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As I was not a primary participant in the symposium, these remarks stem from my read-
ing the early manuscript, at the invitation of Jan Sapp, the organizer and editor. His
introductory chapter already practices the exegetical function, and I would be unquali-
fied to emulate or improve on his labors.

What an illumination the reading has been for me. I will confess to having had some-
thing of an agnostic position about the possibility of verifying our speculations about
the major kingdoms, and especially the origin of Eukarya. I dare not admit to fixed
conclusions on my own part, but now having had the experience of the finely spun ar-
guments, at least I can say that I have a better understanding of the question. In that
regard, I anticipate being in the company of a horde of biologists who have been bewil-
dered by the controversies and have had no prior opportunity for the direct confronta-
tion of views represented in this volume. One may have to look back to the nineteenth
century and before to locate examples of equally weighty disputations in biology.

Besides the larger canvas of evolutionary drama, every chapter has a revelation of
natural history. How thrilling to be reminded of the connections of the apical complexes
seen in hemoparasites like malaria, with the plastids of red algae. In turn that has in-
spired Bob Haselkorn to seek antimicrobials for Toxoplasma among familiar herbicides
directed against the chloroplasts of common weeds.

Autobiographically, my own fascination with symbiogenesis was sparked by Luigi
Provasoli’s report 55 years ago that Euglena could be “cured” of its chloroplast by the
application of streptomycin. Later, this was corroborated in spinach seedlings. Within a
few years, we had the reports from Boris Ephrussi about similar responses—now the
marker was oxidative metabolism (read mitochondria)—of yeast to acriflavine. From
then on, I could see no definitive boundary between infection and (extranuclear) heredity.
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This motivated my coining the term “plasmid” in 1952 to stress the vacuity of the argu-
ment over whether a particle was a virus, a symbiont, or a gene. It also made me more
receptive to then-marginalized speculations that mitochondria and chloroplasts were
derived from free-living microbes gone obligate symbionts.

Not until prodded by Jan Sapp did I really understand how symbiogenesis was the
foundation for a major paradigm shift from arboreal modes of ascent—the Darwinian
paradigm—to a mode where major convergences of prior evolutionary histories engen-
dered sudden innovations, just like lichens from alga and fungus obvious beneath our
feet. The book harbors deeply felt contrary convictions about the prevalence and im-
portance of LGT (lateral gene transfer). The least controversial examples are the migra-
tion of genes from mitochondrial and plastid symbionts to the nuclear genomes of their
hosts. Of course, it was not until the early 1950s that the full panoply of genetic mecha-
nisms was uncovered that could justify thoughts of widespread sharing of genetic in-
formation among diverse taxa of microbes. Early examples were the generation of new
serovars of Salmonella (then given Linnean names as if species) by transduction of flagel-
lar markers. Then around 1960, Lou Baron showed that Salmonella could be hybrid-
ized with Escherichia coli, mediated by the conjugal plasmid F. Few might doubt that
these laboratory phenomena played some role in natural evolution, but that participa-
tion was hard to prove prior to the availability of genomic sequences.

The core arguments of the book relate to the selection of genes to serve as molecular
clocks. For phylogenetic mensuration they should be highly conserved, uniform in
mutation rates, ubiquitous, inert to natural selection; to wit, devoid of any interesting
phenotype or adaptation to new habitats. These desiderata are pertinent to phylogenetic
resolution: They leave out almost everything that relates to evolutionary diversifica-
tion. There should be some discomfort when the kingdoms comprising multicellulars
all together project as a handprint on the wall map of the major categories, such as
Archaea, Bacteria, and Eukarya. They sandwich Homo sapiens in a narrow confine
between corn and mushrooms. That may be a phylogenetic reality; perhaps we need a
better terminology to contrast that placement with biological evolution.

When we look, say, within the animal or plant world, we have to recognize that ge-
nomes evolve along more complex pathways than the accumulation of single-nucleotide
substitutions. Block deletions, duplications, inversions, and transfers of chromosome
segments and the accumulation of repeated sequences, intragenomic recombination,
hybridization, and heteroploidy all play a role in issuing adaptive phenotypes, and are
all highly constrained by natural selection. Nor is the assumption of mutation rates,
uniform in time or place, a reasonable one. Mutators—often by relaxation of corrective
editing of error-prone replication—are well documented, and exogenous transposable
elements play a leading role in so-called spontaneous mutation in Drosophila. Finally,
many signatures of relationship are confounded by productive aberrations of lateral gene
transfer and symbiosis. There is an essential tension between phylogenetic analysis and
evolutionary description.

The murkiest swamp is doubtless the shore of Darwin’s warm little pond, the chemi-
cal drama of the very first stages of life on earth. There are many attractions to the “RNA
world model,” at some early stage depending on RNA ribozymia to provide the cata-
lytic functions for molecular self-replication. The provenience of the concentrated phos-
phorylated and chemically reactive precursors for RNA synthesis poses problems of
another order. We would be greatly heartened if we could find some vestige of an RNA-
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dominated (actually a DNA-free) premicrobe. The RNA viruses do not quite qualify as
they all depend on DNA-rich hosts. As the microbial world is constantly presenting new
surprises, perhaps the RNA-cyte will still be fished out of some depths.

As an alternative option, or rather a more primitive stage, I have suggested we gamble
on the heretical possibility that some polypeptide sequences may have a faint, template-
directed capacity to orient assembly so as to constitute a primitive self-replication. There
are barely more than hints that this actually happens, but who has looked? The warm
pond would not lack for such monomeric precursors, whether populated by Urey-Miller
sparks in a reducing atmosphere or by cosmic infall, or whether the earth’s primary
composition is now revealed by deep vents, and inorganic systems will catalyze the
condensation into polymers. Aboriginal proteins might then be the springboard for evo-
lutionary perfection and elaboration, in due course concentrating and recruiting other
monomers, like the nucleic acids. Whether polypeptide, polynucleotide, or who knows
what other primitive polymer, one category at a time would seem a wise counsel for our
speculations. Most important is how these categories motivate further experimentation
on the minimum conditions for template-driven assembly.

In the symposium, there was some suggestion that autotrophs had to precede het-
erotrophs, in order to provide the specific nutrients. That is likely true in more recent
times, but we hardly want to invoke the anabolically sufficient (and therefore highly
complex) autotroph at the threshold. Years ago, Horowitz pointed out that as nutrients
were gradually depleted from the pond by biological utilization, there would be power-
ful natural selection for the elaboration of synthetic pathways to make up the deficits,
one by one, in reverse order of synthesis. As Darwin foresaw, the earliest environments
would be the richest (up to the advent of photosynthesis).

Briefly, to some other points under discussion: We are quizzical about the fitness of
nature’s experiments in LGT or more farreaching admixture of genomes. It is under-
stood that alien intrusions may be incompatible with complex networks, but we have
contrary evidence in the far-reaching promiscuity of many plasmids, whose host op-
portunities transcend the kingdoms. A well-adapted example is the rhizobial symbio-
sis, and its neighbor Agrobacterium tumefaciens, with a plasmid normally hosted by a
bacterium introducing itself to the plant genome. We can see the F plasmid, E. coli’s
sex factor, growing in yeast cells.

We cannot simply address fitness by growth rates in the laboratory. If we did we
would have to assign zero fitness to the vast majority of taxa in the soil that are un-
cultivable at all with current techniques. Exponential growth is vanishingly rare in natural
settings, as the bugs themselves quickly exhaust available nutrients—cattle rumen may
be a notable exception. Competitive survival in fluctuating natural environments en-
tails much more than rapid growth in the cocoon of the laboratory.

Are the metabolic innovations of Archaea reactive to antibiotics produced by gram-
positive bacteria? That is more credible when they share temperate habitats. The ex-
treme scalding and briny habitats would already drive many natural experiments for
biochemical adaptations.

Is phagotrophy a precondition for the acquisition of microbial symbionts? Many
invasive bacteria that we would not customarily describe as phagotrophic have devel-
oped their own mechanisms for access to host epithelial cells. Within microbiota, con-
temporary parasitic Bdellovibrio will penetrate at least the outer membrane, living in
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the periplasm of gram-negative bacterial hosts. Bacteriophages have evolved their own
inoculation needles, and their exit is facilitated by lysozymes that digest host walls. Any
of these mechanisms might be hijacked by other bacteria as a route of access, and do
not overlook bacterial hosts that are genetically (Mycoplasma) or transiently (L-forms)
devoid of walls, the latter particularly animated by lysozymes, or B-lactam antibiotics,
which are, after all, natural products. Indeed, bacterial lysozymes have been reported,
although they may well stem from prophages integrated in the bacterial chromosome.
Similar wall stretching can be induced in obligate halophiles planted in hypotonic media.
There is likely to be far more quasi-phagotrophy among bacteria than meets the eye.
The rate of such gobbling experiments may be attenuated, but the biosphere is a power-
ful, big place.

x FOREWORD
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Molecular studies of bacterial phylogeny have effected a profound revolution in biol-
ogy. Beginning in the 1970s, 16s ribosomal RNA phylogenetics by Carl Woese and his
collaborators led to a natural classification of bacteria and to the construction of a univer-
sal phylogenetic tree, with three Domains or Urkingdoms: the Archaea, the Eubacteria,
and the Eucarya. Studies of molecular evolution have also led to new concepts for under-
standing evolutionary change, and to the confirmation of old concepts, including the
paramount role of symbiosis in the origin of the eukaryotic cell from which all plants
and animals have sprung. The origin of mitochondria from alpha-proteobacteria and
the origin of chloroplasts from cyanobacteria are well established.

Neo-Darwinian evolutionary theory, based on gene mutations and recombination
between individuals of a species, did not include bacteria (sensu lato, or in the broad
sense); nor could it. The evolutionary synthesis was constructed in the 1930s and early
1940s, before bacterial genetics was established, before the bacterium’s mechanisms of
heredity were elucidated, and before bacterial phylogenetics was considered possible.
My own historical introduction highlights the controversies over microbial classifica-
tion from Pasteur to the present. It illustrates the difficulties of constructing a microbial
phylogeny before the advent of the field of molecular evolution, the revolution in mi-
crobial evolution by rRNA phylogenies, how the current controversies have arisen with
the rise of genomics, and how the general concepts of microbial evolution contrast with
classical neo-Darwinian theory.

Microbial evolutionary biology has been undergoing another transformation, with
the birth of bacterial genomics, since the mid-1990s. These new data have led to sev-
eral conceptual modifications and to wholly new issues. The importance of lateral gene
transfer (between “species”) across the bacterial phylogenetic spectrum is a subject of
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heated debate. Even the standard symbiotic scenario for evolution is being reconsid-
ered, and the complex twists and turns in chloroplast evolutionary history have been
revealed. Although the origin and evolution of mitochondria and plastids continue to
be rich veins of research, several researchers have proposed further that the eukaryotic
cell nucleus also evolved from a symbiotic event of some kind. The scope and signifi-
cance of hereditary symbiosis among animals also remain subjects of controversy.

This volume brings together leading microbial evolutionists, often with markedly
different viewpoints, to discuss these issues. Does the phylogenetic “tree” based on rRNA
phylogenies still stand in the age of genomics? What is the scope and significance of
lateral gene transfer across the bacterial phylogenetic spectrum? Can one trace bacte-
rial genealogies at all in the face of lateral gene transfer? Is the course of the first 2 bil-
lion years or so of evolution unknowable? These issues are discussed in the first ten
chapters. A full range of views are expressed in this volume.

Pace, Ludwig, and Schleifer (in chaps. 2 and 3) articulate the significance of rRNA-
based microbial phylogenies. Woese (chap. 4) discusses why our understanding of
the cell can never be separated from its evolution, the conceptual problems with the
eukaryote–prokaryote dichotomy, the importance of lateral gene transfer in cell evolu-
tion, and the nature of the translation apparatus. Pace (chap. 2) provides a tour of the
macrostructure of the phylogenetic tree and emphasizes how understanding of the tree
has expanded through recent molecular studies of microbial diversity in the environ-
ment. Ludwig and Schleifer (chap. 3) compare the weighty data based on rRNA phy-
logenies to evidence based on other gene phylogenies.

While these authors elaborate on the importance of rRNA phylogenies, others qualify
such studies as providing a definitive tree. A range of alternative views are offered here.
At one pole, Doolittle (chap. 5) argues that lateral gene transfer may be so pervasive as
to completely erase bacterial phylogenetic tracks. Martin (chap. 6) proposes that lateral
gene transfer does not completely dash hopes for tracing the early evolution of life, but
that one has to supplement genomics and rRNA histories with other data from biochemi-
cal evolution and from the fossil record. Morowitz and his collaborators (chap. 7) offer
arguments for the robustness of metabolic phenotype compared to a noisy changing
bacterial genotype. Gupta (chap. 8) and Lake and his collaborators (chap. 9) agree that
it is indeed possible to trace genealogies, but they also suggest modifications to the model
based on rRNA. On the opposite pole, Kurland (chap. 10) argues that the actual evi-
dence for evolutionary significant lateral gene transfer is weak and that its phylogenetic
importance has been grossly exaggerated.

Gray (chap. 11) offers us an overview of the central questions and controversies in
research on mitochondrial evolution: What was the nature of the proto-mitochondria?
Did mitochondria arise only once? How has the mitochondrial proteome evolved?
Kurland (chap. 10) also considers some modifications to the standard symbiotic sce-
nario for mitochondria, and Martin (chap. 6) argues for a radical change to theory, one
that joins the symbiotic origin for mitochondria with that of nucleus. Archibald and
Keeling (chap. 12) provide a lucid overview of the recent issues in chloroplast evolu-
tion: What was the nature of the proto-chloroplasts? Have chloroplasts evolved only
once? Although all plastids may have descended from a single common ancestor, photo-
synthesis has spread horizontally among unrelated protist groups by symbioses involving
two protists (secondary symbiosis). In still other cases, such secondary plastids have
been replaced with those of an unrelated alga.
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Although there have been several propositions that the nucleus is also a chimera of
sorts, there is no consensus among scientists. Gupta (chap. 8) argues that the nucleus
originated from a fusion between a diderm (gram negative) and monoderm (gram posi-
tive) bacteria, which he believes is the fundamental dichotomy among bacteria. Lake
and his colleagues (chap. 9) consider that the nucleus involved an engulfment of one
kind of bacteria by another, whereas Martin (chap. 6) has proposed that the ancestor of
the mitochondria was involved in the origin of the nucleus. Margulis and her collabora-
tors (chap. 13) maintain, instead, that the nucleus involved the merger of a spirochete-
like eubacterium and an archaebacterium, which would account for the eukaryotic cell
cytoskeleton and protist motility. The need to account for the origin of eukaryotic cell
cytoskeleton is discussed by Dolan (chap. 14).

Werren’s overview (chap. 15) of the importance of hereditary bacterial symbiosis in
insects, shrimp, spiders, and worms, detected by techniques of molecular screening,
reminds us that the scope of microbial symbiosis extends far and wide. This chapter
effectively contradicts the assertions of leading neo-Darwinian theorists that hereditary
symbiosis among animals is a rare occurrence.
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1

The Bacterium’s Place
in Nature

JAN SAPP

The neo-Darwinian synthesis is about plants and animals. Gene mutations and genetic
recombination between individuals of a species are held to provide the fuel for evolu-
tion by natural selection, but this is effectively a sterile view of evolution, lacking bac-
teria. Certainly, the authors of that synthesis in the 1930s and 1940s assumed that plants
and animals evolved from the “lower” or “primitive” organisms that bacteria were con-
ceived to be. Still, bacteria lacked biological definition, and they remained outside any
general evolutionary or phylogenetic framework. The relationships of bacteria to each
other and to other forms of life, as well as their mechanisms of inheritance, have been
subjects of perennial discussion and debate. My aim in this chapter is to outline the is-
sues from the nineteenth century to the present. I discern four phases in the study of
bacteria, each one characterized by a range of possibilities defined by the current theo-
ries and beliefs about bacteria and by the way of observing and discussing them.

The first phase, occurring from 1862 to 1945, is characterized by the rise of the germ
theory of disease and the recognition of the physiological diversity of bacteria. A natural,
phylogenetic classification of bacteria confronted concepts of pleomorphorism and bac-
terial physiological adaptation, on the one hand, and a lack of morphological traits on the
other. Debates centered on which kind of classification, natural or artificial, was most useful
and doable. A scheme for a natural classification was constructed, based on the primary
importance of physiological traits, but it was criticized for being founded on unreliable
traits and on erroneous assumptions about the evolution of physiological complexity.
Supported by diverse practical interests, nonphylogenetic classification was seen as the
most realistic and appropriate classification. During this period, it was widely assumed
by bacteriologists that bacteria possessed no species as such, that production was solely
by division, and that bacterial heredity and evolution involved a vague Lamarckian
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4 MICROBIAL PHYLOGENY AND EVOLUTION

mechanism. A phylogenetic order was generally thought to be unachievable. Bacteria
were thus objects—germs—without a natural history, that were to be exploited in in-
dustry, to be avoided as agents of killer diseases, and to be hunted and killed.

A second phase, taking place from 1946 to 1977, is characterized by the rise of bacte-
rial genetics and molecular biology. Bacteria were shown to possess genes and to exhibit
genetic recombination; Lamarckian mechanisms were rejected, but some bacterial genes
were shown to be transmitted between some bacterial types by various means. Although
these mechanisms of lateral gene transfer were exploited in molecular biology and bio-
technology, they were virtually ignored in evolutionary theory. Based on electron micro-
scopic imagery, bacteria were labeled “prokaryotes” and were sharply distinguished from
nucleated cells, “eukaryotes,” as representing the greatest discontinuity in nature. Mito-
chondria and chloroplasts were shown to possess genetic systems, and theories about their
symbiotic origin reemerged and were debated as highly speculative.

In a third phase, taking place from 1977 to 1994, molecular evolutionary studies of
bacteria based on sequence comparisons of small subunit ribosomal RNA (SUU rRNA)
successfully challenged artificial classification of bacteria, and a universal genealogical
tree of life was created. Comparisons of SSU rRNA, cell wall structure, and translation
machinery distinguished three domains or Urkingdoms: Archaea, Bacteria and Eucarya.
The symbiotic origins of chloroplasts and mitochondria were substantiated and system-
atically investigated.

A fourth phase, occurring from 1995 to the present, is marked by the rise of bacterial
genomics. Genes other than those for ribosomal RNA often indicated different phylog-
enies, and methodological debates arose over which molecules were the most reliable
for tracing organismic genealogies. Genomic data also indicated the ubiquity of lateral
gene transfer across the bacterial taxonomic spectrum, and the issue of whether it is
impossible to trace bacterial phylogeny reemerged. Investigations of symbiosis shifted
toward understanding the complex manner in which mitochondria and chloroplasts were
acquired, the nature of the host that acquired organellar symbionts, and the chimeric
nature of the nucleus.

The First Era

Germ Theory

The germ theory of disease is one of the esteemed icons of modern science. The con-
cept of germs as the agents of killer diseases, against which one could potentially act,
represented the late nineteenth-century transition to modern medicine.1 The demonstra-
tion that invisible organisms were inducers of putrefaction and fermentation is also one
of the great hallmarks of general biology. Life did not result from decayed organic matter:
It was its cause. This was the conclusion of the debates and experiments over “sponta-
neous generation,” which Louis Pasteur (1822–1895) brought to a head in 1862.2 Pas-
teur subsequently showed that undesired fermentation could be prevented in wine and
beer by heating it to 57°C for a few minutes. He argued that every fermentation process
is associated with one specific germ: one to break sugar down to make alcohol, another
when sugar forms lactic acid. He supported Robert Koch’s (1843–1910) claim of 1876
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that anthrax was alway caused by the anthrax bacillus, though it was sometimes ob-
scured because the organism formed spores that were difficult to identify.

The microbe hunters of the late nineteenth century were compared with the heros of
Greek mythology as microbial agents were discovered for many infectious diseases. New
methods were developed for detecting these fearful enemies and for learning how they
were transported, how they multiplied, and how they could be arrested. Bacteriologists
in pathology, agriculture, and industry were admired for their detailed studies of the
physiological properties of bacteria and for ascertaining their great importance for life
and disease, as well as for their refined methods of culture, preparation, staining, and
observations with ever-improving microscopes.

Pathological and public health laboratories expanded and multiplied, while patholo-
gists became occupied with the development of antitoxins and antisera and with the
identification and development of vaccines, exemplified by Pasteur’s achievement in
1885 of a preventative vaccine against rabies. In 1888, the Pasteur Institute was founded,
and an international network of forty other Pasteur Institutes was subsequently estab-
lished. In 1891, the German government furnished Koch with a research institute, and
in that year, in London, the British Institute for Preventive Medicine was founded, which,
in 1903, changed its name to the Lister Institute to honor its champion of germ theory,
surgeon Joseph Lister (1827–1912). Professors of pathology in the universities taught
practical classes in bacteriology to medical, veterinary, and hygiene students and to
candidates for diplomas in public health and in sanitary and food inspection.3 Studies
of bacteria were also important for research on soil fertility, nitrogen-fixation, dairy
products, plant diseases, and industrial fermentation (primarily brewing).

Despite these brilliant results, few specialists attempted to understand bacteria in light
of evolution. They had been referred to as Infusoria because they were readily found in
infusions of decaying organic matter, but it soon became common place to call them
“germs.” Lister first used the expression “theory of germs” in a letter in 1874 to Pas-
teur.4 In 1878, the term “microbe” was introduced by Charles Sédillot and was used
interchangeably with “germ.” The word “bacteria” (from the Greek meaning “little rod”
or “staff”) was also frequently employed, beginning in the 1870s, as a general term to
embrace the smallest of germs, “all those minute, rounded, ellipsoid, rod-shaped, thread-
like or spiral forms.”5

Nothing was known of bacterial evolution: how they varied, how they were related
to one another, and how they were related to other microscopic organisms, plants, and
animals. Bacteria had a past with no history. In this regard, there had not been advance
since Antony van Leeuwenhoek (1632–1723), chamberlain of the Council-Chamber of
Delft, observed bacteria among the very little animalcules in sea water and pepper-water
and described them in his letters to the Royal Society of London in 1676.6 In the nine-
teenth century and most of the twentieth century, the study of bacterial natural history
was largely the domain of botanists and a few professors of bacteriology in universities
who classified bacteria as plants.

Chaos or Kingdom?

In his Systema Naturae of 1735, Carolus Linnaeus (1707–1778) arranged all “natural
bodies” into a hierarchical ordering of three kingdoms: Mineral Kingdom (Regnum
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Lapideum); Vegetable Kingdom (Regnum Vegetabile); next closest to God; and Ani-
mal Kingdom (Regnum Animale), closest to God. In his System Vegitabilum (1774),
Linnaeus proposed the generic term “chaos” to microscopic life that he could not order
and classify.7 In 1812, Georges Cuvier (1769–1832) classified the Infusoria in the
order of worms as zoophytes, but “in which all is reduced to a homogeneous pulp.”8 In
1838, Christian Gottlieb Ehrenberg (1795–1876) denied that the Infusoria were homo-
geneous blobs and reported that they (including the bacteria) had organs as complex as
any “higher animal.” Ehrenberg’s views were contradicted by Ferdinand Cohn (1828–
1898), who in 1872 reclassified the bacteria as plants and asserted that some of the struc-
tures Ehrenberg had reported were simply imaginary. Indeed, the strongest magnifying
lens of the 1870s, the immersion system of Hartnack, gave a magnifying power of just
3000 to 4000. Most bacteria were at the diffraction limits of resolution, and one could
not clearly observe their interiors or the details of their reproduction.

Charles Darwin (1809–1882) said virtually nothing about the Infusoria, but post-
Darwinian botanists usually spoke of the “bacteria” as belonging to the class of lower
fungi; that is, “as one-celled fungi reproducing by simple fission only.”9 They were
referred to as “the fission fungi” (Schizomycetes), as Carl von Naegeli (1817–1891)
had named them in 1857, or more generally as fission-plants (Schizophyta). Still, there
were proposals to place the bacteria, along with other microbes, in a new Kingdom
because, it was argued, they constituted the main trunk of the tree of life and therefore
belonged equally to both of its main branches: plants and animals. Some microbes pos-
sessed locomotion similar to animals, yet they had modes of living that were more like
plants than animals. Thus, it was supposed that in the realm of the microscopic were the
not-quite-animal and not-quite-plant ancestors of all living things. In 1860, famed pale-
ontologist Richard Owen (1804–1892) called the new kingdom, “the Protozoa.”10 The
same year, John Hogg renamed “ the fourth kingdom” the “Primigenum” so as not to
limit them to animal ancestors, as implied by Owen’s neologistic Protozoa.”11 The
Primigenal kingdom would embrace all the primary beings or “Protoctista,” including
the Protozoa and the Protophyta (the ancestors of the plants). In his Generelle Morphologie
der Organismen (1866), Ernst Haeckel (1834–1919) designated the third living king-
dom, the “Protista,” as the first living creatures. These creatures included the “Proto-
zoa” and the “Protophyta” as well as the “Protista Neutralia,” or those that were not
ancestral to plant or animal.

Haeckel placed the bacteria in the order Moneres (later Monera) at “the lowest stage of
the protist kingdom.” Bacteria were unique, he argued, because unlike other protists, they
possessed no nucleus. They were as different from nucleated cells as “a hydra was from a
vertebrate,” or “a simple alga from a palm.”12 Haeckel had postulated the existence of
such nonnucleated primitive life as part of his “monist philosophy” of life in terms of
physical laws that break down the explanatory barrier between life and nonlife.13 Later in
his Wonders of Life of 1904, he included the Cyanophyceae or “Chromacea” (blue-green
algae) among the Moneras, along with the bacteria. Although they were usually classified
as a class of algae, Haeckel asserted that the blue-green algae lacked a nucleus and
that the only real comparison between them and plants was with the chromatophores
(chromatella or chloroplasts). He thus suggested that the plant cell evolved as “a symbio-
sis between a plasmodomonous green and plasmophagus not-green companions.”14 Such
ideas had not been uncommon since the 1880s, although they were only systematically
investigated a century later, when suitable techniques became available.15
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Despite Haeckel’s modern vision, botanists continued to refer to the bacteria as plants:
Schizomycetes comparable to the Schizophyceae (fission algae). This was not simply
the result of conservativism in nomenclature. Whether or not bacteria (and Cyano-
phyceae) actually possessed a real nucleus, and whether they divided in the manner of
other microbes, remained controversial well into the twentieth century. In 1911, British
protozoologist Clifford Dobell reviewed in detail the work of forty-nine authors and
concluded that bacteria definitely possess nuclei and, often, a complex life cycle: “All
bacteria which have been adequately investigated are—like all other protista—nucle-
ated cells. . . . There is no evidence that enucleated Bacteria exist. The Bacteria are in
no way a group of simple organisms, but rather a group displaying a high degree of
morphological differentiation coupled in many cases with a life-cycle of considerable
complexity.”16 Still others maintained that although bacteria had no nuclei and exhib-
ited no true mitotic division, blue-green algae did contain a nucleus-like body that may
undergo a simple form of mitotic division.17 The definition by Williams and Park in
1929 was representative:

Bacteria may be defined as extremely minute, simple, unicellular microorganisms, which
reproduce themselves under suitable conditions with exceeding rapidity, usually by trans-
verse division, and grow without aid of chlorophyl. They have no morphological nucleus,
but contain nuclear material which is generally diffused throughout the cell body in the
form of larger or smaller granules.18

Microbes remained divided among botanists and zoologists as “lower plants” and
“lower animals.” On the basis of  “agreed usage,” the green flagellates from which plants
were thought to have descended, as were the bacteria, were the domain of botanists,
and the colorless flagellata—the protozoa, Heliozoa, Foraminifera, and Infusoria—were
the subject of zoologists. By the third decade of the twentieth century, some botanists
expressed the opinion that the Schizophyta or Monera did not belong in the plant king-
dom. American botanist Edwin Bingham Copeland (1873–1964) argued in 1927 that a
plant kingdom that included the bacteria was “no more natural than a kingdom of the
stones.”19 Copeland reassured botanists that botany was “still the most convenient place
to study them,” but added that, “It is however, very important that common sense, con-
sistency, reasonableness never be ignored. There is no other one thing so important in
systematic biology as the fact that the grouping of organisms reflects and expresses their
true relationships. It is inconsistent and unreasonable to begin the course in botany by
doing violence to this basic principle.”20

In 1938, Edwin Copeland’s son, Herbert Faulkner Copeland (b. 1902) wrote a more
detailed paper and then, in 1956, a book proposing that Haeckel’s subdivision “Monera”
be granted its own kingdom. He did so on the basis of two assumptions, one evolu-
tionary and one morphological: “that they are the comparatively little modified de-
scendants of whatever single form of life appeared on earth, and that they are sharply
distinguished from other organisms by the absence of nuclei.”21 H.F. Copeland argued
that there were thus four kingdoms of life: Monera, Protista, Plantae, and Animalia.
Copeland’s arguments relied on a natural classification or genealogy in accordance with
evolutionary precepts. However, leading bacteriologists were most reluctant to assign
bacteria to their own kingdom, and they had abandoned any hope of classifying bacte-
ria based on genealogy. Debates over how to order and classify the bacteria had per-
sisted ever since Darwin.
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Natural versus Artificial

Naturalists before Darwin who had grouped plants and animals into species, genera and
families had believed their natural system revealed “the plan of the Creator,” but their
order of things assumed a new significance in the light of evolutionary theory. Darwin
wrote in the Origin that: “All true classification is genealogical; that community of
descent is the hidden bond which naturalists have been unconsciously seeking, and not
some unknown plan of creation, or the enunciation of general propositions, and the mere
putting together and separating objects more or less alike.”22 All the innumerable spe-
cies, genera, and families of beings descended, each within its own class or group, from
common parents, and all have been modified in the course of descent. He inferred fur-
ther from analogy that, “all plants and animals have descended from one common pro-
totype” and that “probably all organic beings which have ever lived on this earth have
descended from some one primordial form, into which life was first breathed.”23

When a large number of organisms had multiple resemblances, conforming to a single
common structural pattern (e.g., the vertebrate pattern or the arthropod pattern in the ani-
mal kingdom), this was because they belonged to a single evolutionary stem and had a
closer genetic relationship to each other than they did to other plants or animals that were
constructed according to a different plan. Classification became, in principle, the art of
grouping organisms in the manner that expresses best the degree of their evolutionary
relatedness. A classification on these principles is known as a natural or phylogenetic
system. Take all individuals that appear to be alike and group them as species, gather all
the species that appear sufficiently similar and place them into the genus, and lump to-
gether the related genera in families, similar families in orders, orders in classes, classes
in phyla, and phyla into kingdoms. When arrangement of these divisions is done to repre-
sent “blood” relationships, genealogies, they would express the course of evolution.

Post-Darwinian classification of plants and animals was based on comparative
anatomy, life histories of the organisms, comparative embryology, differences in re-
production, and paleontological evidence dating back to the Cambrian explosion of 570
million years ago. Solid evidence from Precambrian paleontology did not come until
the middle of the twentieth century, and as far as most observers could discern, bacteria
possessed little signs of a life cycle, no developmental history, and no true reproduction
from an egg, except for spore formation in some types. The life history of bacteria seemed
to be limited to alternate processes of elongation and transverse fission.

