate the
central roles microorganisms play in shaping the past and
present environments of Earth and the nature of all life on this

planet. Because each organism is the product of its history, a -

knowledge of phylogenetic relationships—of common evolu-
tionary histories—is essential to understanding the nature of
any organism. Thus, it is unavoidable that evolution (a field
much neglected in this molecular era) must be the conceptual
heart of biology; all extant life traces back to common ances-
tors, and the earliest ancestors were microorganisms.

Despite considerable effort, microbiologists were never able
to determine the phylogenetic relationships among pro-
karyotes (29). Not only did they ultimately give up on this
problem, but some went so far as to declare it unsolvable (27,
28). By the 1960s most microbiologists concerned themselves
little and cared even less about relationships among microor-
ganisms. As a consequence, microbiology was not structured
about a “natural,” phylogenetically valid system of classifica-
tion. Lacking this essential evolutionary touchstone, microbi-
ology developed in an incomplete, if not distorted, way.

Having no natural center, microbiology fissioned into sepa-
rate disciplines pursuing (seemingly) divergent goals. The
traditional pursuits of organism isolation and determinative
classification (i.e., naming) continued, as did the applied side
of microbiology (medical, industrial, etc.). However, the disci-
plines that came to dominate and define the field reflected the
new molecular outlook: i.e., the detailed genetics of particular
organisms, the comprehensive molecular biology of a “repre-
sentative” prokaryote, and the detailed biochemistry of this or
that metabolic pathway. Microbial ecology was a weak, in a
sense immature, discipline, stymied not only by the lack of a
natural system but also by the requirement that a species be
cultured and characterized before its role in a microbial
community could be explored.

The most profound symptom of microbiology’s unfortunate
condition was its reliance on the prokaryote-eukaryote dichot-
omy as a phylogenetic crutch, something that replaced any
useful understanding of microbial relationships: it represented
microbiology’s “. . . only hope of . . . formulating a ‘concept of
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a bacterium’™ (28). The problem with and the pernicious
nature of this dichotomy lay in the fact that the prokaryote was
initially defined negatively, in cytological terms. In other
words, prokaryotes lacked this or that feature characteristic of
the eukaryotic cell: even oil drops, or coacervates, could fit
such a negative definition. Any virtue in the prokaryote-
eukaryote dichotomy lay in what it could contribute to an
understanding of the eukaryote, which might have evolved
through “prokaryotic” stages. With repetition (as catechism)
the prokaryote-eukaryote dichotomy served only to make
microbiologists easily accept their near total ignorance of the
relationships among prokaryotes; they were even dulled to the
fact—one of the great challenges of today—that they did not in
the slightest understand the relationship between the pro-
karyote and the eukaryote. The matter of relationships among
bacteria had boiled down to “if it isn’t a eukaryote, it'’s a
prokaryote,” and to understand prokaryotes, we had only to
determine how Escherichia coli differs from the eukaryotes.
This was no invitation to creative thought, no unifying biolog-
ical principle. This eukaryote-prokaryote dichotomy was a
barrier that separated prokaryotic microbiology from eukary-
otic microbiology.

This myopic view of microbiology failed to appreciate not
only how important the problem of microbial relationships was
but that an intractable problem today may not be so tomorroW.
Molecular sequences had been used to determine evolutionary
relationships since the 1950s, and Zuckerkandl and Pauling’s
seminal article “Molecules as documents of evolutionary his-
tory” made the case most compellingly in 1965 (36). Yet the
record shows that microbiology—the biological science most in
need—was effectively blind to the significance and potential of
these approaches.

At the end of the 1970s however, the situation changed
dramatically. rRNA sequences had been shown to provide a
key to prokaryote phylogeny (e.g., 8). No matter that on the
cellular and physiological levels the prokaryotes did not pro-
vide characteristics that permitted their reliable phylogenetic
ordering; their rRNAs were more than sufficient to do so. By
the early 1980s, as the rRNA-based phylogeny of prokaryotes
began to emerge, microbiologists began (albeit extremely
slowly) reawakening to the importance of knowing microbial
phylogenies.