Bacteria showed morphological diversity only in size and shape, such as, spherical,
rod shaped, or spiral. Even then, one could not know whether this was really morpho-
logical diversity or only different stages in the development of the one organism. In-
deed, many early workers believed that bacteria were highly variable and pleomorphic
and that the many chemical and morphological changes observed in a culture only re-
flected transformations undergone by a single kind of organism. Famed botanist Carl
von Naegeli was known for his belief in bacterial pleomorphism (derived from the Greek
doctrine of many shapes), expounded in his book of 1877. As he commented, “For ten
years I have been investigating thousands of different forms of dividing yeast and re-
ally could not say that even division into two different species is compelling.”24

Ferdinand Cohn’s “Untersuchungen über Bacterien” (1872) is often taken today as
marking the starting-point of modern bacteriology.25 Cohn was convinced that bacteria
could be separated in just as good and distinct species as other “lower plants and ani-
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mals” and that it was only their extraordinary smallness that made it difficult to distin-
guish species, which he argued, lived together in mixed cultures. The inability to distin-
guish between species was thus a technical problem, not a natural one. Techniques were
lacking for isolating bacteria, making pure cultures, and observing them under differ-
ent conditions so as to distinguish age and verify whether the observed diversity was
the result of developmental states or of mixed cultures of different species of bacteria.26

Though bacteria had only a few basic shapes, they were known for their great physi-
ological diversity, reflecting their varied environments, and their products. The ques-
tion was whether and how one could or should use physiological differences to classify
them. Cohn considered morphological differences to be primary; they would be used to
determine genera and higher groups. Physiological differences would indicate only
varieties or races; they originated from the same germ, but through constant natural or
artificial culture under the same conditions, became hereditary.27 He named four tribes
and six genera—all on the basis of morphology:

Tribe I

Sphaerobacteria (sphere bacteria)

Genus 1. Micrococcus

Tribe II Microbacteria (rod bacteria)

Genus 2. Bacterium (filament bacteria)

Tribe III Desmobacteria

Genus 3. Bacillus

Genus 4. Vibrio

Tribe IV Spirobacteria

Genus 5. Spirillum

Genus 6. Spirochaeta.

During the last two decades of the nineteenth century, with ever-improving micro-
scopic techniques, more morphological differences were disclosed in groups previ-
ously regarded as homogeneous. The formation of special aggregates, such as chains,
clump tetrad, or packets, came to be accepted as an important additional criterion for
characterizing spherical bacteria. The arrangement of organs of locomotion in the case
of motile bacteria, as well as the ability to produce spores, was included in character-
izations of rod-shaped bacteria. Thus, accepted genera or species were split into new
ones. New staining techniques revealing differences in the chemical composition of
otherwise similar organisms were also used. In 1884 Danish bacteriologist Hans Chris-
tian Gram (1853–1938), working in Berlin, published the famous procedure he used
to distinguish pneumococci from Klebsiella pneumoniae. When appropriately stained
and placed in alcohol, the color was discharged from certain bacteria, but retained in
others.

More physiological or biochemical differences were also discerned. Industrial bacteri-
ologists searched for specific microbes that were capable of decomposing certain organic
substances or causing spoilage of food products, or that were responsible for the produc-
tion of special chemicals. This led to the isolation and study of more or less well defined
physiological groups and their nutritional physiology. This added to the number of spe-
cies and genera while extending and refining criteria for characterizations.



10 MICROBIAL PHYLOGENY AND EVOLUTION

Many physiological traits were also discovered by soil microbiologists. Beginning
in the mid 1880s Sergei Winogradsky (1856–1953) at Strasbourg (and later in Zurich
and in St. Petersburg,) discovered autotrophic bacteria (those that obtain their energy
by the oxidation of inorganic elements and compounds), sulfur-metabolizing bacteria,
iron bacteria, and later, nonsymbiotic nitrifying soil bacteria.28 In 1888, Martins Willem
Beijerinck (1851–1931), at the Netherlands Yeast and Alcohol Manufactory in Delft
(and after 1895 at the Delft Polytechnic School), demonstrated the presence of nitrogen-
fixing bacteria in legumes by isolated nitrogen-fixing root-nodule bacteria in pure cul-
tures, which later greatly affected agriculture. He studied plant galls, contributed to
knowledge of the tobacco mosaic virus, and worked on bacteria responsible for butyric
alcohol fermentation, as well as those lactose ferments living in symbiosis with ferment-
ing yeast in sour-milk preparations such as yogurt and Kefir.29 Beijernick’s studies of
microbial ecology mark the beginning of “The Delft School,” and pioneering work on
comparative biochemistry of microbes showing their great metabolic diversity was sub-
sequently carried out by Albert Jan Kluyver (1888–1956).30

Diagnostic techniques developed for pathogens were extended to nonpathogenic
bacteria. Koch had published new techniques for isolating pure bacterial cultures in 1883.
He isolated the tubercle bacillus, his colleague Friedrich Loeffer isolated the diphtheria
bacillus, and Georg Gaffky did the same for typhoid. These scientists established the
concept of bacterial specificity: typhoid germs descended from typhoid germs and tu-
bercle bacilli from tubercle bacilli. Medical bacteriologists noted that the agents of dis-
ease possessed a variety of physiological characteristics that were not usually correlated
with any specific morphological characteristic. For example, the colon bacillus and the
typhoid germ were morphologically indistinguishable: one is a normal intestinal resi-
dent, the other a cause of severe disease. It was obvious to pathologists that classifica-
tion and identification of bacteria could not be based entirely on morphology.

Thus, by the end of the century, bacteria were distinguished by a combination of crite-
ria: morphological characteristics, cultural traits, biochemical activity, pathogenicity for
plants and animals, and serum reactions. There were the Nitrosomonas, Nitrobacter, Azo-
tobacter, Aerobacter, Thiobacillus, Photobacterium, Granulobacter, and many others. In
addition to these “biochemical genera” and Cohn’s “form genera,” there were “color
genera,” “disease genera,” and “nutritional genera,” such as Flavobacterium, Rodococcus,
Chromobacterium, Rhodospirilum, Phytomonas, Pneumococcus, and Haemiphilus. All
of these genera were useful and expedient: It was useful to put vinegar bacteria, nitrogen-
fixing bacteria, or luminous bacteria into groups. However, none of this held any phylo-
genetic meaning, and, because the proposed new genera were recognized by diverse criteria,
organizing them into a natural phylogeny and uniting them into higher taxonomic entities
was virtually impossible. Moreover, any natural classification based on physiology was
considered dubious.

The problem with using physiological characters was that so many physiological
properties seemed to be directly adaptive according to environmental circumstances.
Similar adaptive characters were likely to arise in different groups under the influence
of similar environmental conditions and therefore would be misleading as to true phy-
logenetic relationships. The same physiological trait may have been acquired relatively
recently in one case and long ago in another, and one could not tell the difference.

Walter Migula (1863–1938) elaborated on Cohn’s classification, based on morphol-
ogy, when he compiled and integrated most of the new acquired knowledge in his two-
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volume System der Bakterien, published in 1897–1900.31 He increased the number of
morphological groups (genera) because additional characters such as type of flagella
and sporulation had come to light. He also used some physiological criteria to distin-
guish bacteria into two orders, the Eubacteria, or true bacteria, and the Thiobacteria,
the sulfur bacteria, a morphological diverse group found in places where hydrogen sul-
fide is present.32 However, critics argued that Migula’s classification made no phyloge-
netic sense. By using a single, apparently arbitrary, character such as flagella as a criterion
for classification, for example, he grouped together widely different types of bacteria
that were alike in no single other respect except that they have flagella. As one com-
mentator put it, “These genera based on motility are on par with a division of animals
into those with wings and those without, which would place bats and birds and flying
fish and bees in one group and cats and ordinary fishes and worker ants in another.”33

Migula’s classification was fruitless even if one accepted the motility genera: His scheme
left over one-third of all known bacteria in the genus Bacillus.

Revolt from Morphology

Although Migula’s classification was discouraging, some bacteriologists turned to physi-
ological traits to develop a natural classification. They argued that imitating botanical
and zoological classifications had paralyzed and distorted a true natural understanding
of the bacteria. After all, whereas plants and animals developed complex structural
modifications to obtain food materials of certain limited kinds, the bacteria had main-
tained themselves by acquiring the power of assimilating simple and abundant foods of
various sorts. Evolution had developed gross structure in one case without altering
metabolism, and it had produced diverse metabolism in the other case without altering
gross structure.

The first attempt at developing a phylogenetic system based principally on physi-
ological characters was made by Danish mycologist Sigurd Orla-Jensen (1870–1949)
in a series of papers in 1909.34 His phylogenetic system was rooted in part in theoretical
considerations about the origin of life. He surmised that the first organisms on earth
must have developed in an environment in which there was neither light nor organic
matter. Because the only organisms known to be capable of that were the chemosyn-
thetic bacteria, he thus assumed that they were the first organisms on earth; he based
the rest of his system on an evaluation of increasing physiological complexity, reflect-
ing nutrient requirements and the natural habitat of various groups of bacteria. He also
used morphological characters, arguing that the postulated succession of bacterial types
could also be derived from consideration of complexity in structure. His emphasis on
physiology resulted in a new nomenclature that was simple and rational. Various gen-
era were designated by names that concisely described the physiological and morpho-
logical properties of the organisms.

Though received with circumspection and criticism, Orla-Jensen’s scheme was highly
influential. Those who applauded it thought it was high time that the diverse physiological
traits played an important role in classification, because that is how bacteria have at-
tained their most remarkable diversity. As Yale bacteriologist Charles-Edward Winslow
(1877–1957), editor-in-chief of the Journal of Bacteriology (1916–1944) commented
in 1914, “There is as wide a difference in metabolism between pneumococci and the
nitrifying bacteria as there is in structure between a liverwort and an oak.”35
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Still, Winslow and many others were as wary of physiological traits as Cohn had
been. When comparing two organisms with the same physiological trait, how could one
tell whether the trait in question was old in both organisms or whether one of the organ-
isms had recently acquired the trait? One way to avoid the error of confusing conver-
gent adaptive characters with those that indicate real community of descent was to use
several independent characters that occur in correlation.36 Whatever criticisms Orla-
Jensen’s system received, no one had advanced a better explanation for the gradual
development of life on earth, and his system continued to be highly regarded by some
until the mid-1940s. As Winslow commented, “I believe that no one who has thought
seriously about bacterial relationships can study it carefully without feeling that it is by
far the most successful attempt yet made at a real biological classification of the group
and that future progress will probably consist in its modification and extension rather
than in any profound reversal of its basic principles.”37

Much of the opposition to Orla-Jensen’s system arose from the threat that it posed to
the stability of existing nomenclature.38 Bacterial species were often shifted from one
genus to another, and differences between species and genera were being split more
and more finely. Old species were made into genera, and genera into families. These
changes, informed by evolutionary speculation, caught the ire of those bacteriologists
who wanted a classification and nomenclature to be stable. After all, for many scien-
tists, that stability was the very reason for having a classification in the first place. Many
bacteriologists had given up hope of a natural system, and others actively opposed con-
structing one, arguing that it was not necessary or even desirable.

Compromise and Confusion

Bacterial systematics remained in a confused state. R.E. Buchanan, a former president of
the Society of American Bacteriologists, commented in 1925 that, “if science is to be
defined as a system of classified knowledge, the subject of bacteriology is laboring under
a serious handicap.”39 As Robert Breed noted in 1928, “A review of the literature will
show that the most popular term that has been used to describe systematic bacteriology is
‘chaos’; and this irrespective of the period of history under consideration.”40 The aims of
bacterial systematics were clear: present a conception of the natural relationships of bac-
teria, provide a greater degree of stability for the names used for groups, and prevent
nomenclatural confusion. There was power in naming as F.W. Andrewes remarked in 1930:
“Solomon, we are told, knew the names of all the spirits, and, having their names, he held
them subject to his will. The parable may be applied to bacteriology, as to many other
sciences.”41 However, systematic bacteriology was comparable to the Tower of Babel.

Part of the problem was that bacteriologists looked at naming from different points
of view. For phylogenetically minded bacteriologists, no classification was accurate or
complete if it did not record or imply all the life phenomena of the organism, including
its pedigree. However, the vast majority of those scientists concerned with microbial
life were preoccupied with immediately practical problems, and most of them had been
trained for their work from the standpoint of some practical art—medicine, veterinary
science, sanitary engineering, or agriculture—rather than from the more general and
fundamental standpoint of the biologist. Pathologists, hygienists, brewers, and chem-
ists regarded the organism simply as an object to be named for convenience because it
brought about certain changes in tissues, waters, and other media with which they were
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concerned.42 They were interested in a reliable and stable scheme of classification that
was useful, not one that was based on ever-changing phylogenetic understanding. The
aims of the evolutionist were thus far removed from those who sought a reliable (artifi-
cial) system of classification for practical purposes.

Phylogeneticists and those who wanted a practical classification also looked for dif-
ferent things. The former looked for similarities and differences between genera and
species, yet for practical purposes, the characters that would not rank as species charac-
ters by systematists could be of paramount importance. Consider the pathologists or
medical bacteriologists treating patients by the administration of an antiserum. The
pathologists and bacteriologists must know the extent of type specificity exhibited by
the pathogen. Two bacteria may be morphologically and culturally identical and, for
phylogenetic reasons, placed in the same species. However, one of them may be patho-
genic, the other not, or one may differ in their immunity reactions. For example, two
strains of meningococci may be isolated from two different cases of epidemic meningi-
tis that appear to be identical under the microscope and in all artificial cultures. Yet an
immune serum against one will not agglutinate the other, nor can a therapeutic serum
against one be used successfully in the treatment of an infection by the other. These
physiological effects may not be of sufficient importance to warrant creating a new
species, but they are of considerable importance in the treatment of disease. Consider
the industrial bacteriologists who attempt to manufacture vinegar by use of pure cul-
tures of acetic acid bacteria, or solvents by the bacterial fermentation of carbohydrates.
Although they might agree with a specific distinction between Acetobacter aceti and
Acetobacter rancens, it is possible they would prefer classification on the basis of such
properties as the ability to grow on media with high alcohol concentrations or to pro-
duce certain specified concentrations of acetic acid. Or the bacteriologists could point
out that Clostridium butylicium is too broad a group to help them in selecting desired
cultures for acetone or butyl-alcohol production.

It was difficult to maintain a stable classification because new forms were being con-
tinuously discovered. Thousands of “species” had been identified by the 1920s—only a
tiny fraction of the number thought to exist because bacteriologists had only studied those
habitats that were of some practical importance. Determining boundaries of various cate-
gories—species, genus, family—was confusing. For animals and plants this was less a
problem. There was no difficulty in understanding that humans are a species. There is a
gap between humans and the nearest other living species, the anthropoid apes, with no
living intermediate types, no continuous graduation between the two. Even so, drawing
lines between species was a matter settled by arbitration and compromise between au-
thorities. Among bacteria, however, such gaps became less and less apparent, and the
gradations between species were more subtle and more continuous. Although the species
concept was hardly settled for plants and animals, it was obvious to some bacteriologists
that “bacterial species” was an artificial division that did not actually exist.43

Despite the differences in criteria for bacterial classification arising from divergent
interests, ideas, education, and training, it was evident that there must be developed and
recognized some code of rules or laws for creating a single classification that would
serve all ends. Such “Codes of Nomenclature” had been developed both in botany and
in zoology and had been discussed at their respective international congresses, but bac-
teriology lacked both codes and international congresses. The Society of American
Bacteriologists had been founded in 1899, both in protest to the “necessary but dangerous
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specialization” among bacteriologists and to bring together workers in all fields for a
consideration of their problems in light of the underlying, unifying principles of bacte-
riology as a member of the group of the biologic sciences.44

In his presidential address of 1914, C.E.A. Winslow called for a court of appeal on
matters of systematic bacteriology, a court to which all suggested classification, past
and future, would be referred for official acceptance or rejection, in whole or in part. It
would be based on an international committee, like that of botany.45 Constructing an
acceptable classification even of plants and animals so that different biologists would
employ the same names for the same kinds of organisms, he argued, had always involved
some sort of compromise. He called for an international organization for bacteriologist
comparable to those maintained by botanists and zoologists to bring about the neces-
sary taxonomic changes.46 He suggested that fifteen bacteriologists from the principal
scientific countries be invited to act as an international commission on the characteriza-
tion and classification of bacterial types.47

However, there was still another problem. Medical concerns were leading bacteriol-
ogy to become even less defined. With the discovery that many diseases of human animals
were caused by “protozoa,” bacteriologists tended to refer to themselves as “microbi-
ologists” because in many cases the disease-causing microbes were best studied by
methods developed in bacteriological laboratories. This led to further taxonomic muddle.
It proved somewhat confusing to use the botanical code for the plant forms (bacteria)
and the zoological code for the protozoa.48

The Society of American Bacteriologists (renamed in 1960 The American Society for
Microbiology because of its broadened scope) subsequently appointed a committee to work
out some sort of internationally acceptable classification that might be followed by all
bacteriologists. The committee, chaired by Winslow, made a final report in 1920.49 It agreed
to follow the codes of both botanists and zoologists insofar as they might be applicable
and appropriate. Accordingly, a committee of the Society of American Bacteriologists,
headed by David Bergey (1845–1932), prepared a Manual of Determinative Bacteriol-
ogy in 1923. The book became famous as Bergey’s Manual, and it grew through many
editions. As it did, it became increasingly more voluminous and complex. The first three
editions were sponsored by the society, with the following statement on the flyleaf:

Published at the direction of the Society. In publishing this Manual the Society of Ameri-
can bacteriologists disclaims any responsibility for the system of classification followed.
The classification given has not been formally approved by the Society, and is in no sense
official or standard.50

What resulted from the committee was at best a compromise between the most di-
vergent ideas that had been expressed in the course of time. It was a merger, using all
kinds of properties as it suited—morphological, physiological, nomenclatural, utilitar-
ian, cultural, and pathogenic—to name groups and build up of an arbitrary classifica-
tion system. Bergey’s Manual only added fuel to the controversy over how physiological
and morphological characteristics should be used in classification.

Realists versus Idealists: Return to Morphology

Although in botany and zoology only a natural, phylogenetic classification was consid-
ered satisfactory, bacteriologists continued to show a strong aversion to genealogy. Those
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who wished to have a natural classification subjected Bergey’s Manual to fierce criti-
cism, arguing that its inconsistent and arbitrary criteria for classification resulted in a
profoundly confused order of things. The result was a complete lack of homology in
the various groups.51

Disputants in the United States characterized their differences as being between “re-
alists” and “idealists.” Idealists wanted a natural classification that would serve all ends:
All organisms would be grouped into a system that would provide both a plan of their
family tree and a key to their identification. Members of the school at Delft, Albert Jan
Kluyver and his former student Cornelis B. van Niel (1897–1985), who moved to
Hopkins Marine laboratory in 1929, and van Niel’s former student Roger Stanier (1916–
1982) denounced Bergey’s Manual as inadequate and effectively incompetent and ad-
monished its editors for ignoring various criticisms.52 Realists, however, argued that
natural relationships were obscure and that a natural system would be highly specula-
tive and constantly changing. As Robert S. Breed, one of the editorial board members
of Bergey’s Manual, commented in 1929: “Realistic workers have on their side been
impatient with idealists who have introduced many . . . unjustified speculations regard-
ing relationships between the various groups of bacteria.”53 He commented, “Why should
we care whether one or the other type of character is more useful in defining a genus, or
whether we should use one type of characters in defining a genus and another in defin-
ing a species?”54

Stanier and van Niel insisted in 1941 that the “realistic” attitude of pessimism was
not justified, and that some relationships could be recognized and incorporated into a
system of classification. Even granting that “the true course of evolution can never be
known and that any phylogenetic system has to be based to some extent on hypothesis,”
there was still good reason to prefer an imperfect natural system to a pure empirical
one. A phylogenetic system, they reasoned, could be altered and improved as new facts
come to light, and its very weaknesses would point to the kind of experimental work
necessary for improvement. However, they also argued that

an empirical system was largely unmodifiable because the differential characters employed
are arbitrarily chosen and usually cannot be altered to any great extent without disrupting
the whole system. Its sole ostensible advantage is its greater immediate practical utility;
but if the differential characters used are not mutually exclusive (and such mutual exclu-
siveness may be difficult to attain when the criteria employed are purely arbitrary) even
this advantage disappears. The wide separation of closely related groups caused by the
use of arbitrary differential characters naturally enough shocks “idealists,” but when these
characters make it impossible to tell with certainty in what order a given organism be-
longs, an empirical system loses its value even for ‘realists.”55

Bergey’s Manual illustrated the weakness of the empirical approach, beginning with its
definition of bacteria. Defining the bacteria so as to distinguish the group from other
groups of microbes was a difficult task. Even so, Stanier and van Niel scoffed, “A more
inadequate definition than that given by Bergey would be hard to conceive.”56

Stanier and van Niel offered a new method for classification based on a rational
weighting of morphological and physiological characters. They argued that morpho-
logical characters only should be used to distinguish larger units of classification (tribes
and families), whereas both physiological and morphological traits should be used for
genera. Like others before them, they cautioned that one had to be wary of using physi-
ological characteristics “because of the wide range of adaptation which is manifested in
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bacteria.” They also unearthed theoretical assumptions underlying Orla-Jensen’s scheme,
which pointed to foundational problems inherent in any phylogenetic system based
primarily on physiology: “the chief stumbling block of drawing up a phylogenetic sys-
tem on a primarily physiological basis is the necessity of making a large number of highly
speculative assumptions as to what constitute primitive and advanced metabolic types.”57

Orla-Jensen had assumed that chemosynthetic bacteria were the most primitive group
because they could live in complete absence of organic matter and hence were indepen-
dent of other living forms (autotrophs). However, the ability of an organism to synthe-
size all its cellular constituents using carbon dioxide as the only carbon source would
require a highly developed enzymatic apparatus, and it was hard to imagine how such
an apparatus could have originated that by any mechanism in an inorganic world. Of
course, there was the hypothesis of panspermia, which postulated that organisms on earth
were transported here from another planet or solar system by one means or another.
There were several objections to this hypothesis, however: such an organism would have
had to withstand the heat of atmospheric entry, and during interstellar transit the germs
would be exposed to ultraviolet irradiation of such intensity and for such periods of time
that it seemed inconceivable that any germ could reach the earth without being killed.
Even then, the problem of the origin of life would not be solved—it would merely be
shifted from one part of the universe to another.

Orla-Jensen’s assumption that organisms had arisen when the earth was devoid of
organic matter was effectively challenged by Aleksandr Ivanovich Oparin (1894–1980)
in his 1924 book Origin of Life, translated into English in 1938.58 Oparin postulated
that life did not originate in an environment devoid of organic matter, but that many
organic compounds had emerged from strictly chemical reactions before organisms
appeared. Without microbes to decompose them, they could have persisted for long
periods of time, and as a consequence more and more complex molecules or molecular
aggregates could have arisen through chemical interactions. With the emergence of such
complexes, a fortuitous combination of circumstances might have yielded systems with
properties of self-propagation. This system would be characterized by a minimum of
synthetic ability, emerging gradually, step by step. As a consequence, the earliest living
forms would have been heterotrophs; the development of autotrophism would be a later
adaptation to an environment in which organic materials had become scarce through
the activities of heterotrophs.59

This was easier to imagine than a model in which organisms appeared already
equipped with a complete set of synthetic mechanisms, as implied in Orla-Jensen’s
phylogenetic system.60 Furthermore, to construct another system based on increased
metabolic complexity, using Oparin’s model as a starting point, would be foolhardy,
Stanier and van Niel argued, because André Lwoff had shown that many of the differ-
ences in power of synthesis that were exhibited in related groups were the result of losses.
Therefore, an increase in synthetic ability may not necessarily reflect phylogenetic
trends.61

In 1941, van Niel and Stanier upheld the scheme Kluyver and van Niel had pro-
posed 5 years earlier—that only morphological properties be used for the demarca-
tion of larger units, tribes, families, and so forth, whereas both morphological and
biochemical characters would be used to define genera.62 van Niel and Stanier insisted
that there were enough discernable morphological differences to do the job: “Clearly
paramount is the structure of the individual vegetative cell, including such points as
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the nature of the cell wall, the presence and location of chromatin material, the func-
tional structures (e.g. locomotion), the method of cell division, and the shape of the
cell. A closely allied character is the type of organization of cells into larger struc-
tures. In addition, the nature and structure of reproductive or resting cells or cell masses
deserve due consideration.”63

Like that of Orla-Jensen, Kluyver and van Niel’s model was based on fundamental
assumptions about an evolutionary trajectory toward increased complexity from “lower”
to “higher” forms. The only difference was that the trend would be toward increased
morphological complexity. Their primary assumption was that the simplest shape, the
sphere, was the original shape of all bacteria. Evolution proceeded toward increasingly
intricate form, toward more complex life cycles, “in the direction from unicellularity to
multicellularity. The highest developmental stage in the group of spherical organisms
is in all probability displayed by the cocci able to form endospores. . . . Endospore form-
ing rods with pritrichous flagella present a higher stage of development in these groups
. . . further development of these universally immotile bacteria can have given rise to
the mycobacteria which apparently form the connecting link with the simpler actino-
mycetes.”64 Thus, Kluyver and van Niel argued that a rational and a more enduring
natural classification should replace an arbitrary nomenclature.

A Failed Revolution

When van Niel returned to the issue of bacterial classification in 1946 at a famous Cold
Spring Harbor Symposia on “Heredity and Variation in Microorganisms,” his support
for the scheme he and Kluyver had proposed 10 years earlier and his zeal for a natural
system had dwindled.65 He conceded that bacteriologists’ “fragmentary knowledge of
bacterial phylogeny is far from sufficient to construct anything like a complete system.
Even for a general outline along phylogenetic lines, the available information is entirely
inadequate. Much of this is, of course, the result of the paucity of characteristics, espe-
cially those of a developmental nature.”66 His paper had a tone of despair. He had painted
himself into a corner. He insisted that, “we cannot yet use physiological or biochemical
characters as a sound guide for the development of a ‘natural system’ of classification for
bacteria.” Only morphology reflected phylogeny. Yet, he admitted that “in the vast ma-
jority of cases,” morphology “was not any more useful than physiology.” Nonetheless, he
avowed, “the search for a basis upon which a ‘natural system’ can be constructed must
continue.”67 By 1955, van Niel, following Winogradsky, finally gave up all hope for a
natural phylogeny. Winogradsky commented that the principle of phylogenetic classifi-
cation “is impossible to apply to bacteria.”68 He reminded bacteriologists that the naming
of things in Bergey’s Manual of species, genera, tribes, families, and orders was only a
facade. To avoid the delusion that it represented a natural ordering, Winogradsky and van
Niel suggested using “biotypes” instead of “species” and using common names such as
“sulfur bacteria,” “photosynthetic bacteria,” and “nitrogen-fixing bacteria” instead of
Latin names, with their phylogenetic implications.69

Although van Niel could not report on progress in the phylogenetic classification of
bacteria at the Cold Spring Harbor Symposia, that meeting marked a great revolution in
understanding mechanisms of bacterial heredity and variation. Bacteria, long thought
not to contain genes and to reproduce solely asexually by division, were shown to have
genes that recombined during conjugation.
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The Second Era

Birth of Bacterial Genetics

During the 1930s and early 1940s, the architects of “the evolutionary synthesis” united
Mendelian laws of heredity and Darwinian selection theory. Gene mutations and re-
combination within species provided the fuel for evolution by natural selection. Although
the principles of the evolutionary synthesis were assumed to extend to nucleated pro-
tists, bacteria were projected to remain a (rather large) exception. The conventional
wisdom was that bacteria adapt to their chemical and physical environment in a direct
“Lamarckian” fashion. Bacteriologists insisted that changes of this sort were very fa-
miliar to them, as, for example, the increase in virulence on passage through suscep-
tible animals or in the converse process of attenuation by exposure to unfavorable
environmental conditions, as in the production of vaccines for anthrax by Pasteur.70

There was also a reported polymorphism of bacteria, a supposed phenomenon called
“cyclogeny,” accounts of which had persisted for decades.71 Variants of the old idea of
pleomorphism were widespread between 1916 and 1935. Cyclogeny was not a return
to the extreme views about the existence of only one species of bacteria, but it contra-
dicted assumptions about simplicity of the bacterial life cycle (monomorphism) with
reported demonstrations that bacteria had life cycle complexities comparable to the
“higher fungi.” Then, in the 1920s, there were further reports that diverse kinds of bac-
teria could pass through a submicroscopic stage that was so minute as to pass through
bacterial filters, and were later able to reproduce the original type of cell from which
they were derived. Stanford bacteriologist W.H. Manwaring commented in 1934:

About the only conventional law of genetics and organic evolution that is not definitely
challenged by current bacteriologists is the nineteenth century denial of the possibility of
spontaneous generation of a bacterial cell. Even this is questioned by certain recent theo-
rists in their hypothetical transformation of certain normal enzymes into “pathogenic
genes”or “filterable viruses”, and in their apparently successful synthesis of “Twort genes”
by the chemical oxidation of certain heat-sterilized organic products.

Whether or not future refinements in immuno-chemical technique can or will bridge
the gap between the apparent Lamarckian world of bacteriology and the presumptive
Darwinian world of higher biological science is beyond current prophecy.72

That bacterial species pass sequentially through specific stages of development re-
lied on the claim that a number of physiological, serological, morphological, and cul-
tural traits varied together. Researchers later, in the 1940s, demonstrated that the bacterial
characters of a culture were capable of independent variation and were not regenerated
by submicroscopic filtrable particles.73

That bacteria reproduce solely asexually by fission was the most common assump-
tion. In The Evolution of Genetic Systems, in 1939, British cytogeneticist C.D. Darlington
referred to “asexual bacteria without gene recombination”74 and “genes which are still
undifferentiated in viruses and bacteria.” Julian Huxley summarized what everyone
“knew” about bacteria in 1942:

Bacteria (and a fortiori viruses if they can be considered to be true organisms), in spite of
occasional reports of a sexual cycle, appear to be not only wholly asexual but pre-mitotic.
Their hereditary constitution is not differentiated into specialized parts with different func-
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tions. They have no genes in the sense of accurately quantized portions of hereditary
substances; and therefore they have no need for accurate division of the genetic system
which is accomplished by mitosis. The entire organism appears to function as soma and
germplasm, and evolution must be a matter of alteration in the reaction-system as a whole.
That occasional “mutations” occur we know, but there is no ground for supposing that
they are similar in nature to those of higher organisms, nor since they are usually re-
versible according to conditions, that they play the same part in evolution. We must, in
fact, expect that the processes of variation and evolution in bacteria are quite different
from the corresponding processes in multicellular organisms. But their secret has not
yet been unraveled.75

In 1946, Joshua Lederberg (b. 1925) launched a new field of bacterial genetics when
he experimentally demonstrated genetic recombination in Escherichia coli.76 He and
Edward Tatum announced the news at the Cold Spring Harbor meeting that year77: Genes
could be transmitted to bacteria by viruses as well. The study of bacteria and its viruses
was developed by Max Delbrück, Alfred Hershey, and Savador Luria as well as Lederberg
and his collaborators in the United States and by André Lwoff, Elie Wollman, François
Jacob, and Jacques Monod in France. Hershey and Delbrück reported on genetic recom-
bination in bacteriophage in 1946. In the early 1950s, Lwoff synthesized the work to clarify
the mysterious phenomenon of lysogeny, by which the genome of a bacteriophage is in-
tegrated into the chromosome of its bacterial host—the genome and related infecting phages
are prevented from reproducing—a subject of considerable importance for immunity.78

The prophage genome remains integrated within the lysogenic bacterium’s chromosome
unless the bacterium is exposed to certain stimuli, when the prophage genome is excised
from the bacterial chromosome and viruses are reproduced and kill their host.

Bacterial viruses were studied as “naked genes.” The very properties that had hitherto
excluded bacteria from classical genetics made them valuable to emerging molecular bi-
ology. Small in size and rapid in growth, bacteria double in number every 30 minutes (some
Vibrios are known today to do it in 9 minutes), and one could grow enormous populations
of billions of microbes in a few cubic centimeters. Studies of genetic mutations and mecha-
nisms of genetic regulation in bacteria, led by Jacob and Monod during the 1950s, indi-
cated that the previous Lamarckian interpretations resulted in part from mixing up reversible
physiological adaptations (induced enzyme formation) with more or less irreversible he-
reditary “mutations.”79 However, bacterial geneticists did show that bacteria had various
mechanisms of heredity not known to be operational in plants and animals. Bacteria pos-
sessed several mechanisms for transmitting and acquiring genes between taxonomic groups.

Conjugation: Bacteria possessed genes arranged along structures similar to the chromo-
somes of flies, guinea pigs, or humans. In addition to a main circular “chromosome,”
bacteria possessed smaller rings of genes, which Lederberg named “plasmids” in 1952. In
bacterial conjugation, genetic material of the “male” plasmids, and sometimes small to
large parts of the main chromosome, are transferred to the “female” recipient, and some
genes may recombine with the female’s chromosome.
Transformations: Certain kinds of bacteria can absorb and incorporate into their own chro-
mosome the DNA released by dead bacteria.
Transduction: Viruses or bacteriophage can act as vehicles to transfer genes between
bacteria.80

Lederberg extended the concept of heredity in 1952 to embrace what he called “in-
fective heredity.” He coined the term “plasmid” in the context of debates over the scope
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and significance of cytoplasmic heredity and over the concept of “plasmagenes.” The
debates go back to the first decade of the twentieth century. While geneticists, led by
T.H. Morgan in the United States upheld the exclusive or predominant role of nuclear
chromosomal genes in heredity, others, especially embryologists and European geneti-
cists, argued that the cytoplasm also played a role in heredity. During the 1940s, evi-
dence for cytoplasmic inheritance was revived in the United States with evidence of
“plasmagenes” in microbes. Some of the cytoplasmic particles such as kappa in Para-
mecium aurelia were showed to be infectious under certain laboratory conditions. On
this basis, leading classical geneticists including H.J. Muller dismissed cytoplasmic
genetic agents as parasites of little significance for heredity.81

Lederberg introduced “plasmid”as a generic term for any cytoplasmic genetic element,
whether infectious or not. He suggested that many genes may have been incorporated into
bacterial cells and that infectious heredity is a macromechanism of heredity comparable
to hybridization in its effects. He also reconsidered the notion that fully integrated organelles
such as mitochondria and chloroplasts might have evolved as symbionts—an idea that
had lingered on the margins of biology since the nineteenth century.82

Bacteria were biologized from a genetic perspective, and their structural organiza-
tion was becoming well understood, but their mechanisms of heredity were investigated
primarily for understanding genes and their regulation. They were studied in reference
to the genetics of plants and animals to provide a unifying concept of heredity at the
molecular level. Transformations and viral infections were important for identifying the
genetic material as DNA. These mechanisms were also highly valued for the subsequent
development of biotechnology, but their general significance for bacterial evolution was
not recognized until almost 50 years later. From a phylogenetic point of view, little more
was known about bacteria than in the days of Pasteur.

Viruses, Prokaryotes, and Eukaryotes

The molecular biology of the gene and the deployment of the electron microscope (in-
creasing resolving power a thousand-fold over the light microscope) after the Second
World War led to refinement in the concept of a bacterium, both biochemically mor-
phologically. That articulation began with a new concept of the virus. The word virus
(latin for slimy liquid, poison, offensive odor or taste) had changed its meaning over
the centuries. In the sixteenth century, it was used in its original sense to refer to poison
or venom, as in the story of Cleopatra pouring the virus of an asp into a wound made in
her arm by her own teeth. In the eighteenth century, one referred to virus in the sense of
contagious pus. In the nineteenth century, “viruses” were considered as microbes. Bac-
teria were isolated using filters, permeable to toxins but impermeable to the bacteria,
but there were anomalies. Some infectious agents were so small that they could pass
through a bacterial filter. These were called “filterable viruses.” Other small, obligate
parasitic bacteria of the rickettsia type, barely resolvable by the light microscope, were
often thought to be transitional between the filterable virus and the typical bacterium.
Thus, bacteria were thought to range from the size of some algae to the size of filterable
viruses. As late as 1958, Bergey’s Manual suggested a new kingdom, “protophytes,”
which would include both bacteria and viruses.83

A year earlier, however, a major distinction between viruses and bacteria had been
articulated, based on molecular structure and physiology, in a now-classic paper by André
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Lwoff: “The Concept of Virus.” The virus contained either RNA or DNA enclosed in a
coat of protein, and it possessed few if any enzymes, except those concerned with at-
tachment to and penetration into the host cell. The virus was not organized like a cell,
and it did not reproduce by division like a cell. Its replication occurred only within a
susceptible cell, which always contains both DNA and RNA—an array of different pro-
teins endowed with enzymatic functions that are mainly concerned with the generation
of ATP and the synthesis of varied organic constituents of the cell from chemical com-
pounds in the environment. “Viruses should be treated as viruses,” Lwoff concluded,
“because viruses are viruses.”84 Only the word “virulence,” for poisonousness, was re-
tained for both bacterial and viral diseases. There were no biological entities that could
properly be described as transitional between a virus and a cellular organism, and the
differences between them were of such a nature that it was indeed difficult to visualize
any kind of intermediate organization.

Five years later, Stanier and van Niel wrote a sister paper to Lwoff’s, entitled, “The
Concept of a Bacterium.” Although they were no longer willing to defend the classifi-
cation scheme they had defended in 1941, Stainer and van Niel were able to offer a
definition of bacteria that would distinguish them both from viruses and from other
protists. “Any good biologist finds it intellectually distressing to devote his life to the
study of a group that cannot be readily and satisfactorily defined in biological terms;
and the abiding intellectual scandal of bacteriology has been the absence of a clear con-
cept of a bacterium.”85 Certainly many microscopists since the days of Haeckel had
recognized a difference between bacteria (and blue-green algae), which lacked a true
nucleus, and other protists that contained a nucleus. In the early 1920s, Lwoff’s mentor
Edouard Chatton (1883–1947), at the University of Strasbourg, referred to Cyano-
phyceae, Bacteriacae, and Spirochaetaceae as “procaryotes” (Greek before karyon or
nucleus) to distinguish them from the protozoa, which he called “eucaryotes” (Greek:
eu-karyon; true nucleus).”86

At Lwoff’s suggestion, Stanier and van Niel adopted these terms, asserting that the
distinctive property of bacteria and blue-green algae is the procaryotic nature of their
cells. “The principle distinguishing features of the procaryotic cell are: 1 absence of
internal membranes which separate the resting nucleus from the cytoplasm, and isolate
the enzymatic machinery of photosynthesis and of respiration in specific organelles;
2 nuclear division by fission, not by mitosis, a character possibly related to the presence
of a single structure which carries all the genetic information of the cell; and 3 the pres-
ence of a cell wall which contains a specific mucopeptide as its strengthening element.”87

In effect the bacteria were defined negatively in terms of what they lacked. Eukaryotes
had a membrane-bound nucleus, a cytoskeleton, an intricate system of internal mem-
branes, mitochondria that perform respiration, and in the case of plants, chloroplasts.
Bacteria (prokaryotes) were smaller and lacked all of these structures.

Just as there were no transitional forms between virus and bacteria, Stanier and his
collaborators insisted, there were no transitional forms between bacteria and all other or-
ganisms. Stanier, Michael Doudoroff, and Edward Adelberg declared in their famed book
The Microbial World of 1963 that, “In fact, this basic divergence in cellular structure, which
separates the bacteria and blue-green algae from all other cellular organisms, represents
the greatest single evolutionary discontinuity to be found in the present-day world.”88

During the 1950s, palaeobiologists extended the fossil record back to indicate the
presence of eukaryotic fossils in rock that was some 2000 million years old.
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Paleontologists who marveled at the great burst in plant and animal diversity of 500
million years ago referred to it as “the Cambrian explosion,” but those who studied
cellular organization insisted that the real “big bang” of biology occurred some 1500
million years earlier, when the eukaryote arose. With its membrane-bound nucleus and
all the associated features, such as mitosis, meiosis, and multiple chromosomes to pack-
age up to tens of thousands of genes per cell, the eukaryote provided the organismic
conditions for the differentiation of tissues, organs, and organ systems of plants and
animals.

Stanier, Doudoroff and Adelberg asserted that there was a common origin for bacte-
ria in the remote evolutionary past, at the same time they insisted that bacteria simply
could not be arranged phylogenetically. Only four principle groups were able to be dis-
cerned: blue-green algae, myxobacteria, spirochetes, and eubacteria; “Beyond this point,
however, any systematic attempt to construct a detailed scheme of natural relationships
becomes the purest speculation, completely unsupported by any sort of evidence.”89

There was only one possible conclusion: “the ultimate scientific goal of biological clas-
sification cannot be achieved in the case of bacteria.”90

Symbiosis Revisited

Beginning in 1967, Lynn Margulis (b. 1938) promoted the argument that the large gap
separating bacteria and eukaryotes could have occurred by leaps and bounds, by a se-
ries of events in which bacteria invaded a primitive “amoeboid microbe”91 She suggested
that mitochondria had been first acquired as food by predatory microbes, but they re-
sisted digestion and proved to be of benefit to their host because the primitive atmo-
sphere had increased in oxygen (with the advent of photosynthetic cyanobacteria), which
otherwise would be toxic to their hosts; the engulfed mitochondrial ancestor provided
ATP to its protist host through respiration. As Margulis put it much later, “the release
of ATP to its host would be analogous to throwing cash into the streets.”92 Chloroplasts
would have originated subsequently when a protist engulfed cyanobacteria. Their se-
lective advantage to their host is obvious: Protists that once needed a constant food supply
henceforth could thrive on nothing more than light together with air, water, and a few
dissolved minerals.

By the 1960, the electron microscope revealed the structural similarities between
mitochondria, chloroplasts, and bacteria. DNA had been discovered in these organelles;
the organelle genomes were circular, as is bacterial DNA, and both organelles possessed
ribosomes and a full protein synthesis apparatus.93 Genetic research programs had
emerged, dissecting chloroplasts and mitochondrial genomes, led by Ruth Sager, Nicho-
las Gillham, and others.94 Genetic studies of kappa in Paramecium showed how chloro-
plasts and mitochondria could have originated as bacterial symbionts. Margulis also
extended the reach of symbiosis to account for the origin of centrioles/kinetosomes and,
therefore, for the origin of cell motility and mitosis. Since the nineteenth century, cen-
trioles had been thought to divide by fission, to spin out spindles, and to play a crucial
role in cell division by mitosis in many kinds of organisms. This idea was strengthened
in the late 1960s with suggestive evidence, at that time, that centrioles might possess
their own DNA (this evidence was later refuted).

Although the evidence had changed, the image of cytoplasmic organelles as quasi-
independent organisms had been discussed since the late nineteenth century.95 That
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chloroplasts originated as symbionts had been suggested by Andreas Schimper in 1883,
discussed by Haeckel in 1905, and was developed most prominently by Russian bota-
nist Constantin Merezhkowsky (1855–1921) at Kazan University in 1905. In 1909/1910,
Merezhkowsky coined the word “symbiogenesis” for the synthesis of new organisms
by symbiosis.96 In Geneva in 1918, he wrote an elaborate paper, which he considered
his most important work, arguing that chloroplasts had originated from symbiotic blue-
green algae (cyanobacteria) in the remote past. He also maintained, as had others be-
fore him, that nucleus and cytoplasm had originated as a symbiosis of two different kinds
of microbes.97

In his book Les Symbiotes (1918), French biologist Paul Portier (1866–1962) at the
Institut Océanographique de Monaco, developed an elaborate theory of symbiosis as a
fundamental aspect of life. He argued that mitochondria originated as symbionts and
that they had been transformed over eons by their intracellular existence. Thus, he de-
clared that, “All living beings, all animals from Amoeba to Man, all plants from Cryp-
togams to Dicotyledons are constituted by an association, the ‘emboitement’ of two
different beings. Each living cell contains in its cytoplasm formations which histolo-
gists call ‘mitochondria’. These organelles are, for me, nothing other than symbiotic
bacteria, which I call ‘symbiotes.’”98

In the mid-1920s, French-Canadian Félix d’Herelle (1873–1949) discussed the per-
petuation of mixed cultures of bacteria and their viruses (he named them “bacterioph-
ages”) in terms of symbiosis.99 He referred to the bacteria that harbor viruses (“lysogenic
bacteria”) as “microlichens.” The morphological and physiological changes resulting
from symbiosis led d’Herelle to assert, in 1926, that “symbiosis is in large measure re-
sponsible for evolution.”100 The idea of virus-harboring bacteria was rejected as unbe-
lievable for decades before it was revitalized by bacterial geneticists of the 1950s.101

In the United States, during the 1920s, Ivan Wallin (1883–1969) at the University of
Colorado argued that mitochondria originated as symbiotic bacteria. He also empha-
sized the importance of bacterial symbiosis as a generator of new tissues and new or-
gans. In his book Symbionticism and the Origin of Species (1927), Wallin proposed that
bacterial symbionts were the source of new genes and the primary mechanism for the
origin of species. He also claimed that he had cultured mitochondria to prove their ac-
tual bacterial nature.102 Wallin’s book met with virtual silence in the United States.103

Although these ideas are often seen in light of today’s views of organellar symbio-
sis, we should also emphases the differences: Merezhkowsky denied that mitochondria
were symbionts, and those who promoted the idea that mitochondria were symbionts
did so with the widely held belief in bacterial pleomorphism. When Portier argued that
mitochondria were symbionts, he argued that there was one symbiote in nature with a
very extensive morphological and physiological plasticity. When Wallin argued that
mitochondria were symbiotic bacteria, he argued that they were also the source of other
organelles, including chloroplasts and the organelles of motility centriole/kinetosomes.
Similarly, Félix d’Herelle argued that there was only one kind of bacteriophage, capable
of wide variation based on adaptive powers. We should also note that for d’Herelle, the
bacteriophage, or filterable virus, was an organism, and as much as an infective organ-
ism in bacteria, as was the bacteria Cholera vibrio within their human hosts.104

No matter how they were conceived, however, the evolutionary effects of interspecies
integration resulting from microbial infections remained close to the margins of “polite
biological society.” A series of disciplinary aims and doctrines confronted the study of
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symbiosis in evolution.105 The emphasis on conflict and competition in nature, which
many critics argued then and now, is merely a reflection of dominant views of human
social progress. The overwhelming interest in the disease-causing effects of some mi-
crobes means that most biologists were concerned with killing the microbes or with using
them as technologies for chemistry and genetics rather than with understanding their
evolution and ecology. Studies of hereditary symbiosis conflicted with the doctrine that
the chromosomes in the cell nucleus were the predominant—if not exclusive—vehicles
of heredity. A view that emphasized the prevalence of heredity symbiosis confronted
the evolutionary synthesis based on Mendelian gene mutations and recombination as
the basis of evolution, and challenged the idea that the mechanisms of macroevolution
were the same as those for microevolution. Finally, studies of the role of symbiosis in
cell origins struggled under the charge of speculation and metascience.

Crucial evidence was also lacking in the 1960s and 1970s. One way to demonstrate
that an organelle was a symbiont was to culture it outside the cell, in a test tube or on a
petri dish. Initially, Margulis imagined, as had Wallin before her, that biologists might
indeed learn to culture chloroplasts, mitochondria, and centrioles. However, it soon
became evident that these organelles were highly integrated into the nuclear genetic
system: Only a small fraction of the genes needed for mitochondrial and chloroplast
functions were actually located in the organelles themselves.106 This integration lent
support to the alternative theory that these organelles had arisen by “direct filiation”;
that is, they had developed gradually from within the nucleated cell.

The symbiotic theory was underdetermined by data, and leading cell biologists argued
that theories about eukaryotic cell origins were unscientific because they could not be
proven. Roger Stanier spoke for many in 1970 when he commented that, “Evolutionary
speculation constitutes a kind of metascience, which has the same fascination for some
biologists that metaphysical speculation possessed for some medieval scholastics. It can
be considered a relatively harmless habit, like eating peanuts, unless it assumes the form
of an obsession; then it becomes a vice.”107 This assertion was short-lived, however. By
the end of that decade, the field of “molecular evolution” had emerged. One could recon-
struct bacterial phylogeny by comparative molecular morphology and extend that knowl-
edge to investigate symbiosis and the origins of eukaryotes.

The Third Era

Molecular Evolution

Comparative molecular morphology for taxonomic purposes was predicted by Francis
Crick (b. 1916) in 1958, a few years before the genetic code was cracked:

Biologists should realize that before long we shall have a subject which might be called
“protein taxonomy”—the study of amino acid sequences of proteins of an organism and
the comparison of them between species. It can be argued that these sequences are the
most delicate expression possible of the phenotype of an organism and that vast amounts
of evolutionary information may be hidden away within them.108

The field of molecular evolution began with methods developed by another famed British
chemist, Frederick Sanger (b. 1918). He succeeded in developing new techniques for



THE BACTERIUM’S PLACE IN NATURE 25

amino acid sequencing and used them to deduce the complete sequence of insulin, for
which he was awarded the Nobel Prize in chemistry in 1958.109 In 1980, he shared half
a Nobel Prize in chemistry with Walter Gilbert “for their contributions concerning the
determination of base sequences in nucleic acids.”

In 1965, Linus Pauling (1901–1994) and Emile Zuckerkandl articulated how phy-
logenies might be reconstructed from comparisons of molecular structures.110 Instead
of comparative anatomy and physiology, one could base family trees on differences in
the order or sequence of the building blocks in selected genes as well as proteins. The
approach was eminently logical. Individual genes comprising unique sequences of the
nucleotides adenine, guanine, cytosine, and thymine (AGCT) would typically serve as
the blueprints for the primary structure of proteins, which consist of strings of specifi-
cally ordered amino acids. As genes mutate, the simplest change would be to replace
one base for another; for example, replacing the G in the sequence “. . . AAG . . .” to C,
yielding “. . . AAC . . ,” which in turn could change the amino acid glutamic acid (AAG)
to aspartic acid (AAC) at a certain position in some protein. Some of these small changes
would have little effect, but others could drastically change the encoded protein: Small
changes can have large effects. (Consider, e.g., that DNA sequences of humans differ
by only 0.1%, and between humans and chimpanzees they differ only by 2%).

Genetic mutations that either have no effect or that improve protein function would
accumulate over time. As two species diverge from an ancestor, the sequences of the
genes they share also diverge, and as time advances, the genetic divergence will increase.
One could therefore reconstruct the evolutionary past of species and make phylogenetic
trees by assessing the sequence divergence of genes or of proteins isolated from those
organisms.111 Pauling and Zuckerkandl thus introduced what they called “the molecu-
lar clock.” Their idea was of a rate constancy at the molecular level: that changes in the
amino acid sequence of a protein from different species should be “approximately pro-
portional in number to evolutionary time.”112 In other words, molecules may not evolve
in the same (irregular) way that the morphological features of an organism did.

This was not the first announcement of molecular evolution, nor of the idea behind
a molecular clock. In 1963, Emmanuel Margoliash (b. 1920) and his colleagues com-
pared similarities and differences in amino acid sequences of cytochrome c molecules
from horses, humans, pigs, rabbits, chickens, tuna, and baker’s yeast to infer phyloge-
netic relationships.113 Zuckerkandl and Pauling had also pioneered the use of amino acid
sequence comparisons to infer evolutionary relationships in primate phylogeny with data
from hemoglobin sequences, but their paper of 1965 crystallized the idea of molecular
evolution for many who entered this field.

In light of the molecular revolution, Stanier had a slight change of heart about the
possibility of bacterial phylogeny in 1971, when he commented that

we have at our disposal a variety of methods for ascertaining (within certain limits) re-
lationships among the bacteria; and that where relationship can be firmly established, it
affords a more satisfactory basis for the construction of taxa than does mere resemblance.
As the philosopher G.C. Lichtenberg remarked 200 years ago, there is significant dif-
ference between still believing something and believing it again. It would be obtuse
still to believe in the desirability of basing bacterial classification on evolutionary con-
siderations. However, there may be solid grounds for believing it again, in the new in-
tellectual and experimental climate which has been produced by the molecular biological
revolution.114
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Techniques for sequencing RNA and DNA dramatically improved in the 1970s and
1980s.115 To compare the nucleotide sequences of genes, one needed the means to clone
DNA; that is, to make many copies of sequences from minute samples. The invention
of the polymerase chain reaction (PCR) solved this problem. PCR revolutionized many
aspects of biology. In criminal investigations, DNA “fingerprints” could be prepared
from cells in a tiny speck of dried blood or at the base of a single human hair. Gene
amplification was also crucial to the development of the human genome project and its
promised new era of gene therapy. Sequencing to understand microbial evolutionary
history developed in parallel, but at a comparatively modest scale.

During the 1970s, Peter Sneath and his colleagues in the United Kingdom called for
a classification of bacteria based on the computer-assisted numerical taxonomy he had
developed since the 1950s, and using new molecular evidence based on “nucleic acid
pairing, protein sequences, and nucleic acid sequences.”116 Numerical taxonomy was
the most widely discussed approach to the classification in microbiology textbooks of
the 1960s and 1970s.117

Evolution Revolution

A revolution in the study of bacterial evolution was launched by Carl Woese (b. 1928)
at the University of Illinois (Urbana). He developed an empirical framework for the
natural classification of microbes based on comparisons of ribosomal RNA sequences.
In doing so, he offered a radical revision of the history of life on earth. Educated in
biophysics at Yale, Woese had two complementary interests: comparing genetic systems
to unravel microbial genealogies, and using genealogies to understand the evolution of
the genetic system itself.118 His aim was to understand how the complex mechanism for
translating nucleic acids into the amino acid sequences of proteins had evolved. Chem-
ists led by Stanley Miller’s experiments of 1953 showed how certain amino acids might
have been synthesized in an abiotic soup billions of years ago. How the amino acid
sequences of proteins and the nucleotide sequences of DNA and RNA, which specify
those sequences, had evolved and came together in the appropriate way to make a func-
tional protein was more difficult to fathom. How did the codons evolve for specific amino
acids, and how did they come to be arranged in such a manner to make the primary
structure of a protein? This problem, the evolution of the genetic code, interested Woese.

Research on the origins of life increased dramatically when the National Aeronau-
tics and Space Administration (NASA) became a major sponsor in the 1960s. Its origi-
nal charter included a mission for the agency to search for extraterrestrial life, or to at
least understand how life might have arisen on earth. Its funding was also crucial for
many of the major advances in microbial evolutionary biology.

Francis Crick and others had suggested that the evolution of the code could have been
some sort of historical quirk, a “frozen accident.” In other words, it evolved merely
because the cell had a need to have a relationship between nucleic acid and protein struc-
ture, not because there were relationships between nucleic acids and amino acids that
forced the genetic code to evolve.119 However, Woese suspected that the translation
machinery had to have evolved in steps, with selection acting on the mechanism’s speed
and accuracy,120 and this is what led him to microbial phylogeny. He supposed that one
might be able to follow the translation machinery’s early evolution, before cells reached
their present sophisticated complexity. To do so meant that one had to construct a uni-
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versal evolutionary framework, a deep phylogeny, a universal tree that would, in ef-
fect, encompass all organisms.121 The universal tree would therefore be far more than
the ultimate ordering of life on Earth; it held the secret to its existence as well. Thus,
Woese set out with the hope of tracing cell life back to universal ancestors, “the proge-
note,” which might not possess a modern translation machinery.

The first step was to construct a natural classification of bacteria; one that ordered
them in terms of their evolutionary history, their genealogy. Not surprisingly, he fo-
cused on ribosomes, more particularly ribosomal RNAs (rRNAs). All cells need rRNAs
to construct proteins, and therefore their similarities and differences could be used to
track every lineage of life from bacteria to elephants. Ribosomal RNA is also abundant
in cells, so that it was easy to extract. Ribosomes served at the core of an organism, and
because they interacted with at least 100 proteins, Woese suspected that their molecular
sequences would change so slowly that the sequences would hardly differ between spe-
cies. Ribosomes would thus be among the most “conserved” elements in all organisms,
and would therefore make excellent recorders of life’s long evolutionary past. Ribo-
somes are composed of two pieces or subunits, with a smaller one slightly cupped in-
side a larger one. Woese chose to compare sequences of the small subunit RNA SSU
rRNA. He believed that SSU rRNA sequences (or more precisely the genes encoding
them) would change so slowly over evolutionary time that they would retain traces of
ancestral patterns from billions of years ago at the deep roots of the phylogenetic tree.
SSU rRNA would thus serve as a “universal molecular chronometer.”

His methods were at first indirect and tedious,122 but by the mid 1970s, Woese and
his collaborators sequenced the SSU rRNA from about sixty kinds of bacteria and ar-
ranged them by genetic similarity.123 Their results contradicted the standard classifica-
tion based on morphological similarities of bacteria. Bergey’s Manual distinguished the
gliding bacteria, the sheathed bacteria, the appendaged bacteria, the spiral and curved
bacteria, the rickettsias, Flavobacterium, and Pseudomonas, but Woese argued that these
groups had no biological or evolutionary meaning; they were really paraphyletic, or
polyphyletic; that is, they were not genealogically coherent groups.

By the late 1980s, the study of microbial phylogeny by rRNA sequences attracted
many biologists, who classified several thousands of bacterial “species” so as to sketch
an outline of a universal tree of life. With a universal evolutionary tree, biologists could
begin to understand bacteria, as they do the rest of life, as organisms with histories and
evolutionary relationships to one another and to all other organisms. Molecular phy-
logenies based on ribosomal RNAs were also applied to animals and to protists,124 but
no studies caused more controversy and attracted more interest than those of Woese
and his colleagues.

A Trilogy of Life

In 1977, Woese and George Fox (working on methanogens in collaboration with Ralph
Wolfe) announced that they had discovered a new form of life: a group of bacteria-like
organisms that was genetically and historically very different. A student of David
Nanney’s sugggested the name “archaebacteria” to distinguish the newly discovered
group of organisms from true bacteria or eubacteria.125 The methane-generating organ-
isms, methanogens, the first organisms they assigned to the archaebacteria, suggested
the antiquity of the group. As Woese and Fox wrote in 1977, “The apparent antiquity of
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the methanogenic phenotype plus the fact that it seems well suited to the type of envi-
ronment presumed to exist on earth 3–4 billion years ago lead us tentatively to name
this urkingdom the archaebacteria. Whether or not other biochemically distinct pheno-
types exist in this kingdom is clearly an important question upon which may turn our
concept of the nature and ancestry of the first prokaryotes.”126

The archaebacteria had other traits in common. They lived in extreme environments.
Woese and colleagues identified as archaebacteria the salt-loving halophiles found in
brines five times as salty as the oceans, and the thermophiles found in geothermal envi-
ronments that would cook other organisms, and they found archaebacteria in anaerobic
habitats where even trace amounts of oxygen prove lethal. Still other phenotypic fea-
tures corroborated the conclusion from the RNA data about the uniqueness of the group.
Their cell membranes are made up of unique lipids that are quite distinct in their physi-
cal properties, and the structures of the proteins responsible for several crucial cellular
processes such as transcription and translation are different from those of their counter-
parts in bacteria.

For the press and the public, the discovery of the archaebacteria was a momentous
event: It touched on the age old concern of where we came from. As the first organ-
isms, however, this “universal ancestor” contradicted biochemists’ assumptions about
the conditions in which life first emerged on earth. The leading theory had long held
that life began when lightning activated molecules in the atmosphere, which then re-
acted chemically with one another. The atmosphere then deposited those compounds in
the oceans, where they continued to react to produce a warm soup of organic molecules.
Darwin had said little about the origins of life, except this famous note in a letter to
Joseph Hooker in 1871, “But if (and oh! what a big if!) we could conceive in some warm
little pond with all sorts of ammonia and phosphoric salts, light, heat, electricity and
etc., present that a protein compound was chemically formed, ready to undergo still more
complex changes.”127 The SSU rRNA tree seemed to point to a strikingly different theo-
retical geochemical context, one that was emerging from other research and theorizing
of the late 1970s. If the first organisms were archaebacterial-like creatures, instead of
evolving in a mild soup of organic molecules, they may have been born in boiling, sul-
furous pools or hot, mineral-laden, deep-sea volcanic vents.

Comparative studies of rRNA sequences also offered a novel conceptual scheme for
the first billion years of life on earth. Formerly, it had been supposed that life’s history
was straightforward and progressive: from simple bacteria, to more complex bacteria
to cells with nuclei, from which came plants and animals. However, the rRNA phylog-
enies indicated that life divided into major independent lineages much sooner than bi-
ologists had ever imagined. The stunning implication of this branching was that the
prokaryotic world was richly diversified beyond what anyone had imagined. Plants and
animals were but recent twigs on what amounted to a great microbial tree of life.

The postulation of a tripartite division of life, eubacteria, archaebacteria, and eukary-
otes, contradicted the established belief in the basic dichotomy in the living world cham-
pioned by van Niel, Stanier, and their colleagues: the dichotomy of the eukaryote and
the prokaryote. By the 1970s, biologists, led by Robert H. Whittaker and Margulis, gen-
erally agreed that eukaryotes embraced four kingdoms: Planta, Animalia, Protista, and
Fungi. Prokaryotes were classified as a fifth kingdom.128 As Woese and his collabora-
tors saw it, the prokaryote–eukaryote dichotomy had no phylogenetic meaning, and
furthermore, it was a hindrance to understanding bacterial evolution.
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The rRNA approach to bacterial phylogeny, and the three-domain proposal, was
developed by many biologists including Otto Kandler and Wolfram Zillig and Kandler’s
former students, Karl Stetter and Karl-Heinz Schleifer in Germany, and Mitchel Sogin,
Gary Olsen, James Lake, and Norman Pace in the United States. In the early 1980s,
Linda Bonen, then Woese’s technician, transferred the technology to Canada, where
programs emerged led by Ford Doolittle and Michael Gray, who developed microbial
phylogeny as a special program within the Canadian Institute for Advanced Research.
The work on SSU rRNA led to an upheaval in bacterial systematics and a major revi-
sion of texts in regard to the universal genealogical tree.

Microbes were largely ignored by most biologists and virtually unknown to the pub-
lic except in contexts of disease and rot, or bread, cheese, beer, wine, and biowarfare.
Biology textbooks still teach biodiversity almost exclusively in terms of animals and
plants; insects usually top the count of species, with about a half-million described to
date. Plants and animals obviously showed far greater and more elaborate morphologi-
cal differences, but bacteria were far more diverse biochemically. Those who worked
on the evolution and phylogeny of Eubacteria and Archaebacteria suggested that they
possessed greater biological diversity than plants and animals combined.129 As Pace
remarked, within one insect species one can find hundreds or thousands of distinct mi-
crobial “species.”130 A handful of soil contains billions of them—so many different types
that accurate numbers remained unknown. Most life in the ocean is microbial. Bacteria
can live in an incredible variety of conditions from well below freezing to above the
normal boiling temperature of water. Extreme halophiles thrive in brines so saturated
that they would pickle other life. Other microbes live in the deep border of the trench at
the bottom of the Red Sea in hot saline loaded with toxic heavy metal ions. They are
also found growing in oil deposits, deep underground. Microbial researchers argued that
they had barely scratched the surface of microbial diversity. The entire surface of this
planet down to a depth of at least several kilometers may be a habitat for eubacteria and
archaebacteria. Bacteria, it was announced in 1998, constituted the greatest biomass on
earth.131

There were technical problems of studying bacterial diversity. Technically, knowledge
of microorganisms (and their niches) depends mainly on studies of pure cultures in the
laboratory. However, those who studied microbial diversity estimated that more than 99%
of the organisms seen microscopically could so far not be cultivated by routine tech-
niques.132 Beginning in the 1980s, Pace and his collaborators developed means to get around
these limitations.133 He reasoned that an inventory of microbes in a niche could be taken
by sequencing rRNA genes obtained from DNA isolated directly from the habitat itself.
Arguing that biologists’ understanding of the makeup of the microbial world is rudimen-
tary, in 1998 Pace called for a representative survey of the Earth’s microbiodiversity with
the use of automated sequencing technology.134

The tree of life was widely branching and had deep roots. In 1989, two groups led by
Peter Gogarten and Naoyuki Iwabe independently used ancient gene duplications to root
the tree of life by means of an outgroup.135 Though they used different molecular mark-
ers and different algorithms, the two studies reached the same conclusion: the root of
the universal tree appeared to be located between the eubacteria on the one side and the
archaebacteria and eukaryotes on the other. Archaebacteria were more closely related
to eukaryotes than they were to Eubacteria. To emphasize archaebacteria’s difference
from eubacteria, in 1990, Woese and collaborators shortened the name to “Archaea,”



30 MICROBIAL PHYLOGENY AND EVOLUTION

and they proposed three formal “domains,” above the level of kingdoms: the Bacteria,
the Archaea, and the Eucarya.136 In their view, Archaea were more different from Bac-
teria than humans were from plants. Though widely endorsed, this proposed rooting of
the tree was soon refuted in the 1990s with evidence of lateral gene transfer,137 whose
ubiquity became widely recognized with a new approach based on whole genomes, with
the rise of microbial genomics.