The folly of having taken all prokaryotes to be of a kind was
dramatically revealed by the totally unanticipated discovery of
the Archaea (originally called archaebacteria), a group of
prokaryotes that, if anything, is more closely related to Eucarya
(eukaryotes) than to the other prokaryotes, the (true) Bacteria
(11, 13, 32, 34). Even then, the power of the eukaryote-
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prokaryote dichotomy as phylogenetic dogma was strikingly
demonstrated by the fact that the majority of microbiologists
(and biologists) were initially unable to accept that there could
be two types of prokaryotes that are not specifically related to
one another. (An amazing aspect of the history is that [at the
time] a biologist would most likely have agreed that the nuclear
genome came from a “prokaryote-like” ancestor, i.e., the most
recent common ancestor of eukaryotes and bacteria. After all,
this is inherent in the prokaryote-eukaryote dichotomy. Yet
the idea that specific prokaryotic relatives of the eukaryotes
have persisted to the present was anathema. As best as we can
tell, these noneukaryote descendants do exist; we call them
Archaea. However, the nature of biologist’s objections was not
monolithic. For example, Margulis and Schwartz [19] sug-
gested that the origin of [most of] the nuclear genes was indeed
a specific group of [true] bacteria, the “aphagramabacteria.”
This view had the merit of proposing that some prokaryotes
are more closely related to eukaryotes than are others, but it
ignored the available molecular evidence as to which pro-
karyotes these were. This confusion was furthered by a drawing
of the proposed relationships in which present-day organisms
are not clearly distinguished from their ancestors.)

To date, over 1,500 prokaryotes have been characterized by
small-subunit TRNA sequencing. Figure 1 encapsulates pro-
karyotic phylogeny as it is now known. Given the purview of
this journal, our discussion will be limited to the two prokary-
otic domains. However, it is worthwhile to note in passing that
molecular phylogeny has had an equally profound effect on our
understanding of relationship among eukaryotes (eukaryotic
microorganisms in particular) and that anyone exposed to the
universal phylogenetic tree readily appreciates how artificial
the strong distinction between eukaryotes and prokaryotes has
become. In Fig. 1, the split between the Archaea and Bacteria
is the primary phylogenetic division (in that the Eucarya have
branched from the same side of the tree as the Archaea [11,
13]).

Both prokaryotic domains would seem to be of thermophilic
origin—suggesting that life arose in a very warm environment
(1, 2, 31). Among the Archaea, all of the Crenarchaeota
cultured to date are thermophiles, and the deepest eur-
yarchaeal branchings are represented exclusively by thermo-
philes. Among the Bacteria, the deepest known branchings are
again represented exclusively by thermophiles, and thermo-
philia is widely scattered throughout the domain.

The Archaea comprise a small number of quite disparate
phenotypes that grow in unusual (to us, inhospitable) niches.
All are obligate or facultative anaerobes. As stated above, all
(cultured) crenarchaeotes are thermophilic, some even grow-
ing optimally above the normal boiling temperature of water.
The Archaeoglobales are sulfate reducers growing at high
temperatures. The extreme halophiles grow only in highly
saline environments (such as the Dead Sea and salt evapora-
tion ponds). The methanogens, which are responsible for
virtually all of the biologically produced methane on this
planet, are confined to a variety of anaerobic niches, often
thermophilic.

The Bacteria, on the other hand, are notable as being the
source of life’s photosynthetic capacity. Five kingdoms of
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bacteria contain photosynthetic species, and each of the five
manifests a distinct type of (chlorophyll-based) photosynthesis.
The cyanobacteria have also given rise to the chloroplasts,
which are the basis for all photosynthesis found in eukaryotes.
It would appear that photosynthetic metabolism is the ultimate
evolutionary source of much of the metabolic diversity found
among the bacteria, which in turn is the source of key
biochemistries (e.g., photosynthesis and respiration) among
the eukaryotes.

The molecular revolution in microbiology means much more
than just a new taxonomy. For example, microbial ecology is
being reborn. The remarkable insight of Norman Pace that
organisms can be (phylogenetically) identified directly in their
niches—through a combination of rRNA gene cloning and
sequencing, and the design and use of rRNA-directed “phylo-
genetic stains”—has sparked a revolution in that discipline (5,
24, 25). This simple realization removes the obstacle of having
to culture all organisms in order to infer their characteristics,
and it permits all manner of new detailed characterizations of
the populations in any given niche to be made. Perhaps the
most dramatic demonstration of these new approaches to
microbial ecology is the discovery (through cloning and se-
quencing of genes directly from environmental samples) of two
new groups of Archaea—both of which have to this point
defied cultivation (4, 10). One is a new family or order within
the euryarchaeotes, the other almost certainly a new taxon of
even higher rank (see Pacific Ocean station 49 DNA clone
NH49-9, Santa Barbara Channel DNA clone SBARS, and
Woods Hole DNA clone WHARQ in Fig. 1). For the first
time, it is possible to count not just flowers and beetles, but
also microorganisms, in taking a census of life on this planet.