The Fourth Era

Bacterial Genomics

In the mid-1990s, the U.S. Department of Energy instituted a “Microbial Genome Ini-
tiative” as an offshoot of the “Human Genome Project” it had initiated with the Na-
tional Institutes of Health 5 years earlier. In 1995, researchers at The Institute for Genomic
Research (TIGR) headed by Craig Venter, published the sequence of Haemophilus
influenzae, and the following year Woese and Olsen, together with researchers at TIGR,
published the complete sequence of the first archaebacterium: Methanococcus jan-
naschi.138 The Human Genome Project was rationalized in terms of its medical benefits,
and microbial genomics had been justified similarly—each microbe for a specific prac-
tical purpose: medical, agricultural, or industrial139—but Woese and his colleagues also
saw a deeper and more fundamental rationale. Humans were stressing the biosphere,
and there would soon come a day when a deep knowledge of the biosphere and its capac-
ity to adapt will be critical. Bacteria are largely responsible for the overall state of the
biosphere: Our oxygen atmosphere exists (directly or indirectly) because of them, and they
are vital to the regulation of the planet’s surface temperature through their roles in carbon
dioxide turnover and methane production and utilization. Thus, microbial genomics was
needed to explore microbial diversity, to understand the interaction between microorgan-
isms and their environments, and to reveal their evolutionary dynamics.

Can only God make a tree?

By the late 1990s, just when the three-domain proposal and the outlines of a “universal
phylogenetic tree” were becoming well established, the microbial order based on
rRNAs was challenged by data from complete genome analysis of bacteria. Phylogenies
based on genes other than those for rRNA often indicated different genealogies, and in-
deed a somewhat chaotic order. The new genomic data also indicated that archaebacteria
and bacteria had many genes in common; perhaps they were not that different after all.
Classical evolutionist Ernst Mayr led the attack on rRNA phylogenies and Woese’s three-
domain proposal in 1998, and a few disaffected molecular phylogenicists soon followed.

That one could actually construct phylogenies, whether of bacteria or primates, based
on comparisons of one or a few molecules had already been a fiercely contested issue.
Classical evolutionists such as Mayr, Theodosius Dobzhansky, and George Gaylord
Simpson were opposed to the whole field of “molecular evolution” from the very begin-
ning.140 There were several aspects to their resistance. At the most general level, there
were basic institutional issues between molecular biology on the one hand—well-funded
and rapidly growing—and traditional evolutionary studies on the other. The swift rise of
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molecular biology was perceived to be in direct competition with the aims and interests of
evolutionary biologists.141 In 1963, Dobzhansky reminded readers of Science that there
was stimulating research going on in “organismic as well as molecular genetics.”142 His
note was followed by a commentary from Mayr requesting “more financial and moral
support for the classical areas.”143 When “molecular evolution” and the idea of a “mo-
lecular clock” emerged, the architects of the synthesis resented the “intrusion” into their
domain; they argued that evolution was an “affair of phenotypes,” one simply could not
reduce it to comparative molecular morphology. Not only did classical evolutionists re-
ject molecular methods for studying evolution but they also rejected their answers.

Attempts to stop the molecular clocks had come to a head when molecular evolu-
tionists argued that the amino acid sequences of proteins did not evolve by adaptation
and natural selection. Many changes simply had no effect on the protein structure,
and therefore, they had no adaptive value. The evolution of proteins without selec-
tion was dubbed “the neutral theory” by Motoo Kimura, and “non-Darwinian evolu-
tion” by Jack King and Thomas Jukes in the late 1960s.144 Mayr and Simpson found
it incredible that molecular and morphological evolution could be different in mecha-
nism and rate. In any case, they argued, the only evolution that mattered operated by
natural selection.145 Changes at the molecular level that did not affect the phenotype
were really of “no interest for organismal biologists as they are not involved in the
evolution of whole organisms.”146 Though the debate between panselectionists and
neutralists has fizzled in recent years, the scope and significance of the neutral theory
in molecular evolution remains unsettled to this day, despite the fact that the entire
technology of molecular evolution for classification purposes is based on the assump-
tions of the neutral theory.147

From the outset there were those who argued that one could not classify microbes on
the basis of rRNA phylogenies.148 In 1990, Mayr sent a note to Nature protesting that
separating the Archaea from Bacteria and claiming they formed a “domain,” “super-
kingdom,” or “empire” was grossly misleading.149 Mayr’s offensive on the rRNA phy-
logenies 8 years later came when the three-domain proposal was getting into the biology
textbooks and when microbial evolutionists reported that bacteria contained a diversity
that rivalled, and indeed surpassed, that of all of the macrobiological world. As Mayr
saw it, Woese’s three-domain proposal was absurd—prokaryotes did not possess a de-
gree of diversity even remotely comparable to the eukaryotic world—and it was pre-
posterous to compare the molecular genetic differences between Bacteria and Archaea
to the huge morphological differences between eukaryotes and prokaryotes. He reas-
serted that evolution was “an affair of phenotypes,” and, on this basis, he insisted that
“all archaebacteria are nearly indistinguishable”; even if one took prokaryotes as a whole,
he argued, it “does not reach anywhere the size and diversity of eukaryotes.”150 Micro-
bial phylogenists had so far described only about 200 archaebacterial species and only
about 10,000 eubacterial species, whereas Mayr suspected that within eukaryotes there
were more than 30 million species. There were 10,000 species of birds alone and of
course hundreds of thousands of insect species.151 Mayr remarked,

the eukaryote genome is larger than the prokaryote genome by several orders of magni-
tude. And it is precisely this part of the eukaryote genome that is most characteristic for
the eukaryotes. This includes not only the genetic program for the nucleus and mitosis,
but the capacity for sexual reproduction, meiosis, and the ability to produce the wonder-
ful organic diversity represented by jellyfish, butterflies, dinosaurs, hummingbirds, yeasts,
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giant kelp, and giant sequoias. To sweep all this under the rug and claim that difference
between the two kinds of bacteria is of the same weight as the difference between the prokary-
otes and the extraordinary world of the eukaryotes strikes me as incomprehensible.152

Woese responded that the difference between himself and Mayr was not simply a
matter of molecular versus organismic approach. Mayr looked at evolution from the
top down, from the present to the past, observing the great phenotypic diversity of plants
and animals evolved over the previous 500 million years of evolution. Woese looked
from the bottom up; his concern was to understand evolutionary processes over the first
3 billion years of evolution, based on observing differences in molecules and genes.
From his perspective, bacteria could not be defined negatively and in opposition to
eukaryotes or in terms of the kingdoms to which some of them later gave rise. Bacteria
had to be understood in their own terms, and from a historical perspective. As Woese
commented, “The science of biology is very different from these two perspectives and
its future even more so.”153 As he also noted, however, Mayr’s critique had come at an
opportune time, when the three-domain proposal seemed to be under considerable strain
from molecular studies of whole genomes over the previous 3 years.

Defection grew from within the ranks of molecular evolutionists during the late 1990s.
Several leading microbial phylogenicists saw in Mayr’s critique much that they consid-
ered to be true, as central features of the Archaeal story of the 1980s were challenged.
First, analyses of whole genomes (more than 70 had been sequenced by 2003) had shown
that Archaebacteria and Eubacteria possessed numerous genes in common; they shared
a rich biochemical complexity. These data did seem to contradict the hypothesis that
the Archaea were so very different from Bacteria because the two groups diverged when
life was quite new. Second, comparisons of genes for other functions seemed to contra-
dict the phylogenetic lineages deduced from rRNA sequences. For example, although
comparisons of SSU rRNA placed the microsporidia low on the phylogenetic tree, com-
parisons of the gene for the enzyme RNA polymerase placed the microsporidia higher
on the tree, with the fungi. Therefore, some suggested that one could not use the SUU
rRNA trees to trace microbial life.154

There was a third fundamental issue. Not only did the phylogenies from the new
genomic studies disagree with the traditional rRNA-based phylogenies but the new
genome data also conflicted among themselves. Comparisons of individual gene phy-
logenies (other than those concerned with the translation machinery) often indicated
different organismic genealogies. Phylogeneticists suspected that the mix-up was caused
by evolutionary mechanisms whose scope and significance they may have severely
underestimated: gene transfer between groups.

Lateral Gene Transfer

In addition to gene transfer from parent to offspring, or “vertical transfer,” there is also
transmission of genes between distinct evolutionary lineages—“horizontal gene trans-
fer,” or “lateral gene transfer” (LGT). A bacterium of one strain may have acquired one
or several genes from a completely unrelated organism. Therefore, similarities and dif-
ferences in some genes may not be a measure of genealogical relationship.155 For ex-
ample, if organism type A and organism type B carry the same gene for a protein, it
may not be because they both belong to the same taxonomic group, but because one of
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them acquired that gene (by “infection” or passive uptake) from a third type of organ-
ism, which is not ancestral to them. LGT could in principle blur the genetic record.

It had been well known since the mid-1950s that bacteria possess several mecha-
nisms for transmitting genes between unrelated groups—through transformations, viral
transduction, and conjugation. However, the importance of these mechanisms in bacte-
rial evolution was usually overlooked.156 Bacterial geneticists tended to view bacterial
heredity in the way classical geneticists had that of plants and animals, in terms of gene
mutations and gene exchanges between related strains. When the cause of bacterial
antibiotic resistance was debated among bacteriologists in the late 1940s, just 8 years
after their great success, discussions centered on about whether acquired resistance was
the result of environmentally induced adaptive hereditary changes or mutation and natural
selection. LGT as the cause of widespread antibiotic resistance was not considered until
a decade later, when Japanese researchers made a case for it.

Although sanitary conditions were considered very good in Japan, bacillary dysen-
tery was one of the most important infectious diseases, and shortly after the Second World
War, a high incidence of antibiotic resistance appeared. Beginning in 1957, Japanese
researchers isolated Shigella strains with multiple antibiotic resistances. In 1960, they
reported that antibiotic resistance could be easily transferred between E. coli and Shi-
gella in the intestines of humans.157 That year, studies of mixed cultures indicated that
cell-to-cell contact or conjugation was essential, and that the resistant factors were lo-
cated on an “episome,” the term introduced by François Jacob and Eli Wollman in 1958
for a genetic particle that may or may not become associated with the main bacterial
“chromosome.”158 Thus, acquired antibiotic resistance represented what Lederberg had
called “infective heredity.” As Tsutomu Watanabe warned in 1963, “The medical im-
portance of infective drug resistance, especially multiple drug resistance, is apparently
limited to Japan at present, but it could become a serious world-wide problem in the
future.”159 The complacency of the pharmaceutic industry about the threat of antibiotic
resistance led to the synthesis of large numbers of antibiotics over the next three de-
cades, which by the 1990s resulted in “the crisis in antibiotic resistance.”160

By the end of the twentieth century, lateral gene transfer among bacteria was recog-
nized as an urgent medical problem in regard to antibiotic resistance. At the same time,
analyses of complete genome sequences led to suggestions by bacterial evolutionists
that the extent of lateral gene transfer was far greater than was previously appreciated.
Bacteria can adapt to new environmental conditions such as antibiotic resistance by
acquiring DNA in several ways: inheritance of a plasmid that may either remain au-
tonomous replicons or recombine into the chromosome; integration of a lysogenic phage
into the chromosome; or insertion of a linear DNA fragment into the chromosome (usu-
ally by transposition or recombination with flanking homologous sequences).161 LGT
could scramble the phylogenetic record.

The significance of LGT for bacterial phylogeny was not a completely new issue
with genomic studies. It had been noted at the outset of the new molecular morphology
for bacterial phylogenetics.162 Molecular comparisons of the amino acid sequences of
the protein enzyme cytochrome had been shown to correlate well with what was known
of the phylogeny of animals from morphological and paleontological evidence, but in
the late 1970s, these sequences did not correlate well with any of the recognized spe-
cies of the photosynthetic bacteria Rhodospirillaceae as recognized in Bergey’s Manual.
Instead of questioning the taxonomy in Bergey’s Manual, groups led by Meyer and
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Kamen at the University of Edinburgh and at University of California, San Diego, sug-
gested that gene transfer between species could be responsible163:

Our observations are consistent with the hypothesis that bacterial evolution proceeds both
by the assimilation of genes for single functions or for whole metabolic pathways from
other organisms as well as by mutation and selection. We have no information about the
frequency of successful gene assimilation or about the timescale of protein evolution and
speciation in bacteria. We have no evidence at all to suggest that either gene product (such
as cytochrome c) or an assemblage of genes (such as Rhodospirillum rubrum) should be
stable through geological time.164

There were two responses to this argument. First, Richard Dickerson at the Califor-
nia Institute of Technology emphasized that the disagreement with Bergey’s Manuel
was not a problem, because the classification therein did not reflect genealogies, and
that although “proteins that were extrinsically useful to a bacterium” would not be use-
ful for deciphering bacterial phylogeny because of LGT and consequential scrambling
of the genetic record, this would not be true for highly integrated proteins “with an at-
tendant metabolic setting” such as cytochrome c.165 Woese and colleagues responded
with the same point about Bergey’s Manual; and added that “if comparative analysis of
several unrelated macromolecules yields essentially the same phylogenetic tree, then
that pattern is extremely unlikely to reflect the lateral transfer of genes.”166 On this basis,
they argued that the 16S rRNA data was in agreement with the cytochrome c data, which
would be virtually impossible to explain by lateral transfer of genes. In 1986, Meyer,
Kamen and their collaborators insisted again that one could not use amino acid sequences
as indicators of phylogeny. This time, however, they made no mention of LGT but
argued instead that convergent mutations and back mutations would blur the evolution-
ary record. Paraphrasing the poet Joyce Kilmer, they concluded: “Only God can make
a tree.”167

Lateral gene transfer had been generally thought to affect metabolic genes for acces-
sory functions, not genes at the “heart” of the organism, such as those for rRNA, which
interact with so many proteins. However, announcements of increased cases of LGT
occurred after 1995 with the rise of bacterial genomics.168 In 1998, Howard Ochmann
and Jeffrey Lawrence reported that about 10% of the E. coli genome consists of genes
that had been acquired in more than 200 events of LGT, following the divergence of
E. coli and Salmonella some 100 million years ago.169 About 18% of the E. coli genome
entailed relatively recent acquisitions. These data indicated that LGT would have a pro-
found effect on evolutionary genome comparisons.170

Recognition of the pervasiveness of LGT entailed modifications to two seminal views
about microbial evolution and the course of early evolution: their treelike branching
genealogies, and its hierarchical nature. In the Darwinian order of things, you sort plants
and animals into species. Then you sort species resembling one another into genera,
genera into families, families into orders, and so on. Each species belongs to one and
only one genus, each genus to one and only one family, and so on. This hierarchical
order is based on common descent from an ever-decreasing number of ancestors, lead-
ing back to the origin of life, the common ancestor of all living things. This was fine as
long as there were barriers to gene transfer between species.

Evidence for gene transfer between bacterial groups contradicted this view of evolu-
tion. Bacteria are composites; they have acquired and integrated genes from diverse taxa.
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Thus, instead of the branching genealogical tree that Darwin imagined for plants and
animals, the pattern of early evolution (at least) is reticulated and involves the inherit-
ance of acquired characteristics, but by mechanisms quite different from those attributed
to Lamarck. LGTs between taxa make it resemble more a web than a tree. Accordingly,
the resulting evolutionary order may be nonhierarchical.171

LGT blurs the boundaries between “species.” The ease with which genes are inter-
changed among bacteria reinforced long-standing views that, “the biological species
concept” (in the general sense of a reproductively isolated group) does not apply to
bacteria.172 Isolating mechanisms segregating Mendelian populations do not apply, and
a test of hybrid sterility is irrelevant. Certainly, many bacteriologists of the 1950s and
1960s had also recognized that the concept of species did not apply to bacteria. This
was not because bacteria could exchange genes between distantly related groups, but
because laboratory studies indicated that sexual reproduction was a rare event for bac-
teria—as it was for most microorganisms.173 As Samuel T. Cowan concluded in 1962,
“the microbial species does not exist; it is impossible to define except in terms of no-
menclatural type; and it is one of the greatest myths of microbiology.”174

There had been few reflections about the importance of lateral gene transfer before
the rise of bacterial genomics, although speculations of its ubiquity had led some theo-
rists such as Sorin Sonea in Montreal to conceive of the entire bacterial world as a super-
organism.175 Speculations about the nature and intensity of lateral gene transfer led some
fin de siècle bacterial phylogenicists to fear, as had some cytochrome c researchers two
decades earlier, that the whole enterprise of classification may be insolvent, that a natu-
ral phylogeny of bacteria may be impossible. Bacterial (sensu lato) phylogeny may lay
beyond the chronicles of history. This was the most extreme message that some research-
ers had gleaned from comparisons of complete genomes since the mid-1990s. Biolo-
gists who had once been chief advocates of SUU rRNA phylogenies, chief among them
W. Ford Doolittle at Dalhousie University in Canada, became most skeptical of ever
constructing a universal phylogeny (see chapter 5).176

Other microbial phylogeneticists remained confident in molecular phylogeny. Some
offered alternative models based on other molecular data. James Lake and Maria Rivera
at the University of California, Los Angeles, continued to support an argument they
had made in the early 1990s, based on cladistic arguments and on ribosomal struc-
tural differences, that the Archaea was not a monophyletic group. They distinguished,
within the Archaea, a group they called the Eocytes (early cells), which, they argued,
was more closely related to Eukaryotes than to Archaea (see chap. 9).177 Radhey Gupta
at McMaster’s University argued, based on studies of several protein phylogenies,
that the bacteria world exhibited a fundamental dichotomy between what he called
monoderms (bacteria possessing a single membrane) and diderms (those with a double
membrane) corresponding to gram-positive and gram-negative bacteria (see chap. 8).178

Still others, including Karl-Heinz Schleifer in Germany, Charles Kurland in Swe-
den, and Woese and his collaborator Gary Olsen, upheld microbial phylogenies based
on some 20,000 rRNA molecules catalogued in public databases (see chaps. 2, 3, 4, and
10). Because the SSU rRNA gene is at the core of the cell’s most complex machinery
and interacted with so many proteins, they argued, it would be unlikely to be transfer-
able between phylogenetic groups without disrupting core cellular systems.179 There-
fore, rRNA comparisons would be one of the few reliable means for tracking bacterial
lineages. The central question for all microbial phylogeneticists was whether or not genes
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for rRNA are exchanged frequently between groups.180 Thus, microbial evolutionists
called for further studies in comparative genomics to establish the principles governing
LGT across the bacterial phylogenetic spectrum.181

In the meantime, Woese reconsidered an idea he had begun to develop in 1982 (see
also chap. 4).182 He interpreted the new genomic evidence indicated many shared genes
between the Archaea, the Bacteria, and the Eucarya in terms of intense LGT occurring
before the groups emerged as distinct fundamental domains. The evidence could be un-
derstood in terms of his long-searched-for transitional stages in the evolution of the trans-
lation apparatus. Ever since Darwin, biologists had assumed that all life on earth arose
from a single ancestral cell,183 but Woese disagreed with the canon of a single ancestral
mother of all cells. He speculated that instead of the expected “first cell,” the progenote
was a population of precellular entities with underdeveloped and error-prone replica-
tion, and with translation machinery. Before the development of the modern translation
apparatus, evolution would be driven by a different mode and tempo. At this early time,
there were no individual lineages that could be distinguished as such because of so much
gene mutation and intense LGT. These processes would generate enormous diversity
very quickly. Primitive systems would be modular and exchange parts freely, but as the
translation machinery evolved, becoming refractory to lateral gene transfer, so too did
definable lineages. This was the great Darwinian divide, when the three domains,
Archaea, Bacteria, and Eucarya, emerged out of the chaos.

Woese likened the emergence of the three domains to physical annealing: There would
first be a period of intense genetic “heat” (high mutation rates and intense gene transfer
between lineages that would have short histories) when cellular entities were simple
and information systems were inaccurate. It would be impossible to discern organismic
genealogies. This intense period would be followed by genetic “cooling,” with the de-
velopment of the modern cell with a sophisticated translation apparatus resulting in the
emergence of genealogically recognized domains and taxa. Thus, as Woese concluded:

The universal ancestor is not a discrete entity. It is, rather, a diverse community of cells
that survives and evolves as a biological unit. This communal ancestor has a physical his-
tory but not a genealogical one. Over time, this ancestor refined into a smaller number of
increasingly complex cell types with the ancestors of the three primary groupings of or-
ganisms arising as a result.184

Extending and Modifying Symbiosis

LGT applies to eukaryotes as well. By the mid-1990s it became clear to all phylo-
geneticists that the eukaryotic cell was also fundamentally chimeric. That the cytoplas-
mic organelles mitochondria and chloroplast were symbionts had been agreed to earlier.
Comparing ribosomal RNAs of chloroplast, mitochondrial, and nuclear origin with each
other and with different kinds of bacteria provided the rigor and closed the main con-
troversy about their origin.185 Based on SSU rRNA comparisons, genes encoded in those
organellar genomes indicated that mitochondria and chloroplasts were of eubacterial
origin (alpha-proteobacteria and cyanobacteria, respectively). Reviewing the evidence
in 1982, Gray and Doolittle considered the matter resolved (see also chaps. 11 and 12).186

There were no comparable organellar data to test Margulis’s theory that centrioles/
kinetosomes arose as symbionts. The evidence for DNA in centrioles had been on-again,
off-again since the 1960s, but it was effectively refuted in the 1990s by evidence from
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electron microscopy and molecular hybridization, which indicated that genes affecting
centriolar/flagellar function are located in the nucleus.187 However, it was still possible
that they were transferred there from symbionts.

At the end of the twentieth century, the origin of the eukaryotic-cell nucleus had
emerged as one of the most pressing problems of microbial evolution.188 By that time,
genomic comparisons of ancient genes indicated that the archaebacterial genome and
the main eukaryotic genome had many genes in common, and that several properties of
the transcriptional and translational apparatus of the Eukaryote could be found in archae-
bacteria but not in eubacteria.189 There were also nuclear genes of eubacteria ancestry
thought to be transferred there from chloroplasts or mitochondrial genomes as expected.
However, many ancient eubacterial genes that were not obviously transferred from or-
ganelles were also found in the nucleus.190 Several interpretations were compatible with
the available molecular phylogenetic evidence.

First, the nucleus of the eukaryote may possess eubacterial genes other than those
that were transported from the organelles, because lateral gene transfer had been ram-
pant before the rise of the three domains, as Woese had suggested. The issue here is
twofold: the timing of events, and establishing whether the eubacteria genes in eukary-
ote are traceable to one taxonomic group of bacteria or to many. One aim is to sort among
the data for individual gene transfers and for clusters of genes traceable to one potential
symbiont.

Second, all or most of the eubacteria genes in the nucleus may actually derive from
the mitochondrial ancestor.191 Although the standard models propose that the nucleus
emerged before the mitochondria, others have suggested that the nucleus emerged after
the mitochondrial symbiosis. This interpretation was compatible with one of the most
discussed models: the “hydrogen hypothesis” proposed by William Martin and Miklós
Müller in 1998, according to which the nucleus may have originated from a merger
between an Archaebacterial organism and the Eubacterial ancestor of the mitochondria
(see also chap. 6).192 According to this hypothesis, an anaerobic, autotrophic, and
hydrogen-dependent host, living in an environment scarce in hydrogen, established a
tight physical relationship with heterotrophic bacteria that were able to produce mo-
lecular H2 through anaerobic fermentation. The engulfed symbiont, an anaerobic alpha-
proteobacterium, would initially supply its methanogenic archaebacterial host genes for
glycolytic carbohydrate metabolism. Selection to feed the symbiont carbohydrates fa-
vored the transfer of genes from mitochondrial genome to host genome.193 Thus, this
hypothesis argues that the initial advantage of this symbiotic association was not ATP
export from a symbiont into the cytosol of a eukaryotic host through respiration, as
proposed previously by the traditional oxygen hypothesis for the acquisition of mito-
chondria, but rather the excretion of molecular H2 produced by the symbionts in an
archaebacterial host. An obvious mitochondrial origin of the many eubacterial genes in
the nucleus could have been obscured by mutation or by LGT.

The nature of the host for the mitochondria had been a simmering issue since the
1970s and 1980s. The principal idea of that time was that only eukaryotic cells could
accomplish phagocytosis and engulf symbionts. Therefore, the missing host for mito-
chondria would have been some kind of eukaryote that itself could not have arisen by
bacterial symbiosis. In 1983, Tom Cavalier-Smith gave this missing link the name
of Archezoa.194 It would be a subkingdom of eukaryotes that diverged before the acqui-
sition of chloroplasts and mitochondria. Such amitochondriate eukaryotes were found
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to exist, but it was not certain whether these organisms once had mitochondria and
subsequently lost them. If so, relic mitochondrial genes would be present. Special
searches for relic mitochondrial genes in amitochondriate protists were conducted to
test the Archezoa hypothesis during the 1990s. Many amitochondriate candidates turned
out to have the signature “mitochondrial gene” relics: mitochondria may have been lost
many times in the course of evolution. To Martin and others, it seemed reasonable to
suggest that there were no primordial amitochondriate eukaryotes; the original host cell
for the mitochondria was not a eukaryote as in the traditional serial endosymbiosis theory,
but, rather, an archaebacterium.195

Third, Margulis and her collaborators have searched in the new data for evidence
of the symbiotic origin of the cytoskeleton mitotic and motility apparatus.196 With evi-
dence that the centriolar genome is located in the nucleus and with evidence of ancient
eubacteria genes of nonmitochondrial origin, Margulis and her colleagues have sug-
gested that the nucleus developed from a symbiosis between thermoacidophilic
Archaebacteria and motile Eubacteria that led to the mitotic spindle and motility fea-
tures of the cell (see chaps. 13 and 14).

Fourth, nonmitochondrial genes in the nucleus may have been transferred from per-
oxisomes: organelles as widely distributed throughout nature as mitochondria, but much
more simple in structure and composition. In 1982, Christian de Duve at the Rockefeller
Institute suggested that peroxisomes arose from aerobic bacteria that were adopted as
endosymbionts before mitochondria.197 Although today they carry out various meta-
bolic activities, de Duve suggested that the original benefit of peroxisomes was to res-
cue their anaerobic hosts from the toxic effects of oxygen, which greatly accumulated
in the primitive atmosphere some 2 billion years ago after photosynthetic cyanobacteria
arose.198 Unlike mitochondria and chloroplasts, peroxisomes have no remnants of an
independent genetic system.

Fifth, nonmitochondrial eubacterial genes in the nucleus could have been acquired
from gene transfers from symbionts acquired and lost after the primordial eukaryotic
cell was formed.199 Although the existence of mitochondrial genes in many, if not all,
extant amitochondriate protists seemed to rule out the Archezoa hypothesis and is con-
sistent with the view that the mitochondria came before the nucleus, other scientists have
emphasized that one cannot take the data at face value. They argue instead that those
genes thought to be of mitochondrial descent may actually be the result of other bacte-
rial gene acquisition and losses. After all, acquired bacterial symbionts are common
among protists.

Sixth, it was possible that the eukaryotic cell, that is, its nucleus, may have been formed
from an ancient symbiosis or fusion of some kind before the emergence of other or-
ganelles. The idea that the nucleus may be have evolved as a microbial symbiont living
in a primitive host cell is an old one.200 Japanese biologist Shôsaburô Watas1 suggested
at a Woods Hole lecture in 1893 that centrioles, as well as nucleus and cytoplasm, may
have also arisen as symbionts, and this idea was later mentioned by others.201 In 1903,
Theodor Boveri discussed the idea that the nucleus was a symbiont, and between 1905
and 1918, Constantin Merezhkowsky developed this view as part of his theory of
“symbiogenesis.”202 These early suggestions were based on cytological evidence of
sharply stained chromatin in the nucleus suspended in the cytoplasm with different
chemical properties, as well as on evidence of symbioses such as lichens and nitrogen-
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fixing bacteria. For Merezhkowsky and those who preceded him, the nucleus was a
colony of primitive microbes (chromatin), and the cytoplasm was the body of another
kind of host microbe.

Over the last decade, several models have been proposed, according to which the
nucleus emerged from some kind of symbiosis independent of any other organelles. In
the 1980s, James Lake and Maria Rivera argued that the nucleus evolved from an en-
gulfed (Eocyte) Archaebacterial symbiont of a Eubacterial host (see also chap. 9).203

Arguing that the genes affecting the cytoskeleton, which allowed phagocytosis, are found
in no existing bacterial lineages, Mitchel Sogin, Wolfram Zillig and coworkers, Russell
Doolittle, Moreia, and López-García have suggested that the eukaryotic nucleus was
formed from the cellular fusion of an archaebacterium and a gram-negative eubac-
terium.204 A similar idea has been proposed by Hyman Hartman and Alexie Federoff.205

Radhey Gupta has argued that the nucleus resulted from a fusion event between a diderm
and a monoderm bacterium. In his scheme, the context is oxygen and antibiotic war-
fare; one partner (an oxygen-tolerant diderm eubacteria) provided protection against
oxygen, and the other partner (an archaebacteria monoderm) provided antibiotic pro-
tection (see also chap. 8).206

The origin of the eukaryote remains unsettled, as disputants marshal various kinds
of data in support of their favored model. All possible theoretic positions seem to be
filled. The larger paradigm of thinking in terms of LGTs and symbiosis is shared by all,
and this sharply distinguishes research on bacterial evolution from classical thinking.
Indeed, molecular studies of microbial phylogeny have dramatically transformed think-
ing about microbial evolution. The acquisition of genes and of whole genomes contra-
dicts the traditional Darwinian conceptions.207 Symbiosis, and LGT, were, and continue
to be, trivialized or ignored by leading evolutionists. Stephen Gould regarded the sym-
biotic origin of mitochondria and chloroplasts as “entering the quirky and incidental
side” of evolution.208 Based on theoretical assumptions about the evolution of coopera-
tion and gene-based selection, leading neo-Darwinian theorists have also insisted that
the inheritance of acquired bacteria is a rare exceptional phenomenon in plants and
animals. Thus, John Maynard Smith and Eors Szathmáry asserted in 1999 that “trans-
mission of symbionts through the host egg is unusual.”209 Despite such assertions, he-
reditary symbiosis is prevalent in animals too.210

Surveys based on molecular phylogenetic techniques for screening have, so far, found
bacteria of the Genus Wolbachia in more than 16% of all known insect species (it may
be present in as many as 80%), including each of the major insect orders (see chap. 15).211

These bacteria are thought to be the most common hereditary infection on Earth, ram-
pant throughout the invertebrate world, infecting shrimp, spiders, and parasitic worms,
as well as insects.212 Their complete distribution in arthropods and other phyla are yet
to be determined. Wolbachia are a-proteobacteria, like mitochondria, and they appear
to have evolved as specialists in manipulating reproduction and development of their
hosts. They cause a number of profound reproductive alterations in insects, including
cytoplasmic incompatibility between strains and related species, parthenogenesis induc-
tion, and femininization: They can convert genetic males into reproductive females (and
produce intersexes). Sometimes, as in the case of weevils (one of the most notorious
pests of stored grain), Wolbachia are inherited together with other bacterial symbionts
that allow the animal better adaptation to the environment by providing vitamins and
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energy, and by enhancing the insect’s ability to fly.213 Wolbachia have considerable
evolutionary interest, especially as a mechanism for rapid speciation. Studies of heredi-
tary symbionts of insects are well-funded today, not because of their evolutionary sig-
nificance, but because of their potential for pest control in agriculture and as a mechanism
for modifying arthropod vectors of human disease.214

Recapitulation

The bacterium has always had an odd place in the life sciences—outside or close to the
margins of evolutionary biology. From the nineteenth century to the present, there have
been repeated claims that bacteria defy natural classification based on genealogy, or
that they do not possess clearly marked species in the sense of plants and animals, but
the arguments for the absence of bacterial species or an indecipherable evolutionary
past have changed.

In a first phase, from 1860 to 1940, typified by the rise of the germ theory of fermen-
tation and disease, a natural classification that reflected genealogy was considered by most
bacteriologists not to be possible, essential, or even necessarily beneficial. Bacteria were
classified for practical purposes, not for their natural history and evolution. Those who
searched for a natural classification faced lack of morphological diversity on the one hand
and great physiological diversity and extreme plasticity on the other. Before the rise of
bacterial genetics, the inapplicability of a general concept of species was framed between
a perceived pleomorphism and physiological adaptation based on vague Lamarckian
mechanisms on the one hand, and a lack of sexuality on the other. Bacteria were thought
to reproduce solely by binary fission; there was no discernable sexual recombination.

In a second phase, after the Second World War, when genetic recombination was
demonstrated in bacteria, the focus of bacterial geneticists was on the molecular biol-
ogy of genes: their regulation, immunity, and disease. Non-Mendelian mechanisms were
discerned. A concept of infective heredity was constructed, the possibility that mito-
chondria and chloroplasts evolved as bacterial symbionts was reconsidered, and by the
1960s the importance of LGT was recognized for antibiotic resistance in the war against
disease. Those bacteriologists who had insisted on a natural classification based on
morphology finally admitted that a natural phylogeny of bacteria may be impossible.
Instead, they articulated an all-encompassing morphological dichotomy distinguishing
bacteria (prokaryotes) from all other organisms (eukaryotes) as representing the great-
est discontinuity in evolutionary history.

In a third phase, beginning in the 1970s, new techniques based on comparative mo-
lecular morphology revolutionized bacterial taxonomy, providing a natural phylogeny
based on rRNA comparisons deep within the genetic machinery of the organism. Changes
in rRNA sequences were conceived of as a universal chronometer. Ribosomal RNA phy-
logenies resulted in the elaboration of a universal phylogenetic tree, a tripartite division
of life—the Archaea, Bacteria, and Eucarya—and they provided molecular evidence
for the conjecture that mitochondria and chloroplasts had evolved from bacterial sym-
bionts.

In a fourth phase after the mid-1990s, with the development of genomics, the hith-
erto unappreciated ubiquity of LGT was postulated to explain many gene histories other
than those for rRNA. The species concept was again considered to be inapplicable to
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bacteria, not because of the absence of genetic recombination, as long thought, but be-
cause there seemed to be so little barrier to it. Doubts about the inability to construct
bacterial genealogies arose anew because of the scrambling of the genetic record from
LGT. While debates continue over which molecules (if any) provide the most reliable
phylogenetic guide, so too do debates over the origin of the eukaryotic cell nucleus and
over the inheritance of acquired bacterial genomes.
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The Large-Scale Structure
of the Tree of Life

NORMAN R. PACE

The development of molecular phylogeny opened an entirely new perspective on the
diversity and history of life. Before the comparison of gene sequences, relationships of
fossils provided the main view of the course of macroevolution. The traits used to relate
fossil remnants were primarily morphological, however, and could not be applied to
microbial organisms. Thus, the evolution of microbial lineages, which constitute most
cellular diversity, could not be traced. With the techniques of molecular phylogenetics,
contemporary organisms are relatable quantitatively, in terms of DNA sequence differ-
ences, regardless of morphology. Variation in sequences thus is a measure of the extent
of biodiversity. Gene sequences also can be used for the inference of maps of the his-
tory of evolution, in the form of phylogenetic trees. The results are illuminating and
provide grist for conjecture and controversy over the evolutionary process. The pur-
pose of this chapter is to tour the emerging large-scale structure of the phylogenetic tree
of life. I emphasize how our understanding of the extent of the tree has expanded be-
cause of recent molecular studies of microbial diversity in the environment.

Molecular Phylogeny—Inference of Phylogenetic Trees

The basic notion of molecular phylogeny is simple. Sequences of orthologous genes
(genes with common ancestry and function) from different organisms are aligned so
that corresponding DNA bases can be compared. Differences between pairs of sequences
are calculated and treated as some measure of the evolutionary distance that has sepa-
rated the pairs of organisms. Just as geographical maps can be constructed from dis-
tances between land features, evolutionary maps (“phylogenetic trees”) can be inferred
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from evolutionary distances (sequence changes) between homologous genes. Calcula-
tions of the paths of evolution are fraught with statistical uncertainties, however.

The process of inferring the best relatedness trees from pairwise sequence counts is
complex and depends on the models of evolution used to calculate such trees.1 One
complexity that vexes attempts to infer the deeper relationships in the universal phylo-
genetic tree with certainty is that the actual number of sequence changes was greater
than the observed number. This is because of the probabilities of back mutations, where
no change is seen, and multiple past mutations, which are counted as only one change.
Numbers of probable mutational events per observed mutation can be estimated statis-
tically, but then a significant amount of the information used to build trees becomes
inferential, not directly observed. The mathematics of estimating probable changes from
observed change are such that deeper branch points in phylogenetic trees are accompa-
nied by greater statistical uncertainty as to their position. Still another complexity is that
different lines of descent have evolved at different rates, which confuses tree-building
algorithms.

Current advanced methods for inference of phylogenetic relationships are well de-
veloped collectively to cope with the problems mentioned, and with others, but statisti-
cal vagaries are inescapable. The methods in common use are dependent on different
models for reconstructing relationships, and this can influence the topological outcome
of phylogenetic calculations. Popular methods for inferring phylogenetic trees from
sequence relationships include evolutionary distance (ED), maximum parsimony (MP),
and maximum likelihood (ML). ED uses corrected sequence differences directly as dis-
tances to calculate the pattern of ancestral connections. MP presumes that the fewest
changes make the best trees, so optimal relatedness patterns are estimated by the mini-
mum number of changes required to generate the topology. ML is a statistical method
that calculates the likelihood of a particular topology given the sequence differences. In
each case, statistical uncertainties in the calculations render any particular result ques-
tionable. As a consequence, nodes in trees are tested many times using the same method
and with subsets of the sequence collection: so-called “bootstrap analysis.” The reli-
ability of a particular result, for instance, a branch-point in a tree or the composition of
a relatedness group, is tested by the frequency with which the result occurs in the set of
bootstrap trees. At the current state of their development, the different methods for cal-
culating phylogenetic trees give generally comparable results. Nonetheless, intrinsic
uncertainties in any tree must be acknowledged, particularly those dealing with the place-
ment of deeper branches.

What Gene for Deep Phylogeny?

Any collection of orthologous gene sequences can be used to infer phylogenetic rela-
tionships among those genes. Genes used to infer the overall structure of evolution—a
universal phylogenetic tree that depicts relationships between genetic lines of descent
and not simply genes—have special constraints on their properties.2 One is that the gene
must occur in all forms of life, so that all can be related to one another: The hemoglobin
gene, for instance, would not be useful for large-scale phylogeny because most organ-
isms do not contain the gene. A second constraint is that the gene must have resisted,
over the ages, lateral transfer between genetic lines of descent. Genomic studies have
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shown clearly that many kinds of genes have experienced extensive lateral transfer during
the course of their evolution.3,4 Such genes cannot be used to track the cellular lines of
descent because gene history is not concordant with organismic history. A third con-
straint on genes for inference of global phylogenetic trees is content of sufficient infor-
mation—numbers of homologous nucleotides—so that relationships can be established
with the best statistical reliability. There are not many genes that meet all these require-
ments. Most genes occur in only a limited diversity of organisms, and many have under-
gone lateral transfer. The most generally accepted large-scale phylogenetic results are
based on the use of ribosomal RNA (rRNA) gene sequences—those of the large (LSU)
and small (SSU) subunits of rRNAs. Ribosomes are present in all cells and major or-
ganelles, and phylogenetic trees inferred with these gene sequences are congruent with
trees constructed using other elements of the cellular nucleic acid–based, information-
processing machinery. Thus, changes in the rRNA sequences seem to reflect the evolu-
tionary path of the genetic machinery.

SSU rRNA sequences were first used for phylogenetic studies by Carl Woese, even
before it was possible to determine gene sequences rapidly. Woese prepared radioac-
tive rRNAs from many diverse organisms, mostly microbes, and compared their con-
tent of short patches, of sequences (fragments called oligonucleotides). The prevailing
notion of life’s evolutionary diversity at the time was framed in the context of two kinds
of organisms, prokaryotes and eukaryotes. As a consequence, it was surprising that the
rRNA sequences from diverse organisms fell into three, not two, fundamentally dis-
tinct groups.5 There had to be three primary lines of evolutionary descent, three “do-
mains” of life. These are now termed Archaea (formerly Archaebacteria), (eu)Bacteria,
and Eucarya (eukaryotes).6 Woese’s 1977 paper reporting the discovery of Archaea
sparked publicity and controversy. The concept of three primary relatedness groups of
life touched off a flurry of refutations defending the prokaryote–eukaryote or the five-
kingdoms notions to account for biological organization. These familiar notions had
never previously been tested, however, and the analysis of rRNA sequences proved them
to be fundamentally incorrect. The shift in public and textbook treatment of the large
organization of life is ongoing.

The Three Phylogenetic Domains of Life

Figure 2.1 is derived from a maximum likelihood tree calculated using the particular
set of rRNA sequences.7 The figure is a rough map of the course of evolution of the
genetic core of cells (the collection of genes that propagates replication and gene ex-
pression). The dimension along the lines is sequence change, not time. Estimated evo-
lutionary change that separates contemporary sequences (organisms) is read along line
segments. The “root” of the universal tree, the point of origin for modern lineages, can-
not be established using sequences of only one type of molecule. However, phyloge-
netic studies of gene families that resulted from gene duplications before the last common
ancestor of the three domains place the root on the bacterial line.8,9 This means that
Eucarya and Archaea had a common history that excluded the descendants of the bac-
terial line. This period of evolutionary history shared by Eucarya and Archaea was an
important time in the evolution of cells, during which the refinement of the primor-
dial information-processing mechanisms occurred.10 Thus, modern representatives of
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Figure 2.1. Universal tree based on small-subunit ribosomal RNA sequences. Sixty-four rRNA
sequences representative of all known phylogenetic domains were aligned, and a tree was pro-
duced with a maximum-liklihood method.7 That tree was modified, resulting in the composite
one shown, by trimming and adjusting branch points to incorporate the results of other analyses.
The scale bar corresponds approximately to 0.1 changes per nucleotide.
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Eucarya and Archaea share many properties that differ from bacterial cells in funda-
mental ways. One example of the similarities and differences is in the nature of the tran-
scription machinery. The RNA polymerases of Eucarya and Archaea resemble each other
far more than either resembles the bacterial type of polymerase. Moreover, whereas
all bacterial cells use sigma factors to regulate the initiation of transcription, eucaryal
and archaeal cells use TATA-binding proteins.11,12 The shared evolutionary history
of Eucarya and Archaea indicates that we may be able to recognize fundamental ele-
ments of our own cells through study of the far simpler archaeal version.

The specific relationship of the phylogenetic domains Eucarya and Archaea also
means that the time-honored grouping of “prokaryotes” is no longer intellectually ten-
able. The term has two meanings, both proven fundamentally incorrect by the topology
of the universal tree. One meaning of “procaryote” is “noneukaryote,” to distinguish
organisms that lack a nuclear membrane from those that do. Logically, however, lack
of a quality cannot be a distinguishing property that would specifically relate Bacteria
and Archaea. No information is no information. The other, formal, meaning of “prokary-
ote” would indicate “predecessor of eukaryote.” Instead, the molecular trees show that
the eukaryotic nuclear line of descent extends into the precellular period. The nuclear
component of the modern eukaryotic cell could not have derived from an ancient bac-
terial or archaeal symbiosis, because those lines of descent were themselves not estab-
lished at the time of emergence of the eucaryal line. Molecular trees based on rRNA
and other reliable genes show unequivocally that the eukaryotic nuclear line of descent
is as old as the archaeal line.

The rRNA sequence information, along with other molecular data, solidly confirms
the century-old notion that mitochondria and chloroplasts are derived from bacterial
symbionts.13 Sequence comparisons establish that mitochondria are representatives of
the Proteobacteria, the group indicated by Escherichia and Agrobacterium in figure 2.1.
Chloroplasts are derived from cyanobacteria, represented by Synechococcus and Gloeo-
bacter in figure 2.1. Thus, both the respiratory and photosynthetic capacities of eukary-
otic cells were obtained from bacterial symbionts. Because mitochondria and chloroplasts
diverge from peripheral branches in molecular trees (fig. 2.1), their incorporation into
the eukaryotic cell must have occurred relatively late in evolutionary history, after the
radiation that gave rise to the main bacterial groups. Moreover, the most deeply diver-
gent eukaryotes in phylogenetic trees even lack mitochondria. These latter kinds of
organisms, little-studied but sometimes troublesome anaerobic creatures such as Giar-
dia and Trichomonas, nonetheless contain at least a few bacterial-type genes.14 These
genes may be evidence of an earlier symbiosis that was lost, or perhaps a gene transfer
event between the evolutionary domains.

It’s a Microbial World

A sobering aspect of large-scale phylogenetic trees such as shown in figure 2.1 is the
graphical realization that most of our knowledge in biological sciences has focused on
but a small slice of biological diversity. Thus, the organisms most represented in our
textbooks of biology, animals (Homo in Fig. 2.1), plants (Zea) and fungi (Coprinus),
constitute peripheral branches of eukaryotic cellular diversity. Life’s diversity is mainly
microbial in nature. Although the biosphere is absolutely dependent on the activities of
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microorganisms, our understanding of the makeup and natural history of microbial eco-
systems is, at best, rudimentary. One reason for the paucity of information is that mi-
crobial biologists traditionally have relied on laboratory cultures for the detection and
identification of microbes. Yet more than 99% of environmental microbes are not cul-
tured using standard techniques. As a consequence, the makeup of the natural micro-
bial world remains largely unknown.15

The development of cloning and sequencing technology, coupled with the relational
perspective afforded by phylogenetic trees, made it possible to identify environmental
microbes without the requirement for culture.15 The phylogenetic types of microbes in
natural communities can be assessed by sequencing rRNA genes cloned directly from
environmental DNA. This molecular approach to the analysis of microbial ecosystems
sidesteps the need to culture organisms to learn something about them. The sequences
are incisive identifiers of the organisms and can be used as the basis for procedures with
which to study the organisms in their natural habitats. As diagrammed in figure 2.2,
rRNA genes are amplified from environmental DNA and sequenced. The result is a rough
census of the phylogenetic kinds of organisms that make up a community. The sequences
then can be used to design tools such as fluorescently labeled hybridization probes and
specific primers for polymerase chain reactions with which to visualize and study par-
ticular organisms in their natural settings and to aid in their culture.

A sequence-based phylogenetic assessment of an uncultured organism can provide
insight into many of the properties of the organism through comparison with its studied
relatives. Many of the phylotypes encountered in the environment have no close rela-

Figure 2.2. Molecular
methods applied to microbial

community analysis. Through
the use of the suite of

molecular methods described
in the diagram, environmental

microbes can be identified,
visualized, and counted. The

methods make possible the
study of microbial natural

history, previously generally
intractable. (Modified from

reference 35.
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tives in the culture collections. As a consequence, little can be inferred about the prop-
erties of the organisms that correspond to the sequences. Regardless of the properties of
the organisms they represent, however, environmental rRNA sequences have provided
additional perspective on the topology of the universal tree.

Bacteria

Most of our knowledge of bacteria has derived from the study of only a few types, mainly
cultured organisms and in the context of disease or industrial products. Any general
census of bacteria that make up natural microbial communities was not possible until
the development of the molecular methods that identify rRNA sequence-based phylo-
types without culture. Although studies of environmental microbes have only begun, it
is already evident that culture-based techniques did not address the main breadth of
microbial diversity. Nonetheless, as rRNA sequences have accumulated, the large pat-
tern of bacterial evolution has emerged.

The phylogenetic tree shown in figure 2.1 is based on a calculated result, with the
sequences included. Trees inferred with such a diversity of sequences can accurately
portray relationships between the domains, but the order of branches within the domains
is likely to be inaccurate because of the small number of taxa selected for the analysis.
A summary of the results of tree calculations with different methods and different suites
of bacterial rRNA sequences is diagrammed in figure 2.3.16 The wedges indicate the
radiations of the major clades, the major relatedness groups that are known so far. These
are termed “phylogenetic divisions,” or “phyla.” The number of known bacterial divi-
sions has expanded substantially in recent years. The first compilation of bacterial
molecular diversity, formed by Woese in 1987, included only about 12 divisions. About
40 such deeply related groups of bacteria have now been identified by rRNA sequences.
Only about two-thirds of the bacterial divisions have cultured representatives (filled
wedges in figure 2.3). The remaining divisions (open wedges) have only been detected
in molecular surveys of environmental rRNA genes. Organisms that belong to these
bacterial divisions without cultured members sometimes are abundant in their respec-
tive environments, and therefore, their activities are likely significant in the local bio-
geochemistry. Sequences that identify members of the WS6 division, for instance, are
conspicuous in hydrocarbon bioremediation sites and thus are likely to be important for
that process.17 OP11 sequences, first detected in a Yellowstone hot spring,18 commonly
are abundant in anoxic environments.19 The environmental rRNA sequences thus point
to areas for investigation by microbial biologists.

Phylogenetic analyses of available molecular sequences, rRNA and protein, have
failed to resolve convincingly any specific branching orders of the bacterial divisions.
Trees produced using rRNA sequences often indicate (e.g., figs. 2.1 and 2.3) that a few
of the division lineages (e.g., Aquificales, Thermotogales) branch more deeply than the
main radiation, but this is possibly an artifact of the high-temperature nature of those
organisms and their rRNAs. The base of the bacterial tree is best seen as a polytomy, an
expansive radiation that is not resolved with the current data. It is likely that future studies
will draw together some of the groups that now seem to constitute division-level diver-
sity. It also is likely that still more division-level groups will be discovered. An impor-
tant direction for establishing the pattern of bacterial evolution is the accumulation of
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additional sequences to represent the entire diversity of the bacterial divisions. Broad
taxon representation of sequences is required to produce the most accurate phyloge-
netic trees.20 At present, most rRNA sequences are from only a few of the bacterial di-
visions. Further environmental surveys with molecular methods will be the most efficient
way, and possibly the only way, to gather a broader information base on bacterial di-
versity. It is likely, as well, that genomic studies will contribute to the resolution of the
bacterial tree. For instance, the common occurrence of gene families could be evidence

Figure 2.3. Diagrammatic representation of the phylogenetic divisions of Bacteria. Phyloge-
netic trees containing sequences from the indicated organisms or groups of organisms, chosen to
represent the broad diversity of Bacteria, were used as the basis of the figure. Wedges indicate
that several representative sequences fall within the indicated depth of branching. Filled wedges
represent bacterial divisions with at least one cultured representative. Open wedges represent
bacterial divisions represented only by environmental sequences and are named after ribosomal
RNA gene clone libraries (OP, WS, TM, OS). The smaller or larger areas of the sectors corre-
spond to smaller or larger numbers of sequences available. The scale corresponds approximately
to 0.1 changes per nucleotide.16
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for a specific relationship between divisions that are not convincingly relatives as de-
termined with the accuracy of the rRNA trees. Although the understanding of the fine
structure of the bacterial tree will improve, the current picture of the base of that tree, as
an expansive radiation of independent lines of genetic descent, is unlikely to change.

The large-scale structure of the bacterial phylogenetic tree (Fig. 2.3), a line of de-
scent with no (surviving) branches and then a burst of diversifying genetic lineages, is
intriguing. This evolutionary radiation surely was one of the great landmarks in biol-
ogy. The consequences of that diversification included profound modification of this
planet through the metabolic activities of the resulting organisms. What could have
sparked such a spectacular radiation in the bacterial tree? One possibility is that the
expansive genetic differentiation resulted when early life developed sufficient sophis-
tication that stable, independent lines of descent could be established. Before that, the
rudimentary nature of biochemical processes probably precluded the establishment of
independent genetic lineages. Woese has suggested that early genes would have been
shared by communities of replicating entities, and he likens the establishment of the
cellular lineages to an annealing process.4,21 Initially, mutation rates and lateral transfer
would have been high. As increasingly complex and specific genetic machineries arose,
both mutation rates and lateral transfer would have tapered off, and discrete genetic lines
of descent could be established.

Archaea

In 1977, when Archaea were recognized as being fundamentally distinct from both
bacteria and eukaryotes, only a few representatives had been cultured and studied. The
properties of these organisms seemed uniformly unusual. Some of the cultured species
were highly anaerobic methanogens that used molecular hydrogen as an energy source
and respired with carbon dioxide, making methane. Others thrived in saturated brine,
for instance, the Dead Sea, and produced a rhodopsin-like pigment akin to that in our
own eyes. A third kind of was acidophilic thermophiles, found in acidic geothermal
springs. Most examples of archaea that have been cultured since their recognition also
have had those properties. As a consequence, archaea popularly have been considered
restricted to environments that are “extreme” by human standards. Molecular studies
have shown, however, that this perception is seriously distorted. Archaeal rRNA genes
belonging to uncultured organisms are widely distributed in environments that are not
necessarily extreme; for instance, soils and marine and fresh waters. Our understanding
of the structure of the archaeal phylogenetic tree rests on only about 1000 rRNA se-
quences, less than half of which are from cultured organisms, and the others of which
are from environmental surveys of rRNA genes. Relatively few environments have been
analyzed for archaea, however, so the extent of diversity that makes up that phyloge-
netic domain surely is far broader than we know.

Figure 2.4 is a diagram of the known phylogenetic makeup of the domain Archaea.
There are two main relatedness groups, Euryarchaeota and Crenarchaeota. A poten-
tial third deeply divergent lineage of archaea, Korarchaeota, is represented only by
environmental rRNA gene sequences, so the status of this group needs to be tested
and consolidated by further studies of gene sequences and descriptions of organismal
properties.7 The branches between these main evolutionary clades of Archaea are the
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deepest within any of the three domains. The great depth of separation of Euryarchaeota
and Crenarchaeota also is indicated by many biochemical properties and genomic fea-
tures. For instance, even DNA is packaged differently in these two kinds of organisms.
Whereas euryarchaeotes use histones to package chromatin, much as do eucaryotes,
crenarchaeal genomes evidently lack histone genes.22 The mode of packaging DNA by
the latter organisms is not known.

There are cultured representatives of most of the main lineages of Euryarchaeota.
Molecular analyses of environmental sequences have revealed no major new groups
that diverge deeply in the euryarchaeal tree. In contrast, most of the known extent of
crenarchaeal rRNA diversity is known only from environmental sequences. All cultured
crenarchaea are thermophilic and often are obtained from geothermal environments. The
properties of these organisms did much to popularize the notion of archaea as being
exclusively “extremophiles.” It came as a surprise, then, when abundant, phylogeneti-
cally diverse crenarchaeal rRNA gene sequences were discovered in more moderate
habitats ranging from shallow and deep marine waters, soils, sediments, and rice pad-
dies to symbionts in some invertebrates.23

As diagrammed in figure 2.4, only one of the main relatedness groups in Cren-
archaeota comprises named organisms. The other groups consist of environmental or-
ganisms represented only by sequences. These otherwise largely unknown organisms
are some of the most abundant creatures on Earth. In the oceans, for instance, low-
temperature crenarchaea occur at concentrations of 107–108 cells per liter throughout
the water column at all latitudes, and typically constitute 10%–50% of the cells present
in the sunless deep sea, the largest biome on the planet. The niche in the global ecosys-

Figure 2.4. Diagrammatic representation of the phylogeny of Archaea. Wedges indicate that
several representative sequences fall within the indicated depth of branching. Names correspond
to organisms or groups of organisms, or environmental clones.
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tem that these organisms fill is not known. Cultured crenarchaea commonly use hydrogen
as an energy source, and molecular hydrogen is pervasive in the environment at very
low levels.24 Perhaps the low-temperature crenarchaea tap this ubiquitous fuel. Although
low-temperature crenarchaea have so far eluded pure culture for laboratory studies, recent
developments in genome science are being exploited to learn more about them. For
instance, environmental DNA can be cloned as large pieces, linked together and se-
quenced to gain further information on the organisms identified by the rRNA sequences.25

Eukaryotes

Broad-scale molecular evolutionary perspective on eukaryotes has relied on a sparse
collection of gene sequences that do not represent the full range of eukaryotic diversity
in nature. As shown in figure 2.1, the most diverse eukaryotic rRNA sequences are
derived from microbes, yet such organisms are the least known of eukaryotes and have
received the least attention from molecular phylogenetic studies. More than 100,000
microbial eukaryotes, or “protists,” have been described,26 but only a few thousand have
been investigated for rRNA sequence.14 Moreover, as with the collection of bacterial
rRNA sequences, the collection of eucaryal sequences is heavily biased toward only a
few relatedness groups. The recent addition of environmental rRNA gene sequences to
phylogenetic calculations has improved the resolution of the eukaryotic tree by provid-
ing additional diversity.27

A diagram that summarizes the phylogeny of the eukaryotic taxonomic kingdoms
from the rRNA perspective is shown in figure 2.5. There is no convention for the taxo-
nomic organization of sequence-based relatedness groups of eukaryotes. On the basis
of various traditional or molecular classification schemes, eukaryotes have been cate-
gorized into from three to over seventy major kingdoms. Eucaryal sequences available
in the databases fall into about thirty independent relatedness clusters, which can be
considered the known kingdom-level relatedness groups28 (not all shown in fig. 2.5).

From the perspective of rRNA sequences, the overall topology of the eucaryal tree
is seen as a basal radiation of independent lines of descent (e.g., Diplomonads, Tri-
chomonads), only one of which gave rise to other main lines, of which, in turn, only
one culminated in the “crown radiation” of the familiar taxonomic kingdoms such as
animals, plants, stramenopiles, and so forth (Fig. 2.5). The specific positions of inter-
mediate branches in the rRNA tree are only approximate, but the successive branching
order is indicated by several kinds of analyses.27,29 This view of successive branching
in the eucaryotic tree contrasts with the results of some comparisons of protein-encoding
genes, with limited phylogenetic representation.30 These latter results have been inter-
preted to indicate that there is no particular branching order among the main eucaryal
relatedness groups; that the contemporary kingdom-level lines derived from a single
expansive radiation analogous to the bacterial radiation (Fig. 2.2). Proponents of this
view have argued that extensive sequence differences between basal-derived and crown-
group rRNA genes do not reflect great evolutionary distances, but rather are a conse-
quence of relatively rapid evolution in the basal lines (so-called “long branch attraction”).
Some of the environmental rRNA gene sequences, however, are not rapidly evolving
lineages; yet they branch more deeply in the tree than the crown radiation. These environ-
mental sequences thus punctuate the long lines between the crown and the previously
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identified basal divergences. The occurrence of deeply divergent eukaryotic lines with
slow substitution rates (short lines) indicates that the high rates (long lines) previously
ascribed to the basal divergences in rRNA trees are not the norm. The accuracy with
which the kingdom-level lines can be resolved will improve as the sequence collection
available for analysis grows. Phylogenetic trees based on a single gene, SSU rRNA in
this case, of course cannot reflect the genealogies of all the genes that specify organ-
isms because of the potential influence of lateral transfer. Genes with phylogenies that
are not congruent with the rRNA tree possibly have undergone lateral transfer in their
evolution.

Large-Scale Pattern in the Tree of Life

A calculated three-domain tree, such as shown in figure 2.1, based on a specific method
and the particular suite of sequences, cannot capture the uncertainties of calculations or

Figure 2.5. Schematic diagram of the evolution of Eucarya. The branch points of these king-
dom-level groups are based on trees inferred with evolutionary distance, maximum parsimony,
and maximum liklihood, and representative sequences. The areas of the wedges reflect nonlinearly
the relative numbers of small-subunit rRNA sequences of these groups in GenBank. Groups named
LEM, BOL, and BAQ are represented only by environmental ribosomal RNA gene clones.
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the idiosyncrasies of the sequences. Nonetheless, from the collection of domain-level
studies discussed above, a discrete but low-resolution, large-scale pattern emerges, as
summarized in figure 2.6. The figure represents the general patterns of change in rRNA
sequences, which likely represents change in the core genetic machinery.19 This is a
molecular tree, not an organismic tree. A tree that would track the evolution of organ-
isms would be far more complex because of losses and gains of genes and lateral trans-
fers between divergent lines of descent.

The general pattern of large-scale change in each of the domains is a set of unresolved
radiations, punctuations in evolution that resulted in biological diversification. The earli-
est line segments in all the domains have no surviving branches. This period of evolution
presumably took place before acquisition of sufficient cellular sophistication to propa-
gate a vertical line of descent, independent of some nuturing replicative focus, the source
of the specificity of the domains.10 Only at the evolutionary stage of genetically indepen-
dent cells, Woese’s “Darwinian Threshold,”10 could modern genetic diversification of lin-
eages occur. The attainment of this stage of evolution possibly is reflected in the unresolved
radiations at the base of each of the domains (fig. 2.6).

Figure 2.6. Large-scale structure of the main genetic lines of descent. The diagram models the
pattern of ribosomal RNA sequence diversification, and presumably of the change in the basal
genetic machinery of life. As discussed in the text, no specific branching order can be estab-
lished among the approximately forty known main bacterial lineages. In contrast, eucaryotic
evolution seems to have involved a succession of diversifications in a main line of descent. The
scale bar corresponds to relative sequence change, not time.
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The pattern of evolution in the eukaryotic line of descent seems particularly com-
plex. The successive radiations are significant landmarks in eukaryotic history. Corre-
lation of cellular properties or genomic sequences with rRNA trees may provide clues
regarding the biological innovations that sparked these deep radiations. One notewor-
thy correlation may be the phylogenetic distribution of the major organelles, chloro-
plasts, and mitochondria. All characterized representatives of the basal lineages of
eukaryotes lack mitochondria and chloroplasts, whereas organisms of more peripher-
ally branching groups have those organelles. The clear importance of these organelles
indicates that much of the modern diversity of eukaryotes was made possible by the
metabolic power and light-harvesting capacity of bacteria.

Time and the Tree

Because sequences of genes change with time, it seems natural to try to infer the times
of branch points in evolutionary history by the extents of sequence divergence between
modern genes. Indeed, molecular phylogenetic trees often are interpreted in the context
of time since the divergence of particular branches. This simple correlation between
time and sequence change is not well founded, however, because different lines of de-
scent can change at different rates. This is seen in the lengths of line segments (extents
of sequence change) in the three-domain tree in figure 2.1. Thus, lines leading to modern-
day archaea are systematically short compared with the lines leading to their sister group,
modern eukaryotes. Moreover, the rate of change in sequences is not constant with time.
This is seen in the mitochondria, which have undergone much greater sequence (and
other) changes than their sister line in this tree, the line leading to the proteobacterium
Agrobacterium tumefaciens (Fig. 2.1). Thus, a sequence-based phylogenetic tree can-
not be used to date events unless the tree can be calibrated by correlating a historical
occurrence with some feature in the tree. A geological and biological correlation that
may estimate one time-point in the tree of life is the appearance of molecular oxygen in
the rock record and the phylogenetic radiation of the only organisms that produce oxy-
gen, cyanobacteria.