Another area in which evolutionary and comparative per-
spectives have been invaluable has been the inference of
secondary and tertiary RNA structures. Comparisons of ho-
mologous RNA sequences from phylogenetically diverse or-
ganisms have provided our current understandings of the
structures of TRNAs (9, 21, 22, 35), RNase P RNA (14),
self-splicing introns (3, 20), signal recognition particle RNA
(15, 18), and the small nuclear RNAs of the spliceosome (for
a review, see reference 12). In several of these cases, it was
rRNA-based phylogenetic information that guided the choice
of organisms from which the corresponding molecules were
identified and sequenced.

Although our interests are primarily biological, to many
people the justification of any pursuit lies in its practical
consequences. The revolution in microbial ecology and the
inference of molecular structures do, of course, have direct
practical consequences (witness Applied and Environmental
Microbiology and RNA-binding antibiotics), but it is the appli-
cation in clinical microbiology that most people would think of
first. Many clinically important microorganisms have now been
subjected to molecular phylogenetic analysis (e.g., 6, 26).
These data and analyses have been used to develop molecular
diagnostics (e.g., 16) and to guide research into the nature (and
control) of various pathogens.

The universal phylogenetic tree brings us face to face with
the great evolutionary questions and allows us to formulate
them in molecular terms.

FIG. 1. Prokaryotic phylogenetic tree of 253 representative species derived by maximum likelihood analysis of small-subunit rRNA sequences.
The tree is abstracted from that provided by the Ribosomal Database Project (17), which is a composite of several trees inferred by using maximum
likelihood (7, 23). The suggested rooting is that inferred for the universal tree (11, 13). Organisms are consecutively numbered and are indexed
in the accompanying alphabetic listing (Table 1). Names of the major groups (31, 34) are indicated. The distance scale indicates the expected
number of changes per sequence position, for those positions changing at the median rate.
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On the nature and origin of the eukaryotic cell, we can now
inquire about the origins of the various parts of the eukaryotic
genome: for what fraction of eukaryotic genes or gene families
is the most similar homolog an archaeal gene, for what fraction
is it (eu)bacterial, and for what fraction is there no detectable
homolog among either Archaea or Bacteria? Conversely, what
fraction of archaeal or (eu)bacterial genes find no recognizable
representation in the eukaryotic genome? What nuclear genes
are unique to eukaryotes with endosymbiotic organelles and
which of these trace back to the expected bacterial lineages?
Are there other major, undiscovered, genetic contributions
from ancient symbioses, transfers, or fusions?

Considering still earlier events, we can pose questions about
the nature of the most recent common ancestor of present-day
life: What was its nature? Was it prokaryotic, in the sense of
having a genome as complex (and well-defined) as those of
extant prokaryotes, or could it have been a progenote, a
hypothetical more rudimentary entity in which the link be-
tween genotype and phenotype is not yet as precise (accurate)
as that seen today (33)? What were the evolutionary dynamics
by which this universal ancestor spawned the three primary
lineages? Was this typical evolution, or, for example, did it
involve so much genetic exchange, gene duplication and diver-
gence, and/or loss of genes, that it is not possible to concep-
tualize (and analyze) the ancestral state and its subsequent
evolution in terms of well-defined lineages (30)?

The origins of key cellular functions can also be addressed:
from what genetic roots did photosynthesis (or aerobiosis, or
various other forms of metabolism) spring? What genes in
other pathways are related to them? To what extent can we
trace genes back to a basic aboriginal genetic complement, and
what was it?

Fortunately, these questions will be to a significant extent
answerable now that biology is moving into the era of genome
sequencing. The answers can either be found randomly and
anecdotally, or they can be found more quickly if microbiolo-
gists learn the history that links all life and use it for guidance.
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