Oxygen became abundant in the atmosphere by around 2.5 billion years ago. This is
evidenced by the occurrence of massive deposits of Fe2O3, in the context of “banded
iron formations” (BIFs), beds of alternating reduced (black, Fe2+) and oxidized (red,
Fe3+) sediments of that age.31 Oxygen production must have been going on for a long
time before that, however, to bring the atmosphere to the oxic state required for precipi-
tation of iron oxide. For instance, the oxygen concentration in the oceans alone must
have accumulated to about 50 mM, the amount required for production of the ambient
marine sulfate concentration (by oxidation of sulfide).

When, then, did oxygen-forming photosynthesis begin? Biologically, it presumably
began with the emergence of cyanobacteria, because only cyanobacteria carry out that
form of metabolism. This must have been early in evolution, at the time of the radiation
of the main bacterial lines, soon after the appearance of cellular life. The earliest BIFs
indicate that this could have been as early as 3.8 billion years ago.32 If the oxygen in
those ancient BIFs is of biological origin, which is by no means certain, then oxygenic
photosynthesis must have been in place at that time. A biological origin of the oxygen
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is consistent with the carbon isotope fractionation, in the same rocks, which indicates
biological processing. Because the phylogenetic line that led to chloroplasts originated
at the base of the cyanobacterial radiation,33,34 it seems likely that chloroplasts were
derived as soon as cyanobacteria emerged. The branch point of a mitochondrial lineage
from proteobacteria is consistent with the early appearance of that organelle, too. Thus,
the phylogenetic pattern, coupled with available geological information, indicates that
the modern kind of eucaryotic cell, with organelles, may have been in place by 3.8 bil-
lion years ago.

Conclusion and Prospects

The general outline of a universal phylogenetic tree is now in place. It is clear, how-
ever, that the current view of the tree incompletely portrays the breadth of biological
diversity. A main reason that it is incomplete is that our understanding of microbial
diversity is rudimentary. Molecular studies of environmental organisms continue to
reveal major relatedness groups that were not suspected. Are there still other primary
domains to be discovered? Perhaps. The methods used to hunt organisms in the envi-
ronment are heavily dependent on the microbial diversity that we already know about.
Are there other new bacterial divisions and eukaryotic kingdoms to be discovered?
Almost certainly. The studies of microbial ecosystems so far conducted have been lim-
ited and yet have turned up remarkable novelty. The complexity of microbial ecosys-
tems indicates that much broader diversity will be encountered.

A description of Earth’s microbial diversity cannot be captured by simple descriptions
of organisms. Microbial diversity is too broad, far too complex, and far too plastic to be
accommodated by species counts. However, a sampling and an articulation of the extent
of cellular diversity could be accomplished by sequence surveys of environmental rRNA
genes. The sequences reflect the kinds of organisms that they represent, and their relative
frequencies are a rough census of the microbial world. An expanded sequence represen-
tation of life’s diversity would provide a basis for more accurate molecular phylogenetic
reconstructions and would bring us to a closer understanding of our beginnings.
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3

Molecular Phylogeny
of Bacteria Based
on Comparative Sequence
Analysis of Conserved Genes

WOLFGANG LUDWIG

KARL-HEINZ SCHLEIFER

Comparative sequence analysis of the small subunit ribosomal RNA (SSU rRNA) plays
a central role in microbial taxonomy and identification—even today in the age of
genomics. The introduction of the rRNA approach by Carl Woese allowed, for the first
time in the history of microbiology, comprehensive phylogenetic studies of the living
world.1 The SSU rRNA sequence data set is the largest database currently available for
a gene or gene product, and the current taxonomy of prokaryotes, as documented in the
most recent edition of Bergey’s Manual of Systematic Bacteriology, is based on the
phylogenetic framework deduced from SSU rRNA data.2 Although the advantages of
this phylogenetic marker are well documented with respect to information content and
the comprehensiveness of the available data set, it is generally accepted that rRNA-based
conclusions can only roughly reflect evolutionary history.3,4 Additional phylogenetic
markers have also to be considered to approximate a more detailed phylogeny.

In the pregenomics era, a limited number of studies focused on other markers such
as elongation factors, ATPase subunits, and RNA polymerases.5,6 These studies had
already revealed the limitations in the information content of the selected markers. Al-
though similar overall tree topologies were apparent, marker-specific discrepancies were
commonly found in detailed topologies. As discussed elsewhere, such discrepancies are
to be expected, given the generally limited and differing (with respect to the documented
time span of evolution) information content of the individual markers.3 Nevertheless,
the rapid rise of new genome projects led to great hopes of finding other markers that
would further resolve microbial phylogeny. However, the comparison of the first fully
analyzed genomes showed that the number of potential phylogenetic markers that would
fulfil the criteria of universal occurrence, functional constancy, sufficient sequence
conservation, and complexity was rather limited.7 In comparison with the richness in
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genetic information of even the smallest prokaryotic genomes, the part that can be used
for comprehensive phylogenetic studies is minimal. In this chapter, information for a
selection of such potential markers was collected from genome and general sequence
databases, processed with respect to alignment and conservation, and used to construct
trees.

In view of the comprehensiveness of the data, the existing taxonomy, and the history
of prokaryotic phylogenetics, the small SSU rRNA–based tree is used as the foundation
for comparisons with other potential markers. Actually, the procedure explicitly fol-
lowed here is that used by many authors regardless of whether or not they support the
current rRNA-based phylogeny. We consider only those genes or molecules that meet
the requirements for a universal phylogenetic marker. The majority of the analyzed data
concerns protein genes. In accordance with the criterion of functional constancy, the
predicted amino acid sequences were used for comparison. As already noted, complete
agreement on details of tree topologies cannot be expected4; the comparative analyses
here thus focuses on the verification of the three domains Archaea, Bacteria, and Eucarya
and the phylogenetic relationships within the domain bacteria at the phylum level.

Information Content and Significance

Before discussing the similarities and differences in phylogenetic conclusions based
on alternative markers, some general remarks concerning the significance of such com-
parisons have to be made. The phylogenetic information content of any marker
molecule is generally limited.3,4,8 One of the primary characteristics of a universal phy-
logenetic marker is sequence conservation. This means that only part of the primary
structure is variable and, hence, informative. The maximum information content of
molecules depends on the number of monomers (sequence positions) and potential char-
acter states (four nucleotides, twenty amino acids plus insertion/deletion events) per
site.4,9 However, in general, such phylogenetic markers are rather conserved, meaning
that only certain positions are variable and therefore informative. Moreover, the num-
ber of permitted character states per informative site is necessarily reduced because of
functional constraints and selective pressure. In most cases, the information content and
resolution power of protein markers is generally considerably lower than those of the
16S and 23S rRNA molecules. There is also the problem of “plesiomorphy.” Especially
at highly variable positions, identical residues may be the result of multiple changes
during the course of evolution, simulating an unchanged position (plesiomorphy). As a
consequence, phylogenetic data analysis is hampered not only by the limitations with
respect to the information content but also by a burden of noise resulting from “false”
identities at plesiomorphic sites.

These problems, in combination with the shortcomings of data analysis and tree re-
construction tools, remarkably reduce the significance of local tree topologies. Attempts
to circumvent such problems focus on signature analysis or rare genomic events.10,11

Based on a simple cladistic analysis, the presence or absence of a primary or higher-order
signature or an insertion or deletion is used to split the organisms into two partitions
and to deduce an evolutionary succession from the resulting subsets. However, the
same criteria as for phylogenetic markers have to be fulfilled; most notably, ubiqui-
tous distribution and functional constancy of the molecule carrying the signature.
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Furthermore, the procedure is only of phylogenetic relevance if the signature was intro-
duced only once during the course of evolution. This can be checked only if compre-
hensive data sets are available and the “surrounding” sequence reveals an orthologous
descent for the carriers of the signature. As a consequence, insertions and deletions
(indels) can be considered only if they concern conserved markers. The significance of
the information provided by an indel is not more than that of a meaningful single base
or amino acid change.

A further consequence of the limited information content is that different markers
may carry or lack information on different eras of evolution. Thus, locally different tree
topologies have to be expected when comparing phylogenetic conclusions based on
different alternative markers. It is also well recognized that the significance of “local”
tree topologies (the relative order of neighboring branches in a tree), especially when
characterized by relatively short internodes (branches), is generally low.4 This is a con-
sequence of effects such as shortcomings of the commonly used treeing methods, un-
recognized plesiomorphic branch attractions, or imbalanced data sets. The quintessence
is that a range of uncertainty3 has to be assumed for local branching orders in trees based
on the data of an individual marker and, consequently, to be taken into consideration
when assessing similarities and differences between trees derived from alternative phy-
logenetic markers.

The orthology of the respective molecules is a crucial consideration when comparing
differences in organismic phylogenies based on alternative molecular markers. The use
of orthologous (direct common ancestor) genes or gene products is essential for the delin-
eation of the monophyletic status of groups of molecules or organisms, whereas paralogous
markers (indirect common ancestor, derived from duplicated genes) can be used for the
relative rooting of, or within, monophyletic (sub-) trees. Thus, discrepancies of tree to-
pologies can result from “illegitimate” inclusion of paralogous markers. Paralogous data
can only be recognized as such if the respective data set contains examples that assign
both copies to a given organism. Any phylogenetic conclusions may be complicated or
misleading if both copies are maintained, however, one of the products changed its func-
tion, or whether one of the copies was lost during the course of evolution.

The rRNA-Based Domain and Phylum Concept

The current view of SSU rRNA–derived phylogeny is based on comparative analyses
of more than 21,000 full sequences (fig. 3.1). The three-domain concept of Archaea,
Bacteria, and Eucarya is clearly supported by the optimized and evaluated tree data.
Given that paralogous markers are not available for the small SSU rRNA, a significant
positioning of a root is not possible. The most recent edition of Bergey’s Manual of
Systematic Bacteriology2 distinguishes 23 bacterial phyla. All these phyla contain at least
a few culturable bacteria. However, sequence data obtained by applying cultivation-
independent techniques indicate the presence of a number of additional groups to which
the phylum status could be assigned. It is well known that phylogenetic trees are only
models of the evolutionary affiliations of the organisms and may be heavily influenced
and changed whenever the underlying database is extended. The definition of bacterial
phyla (the major lines of descent within the bacterial domain) in the current tree version
is quite similar to that shown in Bergey’s Manual.2 However, in some cases drawing a
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Figure 3.1. Small subunit ribosomal RNA–based phylogenetic tree visualizing the radiation of
bacterial phyla. The tree was reconstructed applying the ARB-Parsimony tool3 on a data set of
about 8,000 full 16S/18S rRNA sequences. The alignment positions were selected according to
the 50% conservation criterion,3,4 with respect to all bacterial sequences included. The tree to-
pology was evaluated and smoothed, taking into account the results obtained by using alterna-
tive treeing methods on reduced data subsets. More than 32,000 additional sequences comprising
at least 800 monomers were included for tree evaluation at the phylum level.

significant boundary between individual phyla, or establishing the monophyletic status
of the subgroups of some phyla, has become more difficult and ambiguous (see Table
3.1). For most of the phyla, a significant relative branching order cannot be defined. A
common root for the phyla Chloroflexi, Deinococcus-Thermus, and Thermomicrobia
is supported by the current data set. Similarly, there is a tendency toward a common
group comprising Planctomycetes, Chlamydiae, and Verrucomicrobia; however, the
significance is low. The Bacteroidetes and Chlorobi represent another phylum cluster.
The Firmicutes (including the Clostridia, Mollicutes, and Bacilli) represent an indepen-
dent phylum like the Actinobacteria, Nitrospirae, Spirochaetes, Fibrobacteres, Bac-
teroidetes, Cyanobacteria, Deferribacteres, Fusobacteria, and Proteobacteria. A slightly
deeper branching of the phyla Aquificae, Thermotogae, Thermodesulfobacteria, and
Dictyoglomi can be seen using data sets modified according to the 50% positional
conservation convention.4 The position of these groups as well as the Planctomycetes
is still under discussion.11 Indeed, the relative branching order of the phyla changes
somewhat if the conservation threshold is drastically raised.13
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In general, removing variable positions from the data set helps to reduce potential
plesiomorphic noise. However, further raising of the thresholds for selecting sequence
positions also comprises the risk of losing informative characters.

The large-subunit RNA (LSU rRNA) is perhaps the most informative phylogenetic
marker. Its primary structure is at least as conserved as that of the SSU rRNA, but it
contains more and longer stretches of informative positions. Although the LSU rRNA
gene sequences provide more information, the major drawback is currently the limited
database, which comprises only about 2,000 full sequences (excluding mitochondrial
sequences). Minor local differences are apparent when SSU rRNA–and LSU rRNA–
derived trees are compared, but the phyla remain distinct and well-defined (fig. 3.2). A
deeper branching is indicated for Aquificae, Thermotogae, and Dictyoglomi; and the
Chloroflexi and the Thermus-Deinococcus phylum share a common root. Chlamydiae
and Planctomycetes, and Bacteroidetes and Chlorobi, represent two phylum clusters,
respectively. Local differences in LSU rRNA– and SSU rRNA–based subtrees are docu-
mented in fig. 3.3 for the species of the genus Enterococcus.

SSU and LSU rRNA genes fulfill the requirements of ideal phylogenetic markers to
an extent far greater than do protein coding genes. Because of functional constraints,
sequence changes may be manifested periodically rather than continuously during the

Figure 3.2. Large subunit ribosomal RNA–based phylogenetic tree visualizing the radiation of
bacterial phyla. The data set comprised about 2,000 full sequences. A further 5,000 sequences
comprising at least 1,000 monomers were included for tree evaluation at the phylum level. Pa-
rameters for tree reconstruction were as described for fig. 3.1.
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Figure 3.3. Comparative visualization of large- and small-subunit-ribosomal-RNA–based trees for the members of the genus Enterococcus. Parameters
for tree reconstruction were as described for figure 3.1. The 50% conservation criterion was applied on all sequences from enterococci.
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course of evolution. A direct correlation to a time scale cannot be postulated. Branch-
ing patterns in the periphery of a tree do not reliably reflect phylogenetic relatedness.
The phylogenetic resolving power of closely related organisms (>97% similarity) is low
(i.e., rRNA sequence data analyses are usually not sufficient to distinguish prokaryotes
at the species level).

Alternative Marker Molecules that Support
the Three-Domain Concept

Elongation Factors Tu/1 Alpha

Comparative analyses of the elongation factors (EFs) Tu (Bacteria) and 1alpha (Archaea,
Eucarya) are based on more than 500 complete primary structures table 3.1. The three-
domain concept is clearly supported by EF Tu–based trees (fig. 3.4). The overall se-
quence similarity between the Bacteria and the other two domains is only 30% in com-
parison with over 50% in case of the rRNA sequences. In general, the EF Tu data also
support the currently defined phyla or subgroups. However, the reduced information
content3 is reflected by a lower resolving power. Furthermore, a few examples of gene
duplications (Streptomyces sp.; see below) indicate potential paralogy problems.

As seen in the rRNA-based trees, monophyletic clusters represent the phyla Aquificae,
Chlamydiae, Bacteroidetes, Chlorobi, Chloroflexi, Cyanobacteria, Thermotogae, Thermus-
Deinococcus and Spirochaetes. The Proteobacteria do not appear as a monophyletic
group. A common group is shown for the a-, b-, g-, d-proteobacteria. However, Nanno-
cystis is separated from the Deltaproteobacteria. The Epsilonproteobacteria represent
their own group. In the case of Firmicutes, the Bacilli and Mollicutes share a common
root, whereas the Clostridia branch separately. The Actinobacteria represent a mono-
phyletic lineage; however, duplicated diverged genes are documented for Streptomy-
ces coelicolor and Streptomyces ramocissimus.14 One of the variants appears as the
deepest branch among the Bacteria. Streptomyces ramocissimus contains a third copy

Table 3.1. Molecules supporting the ribosomal RNA–based domain and
phylum concepts (except aminoacyl tRNA synthetases)

Molecule Domains Phyla Intraphylum Duplicates

16S rRNA Well defined Well separated Monophyletic Present

23S rRNA Well defined Well separated Monophyletic Present

EF-Tu Well defined Some not
monophyletic Some paraphyletic Present

rpoB Well defined Some not Some paraphyletic,
monophyletic intermixed Not known

rpoC Well defined Some not Some paraphyletic,
monophyletic intermixed Not known

Hsp60 Two domains Some not Some paraphyletic, Present
well defined monophyletic intermixed

The degree of support for the definition and separation of domains, phyla, and major intraphylum
groups is indicated, as well as the presence of divergent multiple copies.
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Beta− Gammaproteobacteria

Alphaproteobacteria

Deltaproteobacteria

Clostridia

Epsilonproteobacteria

Cyanobacteria

Nannocystis exedens

Spirochaetes

Planctomycetes

Mollicutes

Bacilli

Bacteroidetes

Chlorobi

Deinococcus−Thermus
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EF−alpha−Archaea
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Figure 3.4. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of elongation factor Tu amino acid sequences. Parameters for tree reconstruction
were as described for Figure 3.1.
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that is less diverged and that clusters among the Actinobacteria. This gene triplication
demonstrates that multiple diverged genes or gene products may hamper phylogenetic
analyses at various levels of relationships. Obviously, it is difficult to decide whether
differences in rRNA- and EF-Tu-based trees indicate different resolution capacity or
different history, or reflect the relationships of paralogous markers.

RNA Polymerase

The largest subunits of the RNA polymerase of Bacteria (b, b'), Crenarchaeota (A', A"),
Euryarchaeota (B', B"), and Eucarya are highly conserved and ubiquitous. The com-
parative sequence data analysis of the bacterial beta subunit of RNA polymerase and
their archaeal and eucaryal counterparts shows a clear separation of the three domains
(fig. 3.5). Many of the bacterial phyla are represented in the data set. The Actino-
bacteria, Cyanobacteria, Spirochaetes, Chlamydiae, Aquificae, Thermotogae, and
Thermus-Deinococcus appear as monophyletic groups. Although a significant rela-
tive branching order of the major groups is not seen, the deeper branching of the
Cyanobacteria is rather unusual and is not seen in the trees based on other markers ana-
lyzed thus far. The Mollicutes branch deeply at the root of the Bacteria and cluster in-
dependently from the Bacilli and Clostridia. The proteobacterial subclasses are grouped
together, with the exception of the Epsilonproteobacteria. A similar situation was found
in the case of the beta’ subunit (fig. 3.6). The common cluster of Proteobacteria is dis-

Alpha−, Beta−, Gamma−, Deltaproteobacteria

Aquificae

Epsilonproteobacteria

Spirochaetes

Mollicutes

 Porphyromonas cangingivalis
 Thermus aquaticus

 Thermotoga maritima.
Chlamydiae

Bacilli, Clostridia

Actinobacteria

Cyanobacteria

Archaea

Eucarya

20%

Figure 3.5. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of bacterial DNA–directed RNA polymerase b' subunit amino acid sequences,
including the homologous counterparts of the Eucarya and Archaea. Parameters for tree recon-
struction were as described for figure 3.1.
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turbed by the inclusion of Aquifex. In both trees a moderate relationship of the latter to
Campylobacter is indicated.

Hsp60

The domains of the Archaea and Bacteria are well defined and separated when Hsp60
protein sequences (Bacteria: GroEL; Archaea Tf-55) are phylogenetically analyzed (fig.
3.7). Most of the bacterial phyla represented in the data set appear as monophyletic clus-
ters such as the Actinobacteria, Bacteroidetes, Cyanobacteria, Thermus-Deinococcus,
Thermotogae, and Spirochaetes. A relative branching order of the phyla is only par-
tially resolved, and with low significance. Monophyletic status of neither Proteobacteria
nor Firmicutes could be observed. Although the Beta- and Gammaproteobacteria are
unified in a common group, the representatives of the Alphaproteobacteria are split into
three lineages. One is associated with the Beta-, Gammaproteobacteria cluster (e.g.,
rhizobia), whereas the second group (e.g., Rickettsia and relatives) is slightly separated
from the majority of bacterial lines. The third group is represented by Holospora. The
Epsilonproteobacteria are an additional separate lineage. A similar situation is seen in
the case of the Firmicutes. Whereas the Bacilli and Clostridia represent a common clus-
ter in the radiation of the bacterial phyla, the Mollicutes represent a somewhat deeper
branch. This situation may reflect differences in information content and resolving power;
however, gene duplication or lateral transfer effects may be of importance, as indicated
by the multiple variants of Chlamydophila genes. One of the copies clusters among the
bacterial phyla, whereas the additional versions of Hsp60-like molecules represent deeper
branches in the tree.
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Figure 3.6. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of bacterial DNA-directed RNA polymerase beta subunit amino acid sequences
including the homologous counterparts of the Eucarya and Archaea. Parameters for tree recon-
struction were as described for figure 3.1.
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Aminoacyl–tRNA Synthetase Markers that Support
the rRNA Three-Domain Concept

The three-domain concept is clearly supported by tree topologies based on aspartyl,
leucyl, tryptophanyl, and tyrosyl tRNA synthetases (table 3.2). An example is shown in
figure 3.8 for aspartyl–tRNA synthetase. The phyla concept among the Bacteria domain
is only partly supported by the respective analyses of these proteins.

Aspartyl tRNA Synthetase

The bacterial phyla Spirochetes, Deinococcus-Thermus, Actinobacteria, and Chlamy-
diae are well defined by comparative analyses of aspartyl–tRNA protein sequences.
However, a relative branching order is not significantly supported. Among the Proteo-
bacteria the Beta- and Gammaproteobacteria represent a common group and are clearly
separate from the individually branching Epsilon- and Alphaproteobacteria. Again, the
Mollicutes occupy rather deep branches within the Bacteria separated from Bacilli and
Clostridia.
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Figure 3.7. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of Hsp60 heat shock protein amino acid sequences. Parameters for tree reconstruc-
tion were as described for figure 3.1.
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Leucyl–tRNA Synthetase

The Proteobacteria cluster together, but a potential monophyletic structure is disturbed
by the positioning of Aquifex. The phyla Chlamydia and Actinobacteria are well de-
fined, but the Firmicutes are split up in three separate clusters (Bacilli, Mollicutes, and
Clostridia).

Tryptophanyl–tRNA Synthetase

Among the Bacteria the phylum concept is poorly supported for the Chlamydiae and
Actinobacteria. The proteobacterial subclasses are defined; however, they do not form
a monophyletic group. The Mollicutes represent their own lineage, whereas representa-

Table 3.2. Aminoacyl tRNA synthetases supporting the ribosomal
RNA–based domain concept

Molecule Domains Phyla Intraphylum Duplicates

AspRS Well defined Some not Some paraphyletic, Not known
monophyletic intermixed

LeuRS Well defined Some not Some paraphyletic, Not known
monophyletic intermixed

TrpRS Well defined Partly defined Some paraphyletic, Present
intermixed

TyrRS Well defined Partly defined Some paraphyletic, Present
intermixed

 Aquifex aeolicus

 Synechocystis 

 Thermotoga maritima

 Mycoplasma capricolum

Eucarya

10%

Archaea

Chlamydiae

Actinobacteria

Alphaproteobacteria

Deinococcus−Thermus

Spirochetes

Epsilonproteobacteria

Bacilli, Clostridia

Mollicutes

Beta−, Gamma−, Deltaproteobacteria

 Mycoplasma pulmonis

Figure 3.8. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of aspartyl–tRNA synthetase amino acid sequences. Parameters for tree recon-
struction were as described for figure 3.1.
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tives of the Bacilli and Clostridia occur in three distant clusters. This situation may re-
sult from the analysis of diverged duplicated genes, as indicated by the positioning of
Bacillus halodurans and Deinococcus radiodurans.

Tyrosyl–tRNA Synthetase

The tyrosyl–tRNA synthetase data globally support the three-domain concept. How-
ever, thus far two major clusters seem to exist among the Bacteria. Each of them
exclusively contains part of rRNA-defined phyla or subgroups such as Epsilonpro-
teobacteria, Spirochetes, Chlamydia, and Actinobacteria. However, members of mainly
the Gammaproteobacteria and Firmicutes are dispersed in both bacterial main clus-
ters. Again, there are examples of duplicated genes resulting in dispersed positioning
of the respective organisms: Bacillus subtilis, Clostridium acetobutylicum, and Vibrio
cholerae.

Phylogenetic Markers that Do Not Support
the Three-Domain Concept

ATPase

A reasonable data set of sequences is available for the different subunits of the proton
translocating ATPase (table 3.3). In general, the domains are clearly separated in the
combined tree of alpha and beta subunits of F1F0 and vacuolar-type ATPases. The plac-
ing of some Bacteria among the Archaea and vice versa may likely be the result of gene
duplication events. Historically, the catalytic beta subunit of the F1F0-type ATPase was
among the first proteins tested as an alternative phylogenetic marker, and the results
supported the SSU rRNA bacterial phylogeny.15 Later, the catalytic subunit of the vacu-
olar type of ATPase was regarded as the eucaryal and archaeal homolog. A closer rela-
tionship between the archaeal and eucaryal subunits is indicated by overall sequence
identity of more than 60%, whereas only a moderate relationship to the bacterial ver-
sion is indicated by identities of less than 24%. With the increasing database of ATPase
subunit sequences, it became evident that the catalytical and noncatalytical subunits of
both types of ATPase (F1F0 and vacuolar) are paralogs originating from a common an-
cestor, as descendants of the products of an early gene duplication.3,16

Table 3.3. Molecules not clearly supporting the ribosomal RNA–based domain concept

Molecule Domains Phyla Intraphylum Duplicates

ATPase Partly defined Some not monophyletic Some paraphyletic Present

DNA Gyrase Partly intermixed Some not monophyletic Some paraphyletic, Present
intermixed

Hsp70 Partly intermixed Some not monophyletic Some paraphyletic, Present
intermixed

RecA Only Bacteria Some not monophyletic Some paraphyletic, Present
intermixed
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All of this taken together prompted Woese and others to position the root of the three
domains on the Bacteria branch. It was generally assumed that the vacuolar type of AT-
Pase is a characteristic component of the members of the latter two domains, whereas the
F1F0-type was regarded as unique for the Bacteria domain. Later, it was shown that some
representatives of the Bacteria domain contained the genes and proteins for both the F1F0

as well as the vacuolar type of ATPase.17 A similar situation was shown for an archaeon.18

These findings indicate that not only the alpha and beta subunits originate from an early
gene duplication but also their F1F0 and vacuolar-type versions from independent dupli-
cation events. In the case of Enterococcus hirae, it could be shown that the F1F0-type
ATPase is responsible for proton translocation, whereas the vacuolar type works as a so-
dium pump.19 The F1F0-type ATPase is always present in Enterococcus species, whereas
the vacuolar type is to be found only in a few of these species17 argue that changing the
function of one of the ATPases also changes the selection pressure. Apparently, the addi-
tional vacuolar type is no longer essential in certain bacteria and may be changed at a higher
rate or completely lost in the course of evolution. As a consequence, the phylogenetic po-
sitioning of such copies among the essential variants may be problematic or misleading.

The presence of additional vacuolar ATPase genes other than the F1F0 ATPase could
be shown for representatives of different bacterial phyla. In the case of the Firmicutes
V-ATPase, genes could be found in strains of Clostridium, Enterococcus, Streptococ-
cus, and Eubacterium species.17 In contrast, F1F0-type ATPase genes were demonstrated
for the archaeon Methanosarcina in addition to the common vacuolar type genes.18

However, there are bacterial taxa (members of the phyla Deinococcus-Thermus and
probably also Spirochaetes and Chlamydiae) that seem to carry only the vacuolar ver-
sion. This may indicate that the V-ATPase became the essential version in the time of
their diversification. Because “ancient” genes or gene products are compared, it is dif-
ficult to recognize whether multiple genes originated from duplications or from early
lateral gene transfer events.

Within the F1F0-type ATPase alpha subunit–based tree, the Actinobacteria and Cyano-
bacteria represent monophyletic phyla (fig. 3.9). In the case of the Proteobacteria, the
Gammaprobacteria, Betaproteobacteria, and Alpha- Deltaproteobacteria form individual
groups, and the Epsilonproteobacteria are placed separately. Rickettsia keeps its own
line separated from the other Alphaproteobacteria. The Bacilli and Mollicutes are not
unified in a Firmicutes phylum but form individual clusters. It has to be mentioned that,
recently, further gene duplications were detected; namely, two diverged copies of the
alpha-like subunit in the genomes of Gemmata and Pirellula (members of the Plancto-
mycetes),20 as well as for a representative of the Deltaproteobacteria, respectively (F.O.
Gloeckner, pers. comm.).

The beta subunit data of the F1F0-type ATPase support the distinct phylum status of
Actinobacteria, Thermotogae, Aquificae, Bacteroidetes, Chlorobi, and Cyanobacteria
(fig. 3.10). The Gamma- and Betaproteobacteria share a common root, whereas the
Alpha-, Epsilon-, and Deltaproteobacteria represent their own lineages. However, the
situation is complicated by Stigmatella, which is separately positioned from the other
Deltaproteobacteria closer to the Alphaproteobacteria branch. A similar situation is seen
with the Firmicutes. The Bacilli, Mollicutes, and Clostridia appear as independent clus-
ters, and Peptococcus as well as Acetobacterium represent separate lineages. In all cases
of multiple genes described for the alpha subunit, the respective pendant was also found
for the beta subunit.20
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Figure 3.9. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of F1F0-type ATPase alpha subunit amino acid sequences including paralogous
reference subunits. Parameters for tree reconstruction were as described for Figure 3.1.

DNA Gyrase Subunit A

The bacterial phyla Spirochetes, Firmicutes, Chlamydiae, Actinobacteria, Cyanobacteria,
and Deinococcus-Thermus are well defined, as are the proteobacterial subclasses of
Gamma-, and Betaproteobacteria and the individual subclasses Alpha- and Epsilon-
proteobacteria (fig. 3.11). However, a common ancestry of the Proteobacteria is not
supported by the gyrase subunit A data. Most notably, the representatives of the Archaea
are not clearly separated from the Bacteria. The Archaeoglobus and Thermoplasma lin-
eage cannot be significantly placed in the tree, and the halobacteria seem to group with
the Spirochetes and proteobacterial subgroups at a low similarity level.

DNA Gyrase Subunit B

The monophyletic status of the bacterial phyla Firmicutes, Actinobacteria, Spirochetes, and
Deinococcus-Thermus is well supported (fig. 3.12). A common origin of Beta- and Gamma-
proteobacteria is indicated, as is a monophyletic cluster of the Epsilonproteobacteria. How-
ever, as for the subunit A data, a monophyletic status of the proteobacterial cannot be inferred
from the gyrase B data. Moreover, the representatives of the Archaea are not clearly sepa-
rated from the Bacteria. With low significance, they branch off in the neighborhood of
Thermotoga, Aquifex, and the Actinobacteria. Recently, a gene duplication was found for
Gemmata and Pirellula, representatives of the Planctomycetes.20
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Figure 3.10. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of F1F0-type ATPase beta subunit amino acid sequences including paralogous
reference subunits. Parameters for tree reconstruction were as described for Figure 3.1.
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Figure 3.11. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of DNA gyrase subunit A amino acid sequences. Parameters for tree reconstruc-
tion were as described for Figure 3.1.

Hsp70

The Hsp70 (DnaK) heat shock protein data do not support a clear separation of the
domains Archaea and Bacteria (fig. 3.13). The archaeal and bacterial lineages appear
intermixed. However, they are still well defined and are separated at rather low levels
of relationship. So far, none of the archaeal representatives appears to be closely re-
lated to a member of the Bacteria, and vice versa. Many of the bacterial phyla are
supported by the Hsp70 tree, such as the Spirochetes, Chlamydia, Deinococcus-
Thermus, Actinobacteria, Aquificae, and Thermotogae. The Proteobacteria subclasses
are well defined and cluster together; however, Pirellula, as a representative of the
Planctomycetes, seems to be related to the Proteobacteria, although the statistical sig-
nificance is low. The Firmicutes cluster together but include, again at a low level of
relationship, some Archaea. The currently available sequences are not sufficient to de-
cide whether the branching pattern results from limitations of resolving power, lateral
gene transfer, or gene duplications or losses. That the latter may be the case is indicated
by the branching pattern of the representatives of Cyanobacteria and chloroplasts. They
are not unified in a common cluster; however, two variants found in different branches
are known for Synechococcus. A further example of duplicated Hsp70-like proteins was
recently found for a representatives of the Planctomycetes.20

RecA

The RecA protein sequence–based tree contains only representatives of the Bacteria (fig.
3.14). According to the currently available data, the Thermus-Deinococcus, Actino-
bacteria and Chlamydia phyla appear as contiguous groups. However, a monophyletic
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Figure 3.12. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of DNA gyrase subunit B amino acid sequences. Parameters for tree reconstruc-
tion were as described for Figure 3.1.
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Figure 3.13. Radiation of the bacterial and archaeal phyla or intraphylum groups as derived
from phylogenetic analyses of Hsp70 heat shock protein amino acid sequences. Parameters for
tree reconstruction were as described for Figure 3.1.
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status is not documented for the Proteobacteria, Firmicutes, and Spirochetes. In the case
of Firmicutes, the subgroups of Bacilli and Clostridia are well defined and separated.
The Leptospira species are somewhat remote from Treponema and Borrelia. The former
disrupt the Proteobacteria cluster but are not closely related to any of them. Although
the short edges forming the branching pattern of the major lineages indicate low resolv-
ing power, the pattern may also be hampered by undetected paralogy effects. Two pro-
tein sequences sharing only moderate sequence identity were reported for Myxococcus.

Aminoacyl–tRNA Synthetases and the Phyla Concept

The domain and phylum concept is only partly supported by the majority of aminoacyl–
tRNA synthetases (Table 3.4). The results of comparative amino acid sequence analy-
ses indicate a number of potential gene duplication or lateral transfer events questioning
or obscuring a clonal history. However, despite these potential rearrangements, a phy-
logenetic signal can be seen in most cases.21 Although phyla are often not clearly de-
fined, many groups at or below the phylum level that are defined and supported by the
other markers can be also found in the case of aminoacyl–tRNA synthetases. An ex-
ample is valyl tRNA synthetase (fig. 3.15).
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Figure 3.14. Radiation of the bacterial phyla or intraphylum groups as derived from phyloge-
netic analyses of RecA protein amino acid sequences. Parameters for tree reconstruction were as
described for Figure 3.1.
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Table 3.4. Aminoacyl tRNA synthetases not clearly supporting the ribosomal RNA–based
domain concept

Molecule Domains Phyla Intraphylum Duplicates

ArgRS Not supported Most not supported Most intermixed Not known
AspRS Ppartly defined Well defined Monophyletic Not known
CysRS Not supported Partly defined Some paraphyletic. intermixed Not known
GluRS Well separated Partly defined Some paraphyletic, intermixed Not known
HisRS Partly intermixed Partly defined Some paraphyletic, intermixed Present
IleRS Partly intermixed Partly defined Some paraphyletic, intermixed Not known
LysRS Not supported Partly defined Some paraphyletic, intermixed Not known
PheRS Partly intermixed Most defined Some paraphyletic, intermixed Not known
ProRS Partly supported Partly defined Some paraphyletic, intermixed Not known
SerRS Partly defined Partly defined Some paraphyletic, intermixed Present
ThrRS Not supported Partly defined Some paraphyletic, intermixed Present
ValRS Partly intermixed Partly defined Some paraphyletic, intermixed Not known

Alanyl–tRNA Synthetase

Although the Archaea and Eucarya appear to represent monophyletic groups, the clas-
sical three-domain concept is not supported by the alanyl tRNA synthetase sequences.
The Archaea and Eucarya seem to be equivalent to bacterial phyla intermixed with those
in the respective tree. The Proteobacteria, Chlamydia, Aquificae, Firmicutes, Actino-
bacteria, Cyanobacteria, Deinococcus-Thermus, and Spirochetes branch as distinct phyla.

Glutamyl tRNA Synthetase

At a first glance, the glutamyl–tRNA synthetase–derived tree reveals a rather confus-
ing picture. Although Archaea and Bacteria are separated from one another, only a few
phyla seem to be well defined, such as the Actinobacteria, Cyanobacteria, and Spiro-
chaetes. Other groups such as Alpha-, Gamma-, or Epsilonproteobacteria or organisms
such as Deinococcus, Aquifex and Thermotoga occur more than once in the tree, given
the presence of two or more evolutionary diverged gene copies. The clusters defined by
sequence similarity of the individual variants include organisms related by rRNA and
other marker data.

Histidyl–tRNA Synthetase

The histidyl–tRNA synthetase data again provide examples of multiple genes exhibiting
highly diverged primary structures. At a first glance, three major groups are evident.
One comprises exclusively Bacteria (thus far); the second, Archaea and Bacteria; and
the third comprises representatives of all three domains. Within these groups, subclusters
of closer-related organisms correspond to those defined based on rRNA data. Examples
in the first group are the Chlamydia, Gamma-, Beta-, Deltaproteobacteria, Actinobacteria,
and Mollicutes. However, even the Bacilli are not monophyletic. Although none of the
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organisms is represented by multiple molecules in all three major groups, examples of
duplicates are found for all possible group combinations (i.e., Thermotoga in groups
one and three, Aquifex in groups one and two, and Clostridium in groups two and three.

Isoleucyl–tRNA synthetase

A division into three clusters can also be seen in the isoleucyl–tRNA-based tree. Two
homogeneous clusters of Bacteria and Archaea are separated from a mixed lineage com-
prising monophyletic Eucarya together with bacterial subgroups and Archaea. The
Proteobacteria, Aquificae, and Thermotogae, as well as the subgroups Bacilli and Mollicutes,
are found in the Bacteria cluster. However, the Chlamydia, Actinobacteria, Deinococcus-
Thermus, and Spirochetes branch off in the neighborhood of eucaryal representatives.
Rickettsia, Staphylococcus, and Clostridium are examples for Bacteria which are posi-
tioned also here, distant from their 16S rRNA phyla.

Methionyl–tRNA Synthetase

The results of phylogenetic analyses of methionyl tRNA synthetase data only roughly
support the rRNA-based domain and phylum concept. A closer relationship of Archaea
and Eucarya is indicated as being separated from the majority of the bacterial groups
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Figure 3.15. Radiation of the bacterial and phyla or intraphylum groups as derived from phy-
logenetic analyses of valyl tRNA synthetase amino acid sequences. Parameters for tree recon-
struction were as described for Figure 3.1.
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thus far analyzed. However, Spirochetes, Chlamydia, and Clostridia are found within
the Archaea–Eucarya radiation. In the subtree comprising only bacterial representatives
subgroups, the represented phyla are distributed in various clusters. The separation of
the different Proteobacteria subclasses is especially striking. These clusters again com-
prise organisms for which a relationship is documented by rRNA and other data.

Phenylalanyl–tRNA Synthetase

Both subunits (alpha, beta) of the phenylalanyl–tRNA synthetase generally support the
domain status of the Bacteria separated from the Archaea and Eucarya. However, it has to
be emphasized that in both trees the Spirochaetes are found among the lineages of the
Archaea subtree. Within the Bacteria subtree most of the bacterial phyla such as
Chlamydia, Actinobacteria, and Thermus-Deinococcus are well defined. In the alpha
subunit tree, the potential monophyletic status of the proteobacteria is disturbed
by the apparent affiliation of Aquifex to the Alphaproteobacteria. Similarly, the unity
of the Firmicutes is abandoned by their clustering with Thermotoga (among the
Firmicutes). In the beta subunit tree, the Mollicutes are separated from Bacilli and
Clostridia, as are the Gamma-Betaproteobacteria from the Alpha-, as well as from the
Epsilonproteobacteria.

Seryl–tRNA Synthetase

Seryl–tRNA synthetase–based tree topologies generally support only with low signifi-
cance the three-domain concept. Seryl rRNA trees place representatives of the archaeal
halophiles within the radiation of bacterial groups, whereas the archaeal methanogens
apparently contain a highly diverged version of the protein. The phyla Spirochetes,
Deinococcus-Thermus, Actinobacteria, and Chlamydia as well as the subgroups Beta-
Gammaproteobacteria, Alphaproteobacteria, Epsilonproteobacteria, Mollicutes, and
Bacilli-Clostridia, are supported. Clostridium acetobutylicum contains two versions of
the protein, one indicating a position among the Bacilli–Clostridia group, the second
separately branching in the neighborhood of the Chlamydiae.

Arginyl–tRNA Synthetase

Arginyl–tRNA synthetase–based tree topology does not generally support the three-
domain concept. Deinococcus is found among Archaea, and Eucarya group among
bacterial clusters. The bacterial phyla or subgroups are distributed over distantly related
groups. Although Gamma- and Betaproteobacteria group together, the Alphaproteo-
bacteria are disrupted and the Epsilonproteobacteria are clearly separated. A similar
situation can be seen with respect to the positioning of subgroups of the Firmicutes or
Actinobacteria.

Cysteinyl–tRNA Synthetase

The cysteinyl–tRNA synthetase data generally do not support a clear-cut separation of
the domains. However, the phylum structure is partly maintained, at least in the case of
the Proteobacteria, Spirochetes, and Chlamydia. As in the Arginyl–tRNA synthetase–
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based tree, subgroups of the Firmicutes and other phyla are also dissected. However,
again, the well-defined clusters comprise organisms related to one another in the trees
inferred from rRNA and other marker data.

Lysyl–tRNA Synthetase

The three domains are not clearly separated in trees based on lysyl–tRNA synthetase data.
However, the Eucarya represent a monophyletic group, and the bacterial phyla such as
Actinobacteria, Chlamydia, Deinococcus-Thermus, and Firmicutes are well defined. Even
the Gamma- and Betaproteobacteria represent a monophyletic group together with the
Alphaproteobacteria, whereas the Epsilonproteobacteria branch more distantly.

Prolyl–tRNA Synthetase

A bipartition of a Bacteria cluster and a second group comprising Archaea and Bacteria
is indicated by the prolyl–tRNA synthetase data. Some phyla or subgroups combine
organisms that are significantly related, according to the rRNA data, such as the Beta-
and Gammaproteobacteria, Alphaproteobacteria, Bacilli, Actinobacteria, and Chlamydia
within the first cluster and the Mollicutes in the second cluster. No duplicated molecules
are known thus far. However, representatives of the Clostridia, Spirochetes, and Actino-
bacteria are distributed among the two primary clusters.

Threonyl–tRNA Synthetase

The comparative sequence data analysis of the threonyl–tRNA synthetase indicates the
existence of two types of the protein rather than a clear separation of Archaea and Bac-
teria. One of the two major clusters comprises the majority of the bacterial representa-
tives, the Eucarya and some Archaea, whereas the majority of Archaea and some Bacteria
are unified in the second cluster. Some of the bacterial phyla such as Actinobacteria
and Chlamydiae or major subgroups as Alpha-, Beta-, and Gammaproteobacteria;
Epsilonproteobacteria, and a group comprising Mollicutes and Bacilli are found in
the first cluster. However, this unusual picture is obscured by the fact that two di-
verged protein versions are present in the case of Bacillus subtilis and Clostridium
acetobutylicum. In one case, Bacillus is found within the Mollicutes–Bacilli group
and, in another case, in the neighborhood of Thermotoga. Clostridium, together with
Thermoanaerobacter, represents a Clostrida lineage, whereas the second version of
the Clostridium protein is more similar to the archaeal and bacterial sequences in the
Archaea-dominated cluster.

Valyl–tRNA Synthetase

The valyl–tRNA synthetase–based trees indicate a bipartition of the Archaea on the one
hand, including Rickettsia (bacterial lineage) as an exception, and a Bacteria–Eucarya
cluster on the other hand. However, the Eucarya appear as equivalent to the major bacte-
rial lineages. The bacterial phylum concept is roughly supported, as the Chlamydiae,
Actinobacteria, Thermus-Deinococcus, and Spirochetes represent monophyletic branches.
The Gamma-, Beta-, and Alphaproteobacteria are unified in a common group, however,
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separated from the Epsilon- and Deltaproteobacteria. The Mollicutes branch rather deeply
and are distinctly separated from the Bacilli–Clostridia subgroup.

Discussion

Here we have drawn on a selection of conserved proteins, as alternative phylogenetic
markers, to compare with rRNA-based genealogies. Our comparative analyses are gener-
ally hampered by the great imbalance of the available sequence data sets for protein genes
when compared to the comprehensive small subunit rRNA sequence database. Comprehen-
siveness with respect to both numbers of different sequences as well as to the spectrum of
phylogenetic diversity is needed to recognize variable and conserved sequence positions
as such and to estimate the significance of the separation or unification of the molecules
or organisms in the respective trees. As mentioned earlier, the comparisons and evalua-
tions focused on the verification of the rRNA defined domains, phyla, and major subgroups.

Three clearly defined and separated domains are supported by genes for several highly
conserved proteins: the elongation factor Tu (1 alpha); heat shock protein Hsp60; and
RNA polymerase subunits aspartyl–, leucyl–, phenylalanyl–, tyrosyl–, and tryptophanyl–
tRNA synthetases. If we assume that the F1F0- and vacuolar-type ATPases represent
paralogous markers, the former cannot be used to evaluate the three-domain concept
because orthologous eucaryal and archaeal sequence data are missing or represented
only by duplicates of different or uncertain function (e.g., Methanosarcina). Using the
vacuolar data and excluding those “bacterial” sequences that are duplicates, a picture
emerges of moderately related Archaea and those Bacteria representatives (members
of Thermus-Deinococcus, Chlamydiae, and Spirochaetes) that exclusively contain
V-ATPases (according to genome data) separated from the Eucarya (fig. 3.16).
Although the Chlamydiae and Spirochetes are separated from the Archaea, the Thermus-
Deinococcus phylum deeply branches among the archaeal lines. However, this inter-
mingling is caused by a small number of positions with a low positional variability (with
respect to the number of different character states). The currently available dataset is
still too small to estimate whether these are generally conserved positions or whether
the few evolutionarily allowed character states are rapidly changing.

The three domain concept is only partly supported by glutamyl–, methionyl–, alanyl–,
histidyl–, isoleucyl–, and seryl–tRNA synthetases. This may be because of missing data
for one of the domains, heterogeneity of one or more of them, or low resolution, and it
does not necessarily indicate lateral gene transfer. The concept is not supported by DNA
gyrase, heat shock protein Hsp70, arginyl–, cysteinyl–, lysyl–, prolyl–, and threonyl–
tRNA synthetases. The concept cannot be checked using RecA protein data, as there
are currently no homologues known for Archaea and Eucarya.

The rRNA-based bacterial phylum concept is at least partly supported by all alterna-
tive markers. However, in most cases, subclasses of Proteobacteria as well as the Firmi-
cutes do not appear as monophyletic phyla. Whereas the Beta- and Gammaproteobacteria
are almost always unified in a common group, in many cases including the Alpha-
proteobacteria, the Delta- and especially the Epsilonproteobacteria more often represent
their own lineages.

A tendency to split off the Epsilonproteobacteria from the other subgroups is also
seen with increasing 16S and 23S rRNA sequence databases (W. Ludwig, unpublished



94 MICROBIAL PHYLOGENY AND EVOLUTION

data). A further splitting of the major subgroups of the phyla as defined in rRNA-
based trees was found for the Alpha- and Deltaproteobacteria in the case of elonga-
tion factor Tu. The Alphaproteobacteria are not monophyletic within the heat shock
protein Hsp60–based tree. In rRNA-based trees, the Mollicutes, Bacilli, and Clostridia
share a common root. However, they are clearly separated from one another. The only
alternative markers supporting the monophyletic status of the Firmicutes are alanyl–,
phenylalanyl–, and lysyl–tRNA synthetases and DNA gyrase. In the case of heat shock
protein Hsp70, they are unified in a group together with some Archaea. The Mollicutes
appear as monophyletic together with the Bacilli only in the case of elongation factor
Tu. A common group of Bacilli and Clostridia is seen when RNA polymerase, heat
shock protein Hsp60, and valyl–, seryl–, and phenylalanyl–tRNA data are subjected
to phylogenetic analyses. The Bacilli and Clostridia are dispersed according to
tryptophanyl–tRNA synthetase data. In the case of tyrosyl–tRNA synthetase, a dis-
section of the Gammaproteobacteria as well as the subgroups of Bacilli and Clostridia
can be observed. The Deltaproteobacteria and Clostridia are split within F1F0-type
ATPase beta subunit trees.

The Alphaproteobacteria, Bacilli, and Clostridia do not form monophyletic groups
according to isoleucyl tRNA synthetase data. The Cyanobacteria are dissected in the
case of heat shock protein Hsp70. The Clostridia, Spirochetes, and Actinobacteria ap-
pear dispersed in prolyl–tRNA synthetase–based trees, as do the Alphaproteobacteria
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Figure 3.16. Radiation of representatives of the three domains derived by comparative analy-
sis of vacuolar-type ATPase alpha subunit sequence data. Parameters for tree reconstruction were
as described for Figure 3.1.
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in the context of valyl–tRNA synthetase. An unusual scattered branching of the Proteo-
bacteria subclasses is seen with arginyl–and methionyl–tRNA synthetase data.

There are also other notable incongruities with respect to the rRNA–based view.
For example, there are the rather unusual positions of Aquifex and Thermotoga in
phenylalanyl–tRNA synthase–derived trees and the positioning of Stigmatella apart
from the other Deltaproteobacteria on the Alphaproteobacteria branch according to
F1F0-type ATPase beta subunit data. Multiple genes or proteins are so far known for
elongation factor Tu, heat shock protein Hsp60, tryptophanyl, tyrosyl–tRNA syn-
thetase, ATPase, glutamyl, histidyl, seryl–tRNA synthetase, DNA gyrase subunit B,
heat shock protein Hsp70, threonyl–tRNA synthetase, and the RecA protein. It is
generally difficult to decide whether these paralogous genes resulted from duplica-
tions or from horizontal gene transfer.

Conclusions

The currently accepted view of bacterial phylogeny and taxonomy with regard to spe-
cies and higher ranks is supported by comparative analysis of more than 30,000 small
subunit rRNA full and partial sequence data.2 A sound critical evaluation or supplemen-
tation of these comprehensive data by the comparative study of alternative phyloge-
netic marker molecules remains problematic today, at the dawn of the new era of genome
sequencing. The major reason for these problems is the limited number of currently
available sequence data. Of course, phylogenetic trees, constructed on the basis of the
currently available data, are dynamic structures that may change their local topologies
as new data become available. Thus, many of the inconsistencies and discrepancies may
be resolved in the near future.

There are several other problems when comparing sequence data of phylogenetic marker
molecules. One problem, apparently underestimated in the past, is multiple evolutionary
diverged versions of homologous markers. Many examples of duplicates with different
degrees of sequence divergence (phylum to genus level) were found in the databases of
phylogenetic markers included in this study. The resulting problems that hamper sound
phylogenetic analysis are diverse (e.g., to recognize paralogous markers as such, to de-
fine the orthologous versions, to recognize the copies sharing the same function and se-
lection pressure, and to differentiate clonal duplication and lateral gene transfer).

Commonly, testing for xenologous origin of potential markers is based on compara-
tive analysis of codon usage or oligonucleotide profiles. Given that “ancient” events of
duplication or lateral gene transfer have to be recognized as such, it is highly likely that
potential peculiarities (codon usage, oligonucleotide frequency profiles) have been adapted
to the “host genome” during the course of time. Furthermore, the assumption that in case
of duplicates a relaxed selection pressure acting on nonessential versions should be ex-
pressed by a higher rate of change in comparison with that of the essential component is
not necessarily correct. The function of the respective product may still require sequence
conservation, whereas the loss of the gene may occur at a higher frequency.

Concurrent with the many ongoing genome projects and the findings of a much higher
fraction of xenologous genes than initially expected, nowadays a tendency can be seen
to question any clonality among microbes.22 It is under discussion whether frequent lateral
gene transfer and recombination may have completely obscured phylogenetic signals
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by disrupting vertical heredity. For closely related organisms, it was postulated that
genomic similarity results from frequent exchange of genes rather than from common
ancestry.23 With respect to lateral gene transfer and recombination, ironically, the highly
conserved genes commonly used for phylogenetic investigations should be preferred
targets.22 At least in microbial communities of organisms living in close proximity, the
primary structures of these genes should be rapidly equalized. Obviously, that is not the
case. Clonality could still be abandoned if these genes are frequently transferred, re-
placing the residing homolog without effective recombination. If this occurred frequently,
more incongruities would have to be expected when comparing the marker genes. Even
if recombination events concern short fragments of conserved genes,24–28 this should
not strongly effect the overall picture. A significant detailed resolution of tree topolo-
gies cannot be expected in any case, as discussed above.

Gogarten et al. listed phylogenetic incongruities for almost all markers used in this
study and postulated horizontal gene transfer as the causative factor.21 However, as dis-
cussed above, the divergent multiple copies found in almost all cases may actually in-
dicate gene duplications. As a consequence, one cannot simply assume lateral gene
transfer as the only possibility. In any case, it is presently impossible to unambiguously
determine whether the discrepancies observed are substantial or result from “illegiti-
mate” comparison of paralogous markers. In this context, it has to be considered that
multiple rRNA genes are common among bacteria; however, a survey of multiple SSU
and LSU rRNA sequences from representatives of the different phyla showed that the
range of divergence usually does not exceed 1.5%–2%.29 This is within the normal “noise”
of rRNA-based phylogenetic trees.3 A few exceptions are known, such as Thermobispora
bispora and Haloarcula marismortui for which 6.4% or 5% sequence divergence of SSU
rRNA genes have been reported.30,31

Because of limitations of the information content and shortcomings of data analysis,
local topologies in trees based on any marker are of low significance.3 Still, the overall
tree topologies derived from the primary structure data of markers compared in this study
correspond at least to the rRNA-defined subgroups of bacterial phyla. Many of bacte-
rial phyla are well defined in the major part of the trees based on the protein markers,
although a detailed significant relative branching order could not be unambiguously
determined in most cases or, if determined, often differs from the rRNA-based picture.
However, as discussed here and elsewhere,4 it is important to emphasize that detailed
agreement cannot be expected when comparing alternative markers.

Despite all these analytic problems, there seems to exist an organismal genealogical
trace that goes back in time to the universal ancestor.21,32 The bacterial phyla and sub-
groups are even supported by those aminoacyl tRNA synthetases that had undergone
major reshuffling during their history. It indicates that a record of a collective history
has persisted despite or irrespective of whether horizontal gene transfer or gene dupli-
cation and loss occurred.32,33 There is convincing support of the idea that there is high
conservation (and hence clonality) of that part of a cell’s components that is involved in
maintaining and processing genetic information and basic energy acquisition. Lateral
gene transfer or gene duplications seem to be more restricted in the case of intrinsic
compounds such as rRNA and elongation factors and more relaxed for modular com-
ponents such as the aminoacyl tRNA synthetases.

Though the domain and phylum concept are supported by a number of the protein
markers, it is evident that no individual marker molecule can correctly reflect the evo-
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lutionary history of the organisms. Although there are some discrepancies concerning
both detailed and global tree topologies, the overall rRNA-based picture can only be
really challenged if potential paralogy and gene transfer issues can be fixed for the re-
spective alternative marker. In the current state of knowledge, the rRNAs remain the
most informative molecules for phylogenetic analyses. Moreover, in consideration of
the large data set, it is certainly justified to found bacterial taxonomy at the higher ranks
upon the results of comparative rRNA analysis. Progress in comparative sequence analy-
ses of most of the other molecules studied here will help us to better understand the
phylogenetic meaning of gene or protein sequences with respect to organismic geneal-
ogy, to fix weak spots in the rRNA-based framework, and to thus improve and
extend our understanding of bacterial evolution.
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4

Evolving Biological
Organization

CARL R. WOESE

Seeing the Present

The science of biology enters the twenty-first century in turmoil, in a state of concep-
tual disarray, although at first glance this is far from apparent. When has biology ever
been in a more powerful position to study living systems? The sequencing juggernaut
has still to reach full steam, and it is constantly spewing forth all manner of powerful
new approaches to biological systems, many of which were previously unimaginable: a
revolutionized medicine that reaches beyond diagnosis and cure of disease into defin-
ing states of the organism in general; revolutionary agricultural technology built on
genomic understanding and manipulation of animals and plants; the age-old founda-
tion of biology, taxonomy, made rock solid, greatly extended, and become far more useful
in its new genomic setting; a microbial ecology that is finally able to contribute to our
understanding of the biosphere; and the list goes on.

All this is an expression of the power inherent in the methodology of molecular bi-
ology, especially the sequencing of genomes. Methodology is one thing, however, and
understanding and direction another. The fact is that the understanding of biology emerg-
ing from the mass of data that flows from the genome sequencing machines brings into
question the classical concepts of organism, lineage, and evolution at the same time it
gainsays the molecular perspective that spawned the enterprise. The fact is that the
molecular perspective, which so successfully guided and shaped twentieth-century bi-
ology, has effectively run its course (as all paradigms do) and no longer provides a focus,
a vision of the biology of the future, with the result that biology is wandering willy-
nilly into that future. This is a prescription for revolution—conceptual revolution. One
can be confident that a new paradigm will soon emerge to guide biology in this new
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century. One can also be confident that the new paradigm will be as powerful as its
predecessor and will inspire the same sense of awe and beauty as did the molecular
paradigm in its heyday. One can be equally assured that the new paradigm will be revo-
lutionary and basically different from its predecessor.

Yes, we could continue to follow the molecular path, and many would, but where
does it take you? Molecular biology has ceased to be a genuine paradigm, and it is now
only a body of (very powerful) technique. The only road it knows is the road of techno-
logical adventurism. Our understanding of biology still has a far way to go. We are not
yet—and probably never will be—at a stage at which all that remains to do in biology
is fill in the details, becoming bioengineers. The time has come to shift biology’s focus
from trying to understand organisms solely by dissecting them into their parts to trying
to understand the fundamental nature of biological organization, of biological form.

This realization is the starting line for the proverbial journey of 1,000 miles, and in
the vast collection of facts accumulated in the twentieth-century (principally through
genomic sequencing) are those that will allow us to take the first few steps on that jour-
ney. All we have to do is recognize what lies before us. One aspect of biological orga-
nization that genomics is bringing within scientific reach is the age-old problem of
“whence the cell, the basic unit of life?” What follows is my attempt to begin painting
a picture of the process.

Conceptualizing Cells

We should all take very seriously an assessment of biology made by the physicist David
Bohm over 30 years ago (and universally ignored):

It does seem odd . . . that just when physics is . . . moving away from mechanism, biology
and psychology are moving closer to it. If the trend continues . . . scientists will be re-
garding living and intelligent beings as mechanical, while they suppose that inanimate
matter is too complex and subtle to fit into the limited categories of mechanism.1

The organism is not a machine! Machines are not made of parts that continually turn
over and renew; the cell is. A machine is stable because its parts are strongly built and
function reliably. The cell is stable for an entirely different reason: It is homeostatic.
Perturbed, the cell automatically seeks to reconstitute its inherent pattern. Homeostasis
and homeorhesis are basic to all living things, but not to machines.

If not a machine, then what is the cell? A common childhood experience seems to
suggest, if not an answer, then a useful metaphor. A child playing in a woodland stream
finds endless delight in poking with a stick at some eddy in the flowing current, causing
it to disperse, and then watch in fascination as it reforms—again and again. A cell, or
any living system, is of this nature: a pattern in a flux. Life exists in energy gradients of
various kinds, and one might look at life as being the eddys that form in such energy
flows. I will grant that the metaphor leaves much to be desired—organisms as we know
them are more complex, stable, and internally coherent than an eddy in a turbulent stream,
and patterns in flow cannot be dissected into parts—yet in my experience, patterns in
flow provide a conceptually richer, more inspiring metaphor when imagining organ-
isms, ecologies, and evolution than does the machine. In addition I am willing to bet
that the turbulent flow metaphor will prove very useful when we reach the point at which
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the problem of life’s origin can be conceptualized in the framework of complex dynamic
systems.

I would stress one insight in particular that stems from this analogy: that the organ-
ism and its evolution are one. An organism’s being cannot be separated from its be-
coming; the two are but different facets of the same germ. It follows, at least I feel it
does, that the homeostatic and homeorhetic properties inherent in living systems inhere
as well in the evolutionary processes that produces them. Natural processes, even cha-
otic ones, have certain definite characteristics that tend to be maintained when the pro-
cess is perturbed.

Exorcising the Past

We are not quite ready to take on the grand problem of cellular evolution. Jacob Marley’s
ghost remains to be exosied, as it were, for us to become aware of the chain of scien-
tific, and even cultural, prejudices that fetter our thinking. These prejudices are not solely
the residue of the molecular era just ending; they go back well into biology’s past, in-
cluding culturally established perceptions such as the enormous, unbridgeable gap di-
viding the animate world from the inanimate. Even that cornerstone of our worldview
has now to be reshaped from self-evident, unquestioned truth into an open question, a
puzzle.

When one has worked one’s entire career within the framework of a powerful para-
digm, it is almost impossible to look at that paradigm as anything but the proper, if not
the only possible, perspective one can have on (in this case) biology. Yet despite its
great accomplishments, molecular biology is far from the “perfect paradigm” most bi-
ologists take it to be. This child of reductionist materialism has nearly driven the biol-
ogy out of biology. Molecular biology’s reductionism is fundamentalist, unwavering,
and procrustean. It strips the organism from its environment, shears it of its history (evo-
lution), and shreds it into parts. A sense of the whole, of the whole cell, of the whole
multicellular organism, of the biosphere, of the emergent quality of biological organi-
zation, all have been lost or sidelined.

Our thinking is fettered by classical evolutionary notions as well. The deepest and
most subtle of these is the concept of variation and selection. How we view the evolu-
tion of cellular design or organization is heavily colored by how we view variation and
selection. From Darwin’s day onward, evolutionists have debated the nature of the con-
cept, and particularly whether evolutionary change is gradual, saltatory, or of some other
nature.2,3 However, another aspect of the concept concerns us here more. In the terms I
prefer, it is the nature of the phase (or propensity) space in which evolution operates.
Looked at one way, variation and selection are all there is to evolution: The evolution-
ary phase space is wide open, and all manner of things are possible. From this “any-
thing goes” perspective, a given biological form (pattern) has no meaning outside of
itself, and the route by which it arises is one out of an enormous number of possible
paths, which makes that evolution completely idiosyncratic and, thus, uninteresting
(molecular biology holds this position: the molecular biologist sees evolution as merely
a series of meaningless historical accidents).

The alternative viewpoint is that the evolutionary propensity space is highly con-
strained, being more like a mountainous terrain than a wide open prairie: Only certain
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paths are possible, and they lead to particular (a relatively small set of) outcomes. Ge-
neric biological form preexists in the same sense that form in the inanimate world does.
It is not the case that “anything goes” in the world of biological evolution. In other words,
biological form (pattern) is important: It has meaning beyond itself; a deeper, more
general significance.4,5 Understanding of biology lies, then, in understanding the evo-
lution and nature of biological form (pattern). Explaining biological form by variation
and selection hand-waving argumentation is far from sufficient: The motor does not
explain where the car goes.

Classical biology has also saddled us with the phylogenetic tree, an image the biolo-
gist invests with a deep and totally unwarranted significance. The tree is no more than
a representational device, but to the biologist it is some God-given truth. Thus, for ex-
ample, we agonize over how the tree can accommodate horizontal gene transfer events,
when it should simply be a matter of when (and to what extent) the evolution course
can be usefully represented by a tree diagram: Evolution defines the tree, not the re-
verse. Tree imagery has locked the biologist into a restricted way of looking at ances-
tors. It is the tree image, almost certainly, that caused us to turn Darwin’s conjecture
that all organisms might have descended from a simple primordial form into doctrine:
the doctrine of common descent. As we shall discuss below, it is also the tree image that
has caused biologists (incorrectly) to take the archaea and eukaryotes to be sister lin-
eages. Much of current “discussion/debate” about the evolutionary course is couched
in the shallow but colorful and cathected rhetoric of “shaking,” “rerooting,” “uproot-
ing,” or “chopping down” the universal phylogenetic tree.6,7

The received wisdom concerning the origin of the eukaryotic cell is a very big link
in the chain that weighs biology down. The notion of symbiosis played a significant
role in the thinking of nineteenth-century biologists. It was only natural that the biolo-
gists of that time interpret the various inclusions in the eukaryotic cell in such terms.
(Given the primitive state of nineteenth-century microscopy, almost any preconceived
notion could be realized at the “other end of the microscope barrel.” Let me recommend
to you Jan Sapp’s book on the history of symbiosis, an excellent overview of the topic.8)
Indeed, many of these early biologists saw the eukaryotic cell as totally chimerical, a
collage of symbionts; every discernible cytological feature represented one or another
kind of bacterium or other (sub)microscopic life form.8 This notion has carried through
into modern times and dominates thinking about the origin of the eukaryotic cell today.

The New is Old

In modern dress these old notions are stale and stilted. They no longer inspire; they are
counterproductive. Look at what our unquestioned, uncritical importation of nineteenth-
century notions of cellular origins into the twentieth-century molecular and biochemical
context has done. It has focused discussion of cellular origins almost exclusively on the
origin of the eukaryotic cell. (In the nineteenth century, the evolution of eukaryotic cells
was the only game in town, which, of course, is no longer true.) This focus in turn has
made the evolution of the eukaryotic cell appear qualitatively different from those of the
other two cellular types. It also accords the eukaryotic cell no intrinsic character: That cell
is merely some admixture of features from bacteria, archaea, and perhaps other types of
cells (no longer extant). Finally, it takes for granted, and therefore asserts, that a given cell
design can be formed by the melding of two or more other (mature) cellular designs.
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In my opinion, a total rethinking of the problem of cellular evolution is called for,
and I would like to offer two tenets that I feel should apply:

(1) All of the extant major cell designs evolved in a similar and related fashion; all
reflect the same underlying evolutionary dynamic, although each clearly is highly
unique.

(2) A (mature) cell design is evolutionarily homeostatic and homeorhetic: If evolu-
tionarily perturbed, that design tends to reestablish the same general design type,
but under no circumstances can it reform as a basically new type of design.

Note that the second tenet denies that the essential eukaryotic cell design is the product
of cellular endosymbiotic interactions. The design of the eukaryotic cell is sui generis,
not an amalgam of other cell designs.

These two principles invite the obvious counterpoint: What then about the endosym-
bioses that have given rise to the eukaryotic organelles? The answer is that these interac-
tions are of a fundamentally different nature than those that biologists past and present
invoke to generate the eukaryotic cell in the first instance. The eukaryotic cell, in essence,
is eukaryotic regardless of whether it carries chloroplasts or mitochondria. (Granted, with-
out one or the other organellar type, the cell cannot live under the usual conditions; but it
can, nevertheless, survive, and it remains organizationally eukaryotic.) In the organellar
evolutions, the initial contacts between endosymbiont and host are of a superficial nature—
small molecules are interchanged—which disrupts the fundamental organization of nei-
ther participant.9 Only gradually then does the organization of the endosymbiont (but not
that of the host) erode. None of this can be said of the hypothetical symbioses and the like
proposed for the origin of the eukaryotic cell. In these cases, the central and defining com-
ponents of the eukaryotic cell are taken to arise from the postulated symbiotic interac-
tions—interactions that would significantly perturb preexisting cell designs. (Keep in mind
that my argument is taken to hold only in the case of fairly advanced cell designs, but
these are the kind that biologists would invoke in their eukaryotic cellular origin scenarios.)

The Concept of “Prokaryotes”

“Oh, how the ghost of you clings” run the lyrics of an old show tune (“These Foolish
Things: by Jack Strachey, Harry Link, Holt Marvell, and Eric Mashwitz). For the biolo-
gist, the name of that tune is “The Prokaryote–Eukaryote Dichotomy.” Born of the
microscopic observations (and their interpretation) of Edouard Chatton in the 1920’s,
“prokaryote–eukaryote” became inviolable biological doctrine by the middle of the last
century: All life on Earth divides into two primary structural types and two correspond-
ing phylogenetic categories, the small, featureless “prokaryotes” and the larger, more
interesting eukaryotic cells, which display a collection of intracellular structures, start-
ing with the nuclear membrane and the organelles.10,11

The factual basis for the dichotomy lies, as stated, in a cyto-structural distinction:
The eukaryotic cell shows characteristic intracellular features; prokaryotic cells show
no characteristic features—which makes “prokaryote” a catch-all category right from
the start. From this structural distinction, Chatton made a sweeping and bold extrapola-
tion: What holds in the cyto-structural sense also holds in the phylogenetic sense, and
thus, two primary cell types demand two primary phylogenetic categories.10 So strong
was the belief that bacteria comprise a monophyletic unit that later attempts to define
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the general characteristics of the “prokaryote” were perfunctory) being in effect con-
fined to the properties of microbiology’s icon, Escherichia coli.12

The structure–phylogeny equivalence in the prokaryote–eukaryote dichotomy was
broken in 1977 with the discovery of a third primary phylogenetic category, then called
the “archaebacteria.”13,14 Two cellular architectures had demanded two primary phylo-
genetic categories. Why, then by the same token, did not three primary phylogenetic
categories demand three basic cellular organizations? The logic passed unnoticed. Pro-
ponents of the prokaryote–eukaryote dichotomy begrudgingly conceded the issue of the
number of primary phylogenetic categories, but they were not about to throw away their
battered but beloved dichotomy: Its structural aspect remained and still remains dogma.15

What biologists are unknowingly and cavalierly doing here is providing an answer to
one of biology’s most fundamental questions; namely, what is the number of basic cel-
lular designs (organizations) that exist on Earth.

Without doubt, the eukaryotic cell is unique and special. It is more complex and in-
tricately organized than either of the two prokaryotic cell types. It is the eukaryotic cell
alone that has given rise to the rich and complex world of multicellularity, and with this
world to that intriguing evolutionary puzzle we call “embryonic development.”

At the same time, however, it cannot be taken for granted that the phylogenetically
distinct archaea and bacteria are alike in their cellular organizations. In our complacency,
we have never really examined their organization. The fact that profound differences
exist (i.e., the “canonical pattern”) between archaeal and eubacterial homologs of core
cellular componentry implies something, as does the fact that fundamental differences
in biochemistry (e.g., in their coenzyme complements) separate them and the fact that
they differ fundamentally in chromosome organization and in the chromosome replica-
tion mechanism.16–19 Then there is the fact that on the order of 300 genes exist that are
characteristic of and unique to the archaea.20 We need to understand the nature of the
three types of cellular organization that inhabit this planet. This is no time to glibly as-
sume an answer to a basic biological question (thereby effectively burying it).

How the Cell Assembled Itself

Finally, we are ready to take on the evolution of the cell. Without relying on the preju-
dices of the past, then, what can be taken as reasonable starting points for developing a
concept of the evolution of cellular organization? There are three such points. The first
is horizontal gene transfer (HGT), which, as we shall see, is the essence of cellular evo-
lution. The second is the nature of the cellular translation apparatus, for the evolutions
of translation and cellular organization are part and parcel of one another. The third is
the fact that the cell and its evolution are complex dynamic systems/processes. Eventu-
ally, our understanding of cellular evolution (and of evolution in general) will be in terms
of complex dynamics systems.

Evolution’s Horizontal Dimension

The phenomenon of HGT has long been recognized. However, it is only recently, with
the advent of microbial genomics, that its scope, significance, and grandeur have come
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to be fully appreciated. The question that concerns us here is the evolutionary dynamic
of HGT: What is (are) the main factor or factors determining the quality of HGT, its
frequency, type, and phylogenetic scope? A number of factors, such as defenses against
alien DNA entry, destruction of alien DNA, and so forth (none of which is perfect), and
evolutionary ecological situations that influence what DNAs are present in a potential
recipient’s environment, all tend to become insignificant (blurred out) in the larger evo-
lutionary picture.21,22 This leaves prominent only the innate selective constraints imposed
by the potential recipient cell on which alien genes become (stably) incorporated.

A number of biologists have invoked HGT (glibly, I feel) in their attempts to “reroot,”
“uproot,” or “chop down” the universal phylogenetic tree that has been inferred through
rRNA sequence comparisons.23–25 It is clear that these excesses of interpretation result
principally from a failure to take into account sufficiently (or to understand) the dy-
namics of HGT. Our discussion of HGT here, then, will serve two purposes: The more
immediate purpose of addressing what I have called “excesses of interpretation,” and
the deeper and more important purpose being an understanding of HGT’s critical role
in the evolutionary dynamic.

Much of HGT is “inconsequential,” having few if any phenotypic consequences. With-
out selection to sustain them, alien genetic elements have but transient residence in or-
ganismal populations (on the evolutionary time scale).21,22,26 A lesser fraction of alien
genetic elements do have phenotypic significance, but in the main these too are transient:
their significance is “local,” having to do, for example, with adaptation to specialized niches.
They occur in the population only as “patches” and persist only so long as the niche they
inhabit persists.26 Antibiotic resistance genes are perfect examples here. Finally, there are
the relatively rare, more permanent, and significant horizontal transfers, those that intro-
duce novelty that alters permanently the fabric of the cell or affects the organismal genea-
logical trace by displacing endogenous functions with alien equivalents. The latter, the
genealogy altering and eroding transfers, are at the heart of the controversy over the uni-
versal phylogenetic tree. The former, however, that which introduces genuine novelty, is
the HGT critical to the evolution of cellular organization.

Perhaps the best system in which to study the dynamic of HGT is the set of aminoacyl–
tRNA synthetases. Most of the HGT that affects these enzymes is effectively neutral;
an indigenous version of a given synthetase being displaced (or sometimes supplemented)
by some alien equivalent. Evolutionarily trivial or not, neutral HGT of this type is par-
ticularly informative: Selective factors, which could confuse our interpretations, are taken
out of consideration. By the same token, it helps that the aminoacyl–tRNA synthetases
comprise a set of functionally related proteins, with the set as a whole providing a pow-
erful framework within which to interpret the phylogenetic idiosyncrasies of the indi-
vidual synthetases. Finally, the fact that the aminoacyl–tRNA synthetases are the only
major components of the translation system to be appreciably affected by HGT is going
to provide a key insight into the puzzle of cellular evolution.

An extensive analysis of the phylogenies of aminoacyl–tRNA synthetase sequences
has come to the following major conclusions16: roughly two-thirds of these enzymes
yield phylogenetic trees in accordance with the basal “canonical” branching pattern,
characteristic of the universal tree inferred from rRNA sequences; however, in each case
the canonical phylogenetic pattern is, to one extent or another, varied, eroded (presum-
ably) by HGT; and, as would then be predicted, all of these variations in the universal
pattern are idiosyncratic—those seen for one aminoacyl–tRNA synthetase type do not



106 MICROBIAL PHYLOGENY AND EVOLUTION

carry over to another. These facts force the conclusion that there must exist an organismal
genealogical record (carried in the common histories, a particular subset of the organism’s
genes) that extends back to the universal common ancestor stage, and although it has
been altered in different ways and to different extents by HGT, that ancestral pattern
has not been totally erased thereby.16 Thus, the phylogenetic tree based on rRNA se-
quence analyses truly depicts the organismal evolutionary course (with one caveat; see
below).

Why the aminoacyl–tRNA synthetases alone among the components of the transla-
tion apparatus are strongly affected by horizontal gene displacement is easy to under-
stand27: only the synthetases are modular in their function. They are loosely integrated
into the cellular fabric; they interact minimally with others of the cell’s componentry;
and their interactions are each confined to a small subset of the tRNAs, which them-
selves are small molecules, simple, uniform, and universal in structure. Without exter-
nal structural constraints, the exact sizes and shapes of the aminoacyl–tRNA synthetases
matter little. None of this can be said of the other translational componentry, all of which
is highly and idiosyncratically interconnected structurally (and dynamically). Put other-
wise, the cellular design specifications for the aminoacyl–tRNA synthetases are less
stringent than those for others of the translational componentry, and so, aminoacyl–tRNA
synthetases could more easily be mimicked and, therefore, horizontally displaced by
alien equivalents—even by taxonomically distant, structurally dissimilar equivalents.16

(A perfect example here is the archaeal Class I lysyl–tRNA synthetase, which also oc-
curs scattered among the bacteria [which characteristically employ the structurally com-
pletely unrelated Class II lysyl-tRNA synthetases].)16

Thus, it is the degree to which (and the ways in which) the various componentry is
integrated into a cell, the cell design, that determines what is and what is not horizon-
tally transferred. It is precisely that design that changes (and changes drastically) dur-
ing the evolution of the cell, however. Early on, cell designs were necessarily very simple;
cellular organization at these stages almost certainly had to be quite loose, and thus
tolerant of change. HGT at these early stages almost certainly was a very different ani-
mal from the “domesticated” version of it that we encounter today (through genomics):
rampant, pervasive, playing havoc with the simple primitive cell designs. Indeed, HGT
early on must have been the dominant force in evolution, the prime mover of the pro-
cess. How else could the huge amount of novelty required to bring forth the basic cel-
lular functions have arisen, except through forging in the fires of different craftsmen
(cell designs), with the occasional constructive marriage of disparate parts? Only now
are we beginning to pick around the edges of this problem. A true understanding of
cellular evolution remains a speck on the scientific horizon.

As you can easily see, the above scenario has profound consequences vis-á-vis
organismal histories and genealogical traces. Pervasive HGT would have the capacity
to obliterate an organismal and genealogical trace; any and all “indigenous” elements
in the cell could be displaced sooner or later by alien equivalents—be they orthologs,
paralogs, or analogs. Primitive cells should not be looked at in terms of lineages in the
modern sense, but as cell lines, transient at least in the sense that their genealogical traces
are ephemeral. Moreover, in an era of rampant HGT, organismal evolution would be
basically collective.28,29 It is the community of organisms that evolves, not the various
individual organismal types. HGT-driven evolution is the tide that lifts all boats. In this
communal era, all evolving cellular entities contribute to a common field of genes, and
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all in turn benefit in one way or another from that field. The phylogenetic tree image
fails to usefully depict the evolutionary course at this stage. At what stage does the tree
image become useful? We shall see.

Evolving Translation

Evolutionary limitations imposed by a primitive translation mechanism. One can-
not look at the cellular translation apparatus without being overwhelmed by its com-
plexity, by the number of parts and their possible interactions. It is even more daunting
to contemplate the evolution of such a mechanism. In a very real sense the evolution of
translation is the evolution of the cell: Translation is the heart of the evolving cell de-
sign. Cellular evolution requires entire suites of novel proteins never before seen on
Earth, and it is the performance characteristics of the primitive translation apparatus
that determine what general types of proteins can and cannot evolve.

A translation apparatus today must do two main things: accurately match codons with
corresponding amino acids across an entire message RNA (perhaps thousands of nucle-
otides in length) and maintain the correct reading frame throughout the process. It seems
impossible that a simple primitive translation mechanism could perform with the requi-
site precision to accurately produce a large (modern) protein.30 (The point here is not
only common sense but can be inferred from the fact that the structure of the genetic
code appears to have been optimized to reduce the phenotypic consequences of codon
recognition error.31) Primitive cells, then, would comprise only small proteins, which,
of course, has broad implications as to the nature of the evolving cells. In almost all
cases the primitive version of a particular function would be less sophisticated and pre-
cise than its modern counterpart.30

When it comes to the replication of modern genomes (genomes comprising, say,
1,500–2,000 genes), the accuracy of the process has to be exceedingly high.32 Add to
this the fact that the enzymatic complex that replicates the modern genome contains
large proteins critical to its function, and it becomes clear that a primitive genome rep-
lication apparatus, comprising small proteins only, could not function as precisely as
does a modern one. As a consequence, primitive genomes had necessarily to be smaller
than modern ones.30 There undoubtedly were many other consequences of primitive
translation’s lack of precision, which shaped primitive cell designs in general ways,
affecting their general complexity, intricacy, integration, and so on.

A name has been given to cells that have primitive translational capacities. The name,
“progenote,” signifies that the genotype–phenotype link has yet to complete its evolu-
tion.30 Given that evolution early on also appears to be communal (see above), it is use-
ful to refer to this communal stage in evolution as the progenote era, using the term to
denote the community as a whole.

How translation might have begun. If we knew how modern translation worked, we
would be on far safer grounds in conjecturing how it began. Nevertheless, the overall
characteristics of the mechanism and the general things we know about its workings do
offer some obvious clues as to the origin of the process.

Several decades ago it was taken for granted that the translation mechanism was
defined by the proteins that interact with the ribosome; namely, the ribosomal proteins
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and the elongation factors. Of course there was the tRNA molecule, on the back of which
the amino acid entered the mechanism, but from the start tRNAs were never viewed as
defining of the translation process itself. tRNA was merely an “adaptor,” something that
matched the amino acid to its corresponding codon or codons. tRNAs were processed by
the translation mechanism (just as were mRNAs); they were not a part of the mechanism.

Slowly, protein by protein, this picture crumbled. Ribosome reconstitution experi-
ments, which held out great hopes initially for defining which proteins performed which
translation functions,33 ultimately showed only that omitting individual proteins from
the reconstitution reaction caused the ribosome either not to reassemble correctly or to
function suboptimally. At best, the ribosomal proteins appeared to facilitate the transla-
tion function, not define those functions. At this point, however, biologists still pinned
their hopes on two proteins to define key steps in translation: the enzyme “peptidyl trans-
ferase,” which supposedly transferred the growing peptide chain from one tRNA to the
next, and the protienaceous elongation factor EF-G, which effected “translocation,” the
movement of the ribosome from one codon to the next. Peptidyl transferase, however,
always eluded detection, not to mention isolation. It finally disappeared for good when
the 2.4 Å-resolution structure of the 50S ribosomal subunit showed that the area sur-
rounding the peptidyl transfer site was totally devoid of protein.34,35 The elongation factor
EF-G was (earlier) rendered dispensable when “factor-free” translation was discovered
(an in vitro system that translated perfectly well without any elongation factors or with-
out their energy source, guanosine triphosphate (GTP).36 (All that was required was to
remove ribosomal protein S12 from the small subunit ribosomal particle.36) Could it be
that all the critical steps in translation (except tRNA charging) were defined by RNA?
The paradigm had totally shifted: “the ribosome is a ribozyme.”37

The idea that translation is RNA based is really not all that surprising.38 Transfer RNA
had been there all along, and if it had not been looked at from the start merely as an
“adaptor,” someone might have suggested an active role for the molecule in defining
translation.39 Even the father of the Adaptor Hypotheses, Francis Crick, initially felt tRNA
too large to be his postulated “adaptor.”40 You can more or less see it coming: tRNA
will be perceived as the defining core of the translation process. It is not a far jump,
then, to see a tRNA-like molecule as being the core of the first translation apparatus.

The Darwinian Threshold: The Road
from There to Here

Cellular evolution basically starts from scratch. This is not to say that biological orga-
nization did not exist at the beginning of cellular evolution, but merely that all the pro-
teinaceous structures that are the staples of our concept of cells did not initially exist,37

which makes the evolution that spawned them very different in character from the later
evolution, concerned only with maturing, embellishing, and otherwise refining the de-
signs of cells. Starting from scratch also means starting simple in all respects. As de-
manded by the nature of the progenote translation mechanism at the very least, the cell’s
protein components are initially smaller in size, in number (of kinds), and in sophistica-
tion (specificity) than their modern counterparts. The organization of the cell, its de-
sign, had to be comparably simple: design specifications for proteins and pathways were
crude by modern standards; the design itself was loosely defined, flowing; and the cel-
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lular organization that existed was largely horizontal, with the componentry being loosely
coupled, minimally integrated into the whole.30 Inexact parts specifications and loose
coupling implies that individual proteins would tend to be compatible with a variety of
cell designs, so that various members of a gene family (what we now view as “paralogs”)
could equally well fulfill a given specification. Individual genes, then, tended to be
cosmopolitan, with some of them being more characteristic of particular environments
than of particular organisms.

The progenote model sees organisms as genetically communal and the community as
evolving as a whole, not the individual cell lines therein. There is a definite lack of indi-
viduality (of the kind we associate with organisms today) in the progenote. Would a
progenote genetic community be communal in other ways as well? Probably. Nature has
few new tricks; it reuses old ones in different guises. Bacteria naturally reside in commu-
nities, in ecosystems. It is hard to find a bacterial niche that does not comprise hundreds
or thousands of different species, all interacting in intricate, delicate ways, to make a fas-
cinatingly complex and stable whole. As it is now, so it probably was in the progenote
era—only more so. One can picture an intensely interacting community of progenotes in
great variety, trading in metabolites, proteins, and of course, genes (or larger genetic units).
The small genomes of the day would make for a minimal metabolic capability in indi-
vidual cell lines, perhaps insufficient for any one of them to survive on its own. In the
context of the collective “genome” of the community, however, all flourish. I picture the
progenote as a grouping of metabolic specialists that cannot survive without one another.

The real mystery, however, is how this incredibly simple, unsophisticated, impre-
cise communal progenote—cells with only ephemeral genealogical traces—evolved to
become the complex, precise, integrated, individualized modern cells, which have stable
organismal genealogical records. This shift from a primitive genetic free-for-all to
modern organisms must by all accounts have been one of the most profound happen-
ings in the whole of evolutionary history. Although we do not yet understand it, the
transition needs to be appropriately marked and named. “Darwinian threshold” (or
“Darwinian Transition”) seems appropriate: crossing that threshold means entering a
new stage, where organismal lineages and genealogies have meaning, where evolution-
ary descent is largely vertical, and where the evolutionary course can begin to be de-
scribed by tree representation.

The most important, if not the only, thing that can be said right now about the pro-
gression from the pre-Darwinian progenote to cells typical of the Darwin era (i.e., mod-
ern cells), is that in the process the cell design becomes more integrated. Connectivity,
coupling (among componentry) is the key to the nature of that transition. The cell is a
complex dynamic system. Complex dynamic systems characteristically undergo salta-
tions at “critical points.” Drastic changes in the system result. An increase in the con-
nectivity of a system is one factor that can bring it to such a critical point. Does the
Darwinian Threshold, then, denote a critical point in the evolutionary process? I say it
does. We can be confident in any case that in the full evolutionary course, from an abi-
otic earth to modern cells and organisms, evolutionary saltations must have occurred.
The transition from the nondescript, horizontally intermeshed, and simple progenote to
the complex individual cell lineages (with stable genealogical traces and vertical de-
scent) that we know surely has the feel of a saltation.

Crossing the Darwinian Threshold does not mean that HGT ceases, merely that it
changes in character (because the cell design has drastically changed). On crossing the
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threshold, the evolutionary emphasis shifts from establishing the basic mechanisms of
the cell to refining them, and in the process developing additional layers of (more so-
phisticated) control. This is a period of refinement: integration, control, and specificity
are of its essence. This is the period in which organismal and molecular idiosyncrasy
blossom, along with molecular specialization. These factors in turn restrict the ways in
which a cell design can be changed and reduce the likelihood that an alien homolog can
sufficiently mimic its indigenous counterpart to successfully displace it.

When a Darwinian Threshold is crossed and further refinement of cellular design
follows, HGT undergoes taxonomic “regression”: its phylogenetic scope diminishes.
Initially after the Darwinian Transition, HGT’s scope tends to center on the individual
domains, and then, with further refinement in cellular design, that scope shifts progres-
sively down the taxonomic ladder, settling ultimately into the kind of HGT we know
today. When the scope of HGT (phylogenetic distance between donor and recipient)
becomes restricted enough, the nature of HGT comes to resemble the kind of variation
associated with vertical descent (i.e., variations on existing themes). This is saying no
more than that the breadth and scope, the general character, of HGT (inversely) mirror
the complexity of organisms.

The Universal Phylogenetic Tree

The Darwinian Transition makes clear the nature of the universal phylogenetic tree. This
is no ordinary tree, at least in terms of its root and the initial bifurcation, which seems to
define a common ancestor for the archaeal and eukaryotic lineages. These two nodes
cannot be interpreted in the classical way. The root does not represent some bottleneck
in the evolutionary process, a single organism or species that gave rise to a rich variety
of descendant forms—a concept drilled into our minds by the classical (X-shaped) Pirie
diagram41 and by the Doctrine of Common Descent. There has never been any such
singularity in the course of cellular evolution. From its beginnings, cellular evolution
has progressed on a broad front, as an enormous surging wave. There was never a uni-
versal common ancestor. The Doctrine of Common Descent has deceived us. But we
are deceived, too, if we think Darwin is responsible for this doctrine. Yes, Darwin did
conjecture that “all the organic beings which have ever lived on this earth may be de-
scended from some one primordial form,” but in the same discussion, he said: “this
inference . . . is chiefly grounded on analogy and it is immaterial whether or not it be
accepted. No doubt it is possible . . . that at the first commencement of life many differ-
ent forms were evolved.”42 Thus, it is those who followed him that made doctrine of
Darwin’s conjecture. For Darwin, the idea was interesting, but irrelevant and “immate-
rial” to the Theory of Evolution.

If not some ancestor of all ancestors, what, then, does the root of the universal phy-
logenetic tree represent? Tree diagrams cannot usefully depict the evolutionary course
in the pre-Darwinian, progenote, era. Only when the Darwinian era comes fully into its
own can they do so. However, between these two stages an intermediate phase exists,
in which a tree diagram represents the evolutionary course only partially. The root of
the universal tree denotes the beginning of this transition phase. The tree’s root denotes
the point at which the first of the cell designs crosses its Darwinian Threshold. The to-
pology of the tree demands that the first be the bacterial cell design. In shifting into a
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predominantly vertical mode of descent with variation, bacterial evolution has become
amenable to tree representation.

At that point, though, both the archaeal and eukaryotic designs remain in the pre-
Darwin, progenote, condition: still heavily immersed in the universal HGT field, still in
the throes of shaping major features of their respective designs; and so, their evolutions
cannot be represented in tree form. In other words, the node in the conventional phylo-
genetic tree that denotes a common ancestor of the archaea and eukaryotes does not
actually exist. The two cell designs are not specifically related; it is just that the tree
representation has made them “sisters by default.”

Although there is no direct way of inferring whether it was the archaea or the eu-
karyotic cell design that next crossed its Darwinian Threshold, a simple argument indi-
cates it to have been the archaeal43: of the basic cellular componentry common to the
archaea and eukaryotes, the archaeal versions almost always are the simpler; they have
fewer or less ornate subunits. Three good examples of here are the proteasome, the tran-
scription mechanism (especially transcription initiation), and histones.44–46 For me, the
most reasonable explanation of this is that the archaea crossed their Darwinian Thresh-
old before the eukaryotes did, thereby “locking in” more primitive, simpler versions of
various functions.

The Wheat and the Chaff

It must be recognized that evolving the cell is not about evolving genomes per se, not
about evolving this or that specific detail (e.g., particular metabolic pathways or par-
ticular trans-membrane pumps). Evolving the cell is about evolving its design, its orga-
nization—something not generally apparent—certainly not when the problem is viewed
from a one-dimensional genomics perspective. The genes in a genome, even large sec-
tions of the genome, can come and go without affecting the basic cell design. Most of
the genes are concerned with the life style of the cell and have no bearing on the cell’s
basic organization.

Cell designs obviously do change, and change drastically when cellular organiza-
tion itself is coming into being, but I would maintain that even early on, the specific
makeup of the genome has very little to do with the evolution of cell design. As was
true later, only a particular subset of genes define that design, whereas the remaining
genes were concerned with maintenance and specific life styles. The core of design-
defining genes tends to become firmly and intricately woven into the cellular design
fabric and, thus, refractory to HGT. When one speaks of an organismal genealogy, one
is concerned primarily with a small cadre of genes; not with the majority of genes in the
genome, many (or all) of which can come and go (on an evolutionary time scale). Phy-
logenetic tree inference (where the major branching is concerned) should be based pri-
marily, if not exclusively, on the genetic core that defines the organismal character: its
organization.

There is little new in this, generally speaking. Darwin understood that the genealogy
of an organism is represented only by a special subset of characters:

It might have been thought . . . that those parts of the structure which determined the hab-
its of life, and the general place of each being in the economy of nature, would be of very
high importance in classification. Nothing can be more false. . . . It may even be given as
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a general rule, that the less any part of the organisation is concerned with special habits,
the more important it becomes for classification.42

The Nature of Evolutionary Transitions

Biologists have always known in one way or another that evolution is not a smooth
progression.47 At rare junctures, major (qualitative) changes occur. The pieces in the
game seem to change, as does the arena in which the game is played: evolution shifts to
a new venue and occurs on a different (higher) level. Obvious examples here are the
emergence of eukaryotic multicellularity, the advent of language, and the evolution of
translation. Certainly the Darwinian Transition qualifies as such an evolutionary salta-
tion as well. As alluded to above, the entire origin of life must have been a long series
of evolutionary saltations, emerging biological organization moving in succession from
one level of organization to a higher one. I do not know whether at base these saltations
have a common evolutionary dynamic. However, the evolution of language shows us
one way a saltation can be brought about.

Language is an example of a preexisting existing biological form (in this case a
metazoan primate) gaining the capacity to map what it is and what it does into a new
(qualitatively different) medium. The mapping in effect brings into existence a new
evolutionary propensity space, pregnant with evolutionary potential.48 As a result, Homo
sapiens is completely unlike its otherwise very close primate relatives; Homo sapiens
now evolves on a different evolutionary plane than do the others. A major evolutionary
transitions seems, then, to occur when a vast new evolutionary propensity space come
into being.

The advent of translation, the capacity to map nucleic acid sequence into amino acid
sequence, similarly creates a representational phase space. However, this dynamic (the
creation of a representational phase space) does not seem to apply to such junctures as
the advent of multicellularity or to the Darwinian Transition.

Backtracking

It is time to make all of the above into a coherent whole, an emerging picture of cellular
evolution. As mentioned, the evolution that wrenched the cellular designs into being
must be unique, totally unlike that which occurred after the Darwinian Transitions, when
evolution merely refined and brought to fruition preexisting cellular designs. The amount
of novelty that had to be generated early on was staggering; how it was generated was
unimaginable (in any detail). Something as unique as the proteinaceous cells has to have
arisen at a particular, clearly definable stage in evolution. What was that stage?

The obvious point at which modern cell designs may have begun is with the onset of
translation. It marks the beginnings of proteins as we know them, the transformation of
an “RNA world” into a proteinaceous RNA world (or, as some like to say, an RNP world),
and as stated, it creates an enormous new evolutionary propensity space. There can be
no doubt about this being a critical stage in evolutionary history, yet there may also have
been a later stage, between the onset of translation and the Darwin Transitions, where
the evolution of modern cell designs began. We shall explore both possibilities.
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Transforming an RNA World

“RNA world” 49 has different meanings to different scientists. I see it as the “era of nucleic
acid life,” a time when (RNA) programmed protein synthesis did not yet exist and nucleic
acid, the most evolutionarily versatile and malleable polymer then extant, defined and
dominated biological organization.50 This is not to say that polypeptides were altogether
absent at this stage.38 They existed to the extent that the primitive (bio)chemical mecha-
nisms of the day were able to generate them. (Such peptides, however, would be rela-
tively simple and, most important, basically immutable in sequence. In other words, in
an era of nucleic acid life, it is the nucleic acids that evolve to accommodate the pep-
tides, not the reverse.) A source of the monomers and energy to make biopolymers is
also required, which calls for a “metabolic network” that produces a variety of organic
compounds, such as (catalytic) cofactors, and is biochemically rich and complex enough
to be self-sustaining—which right now is little more than a deus ex machina.

Just as cells today are the fundamental units of biological organization, one can ex-
pect analogous higher-order architectures, designed around nucleic acid componentry,
to fill that role in the RNA world. For want of a better term let us call them “supra-
molecular aggregates” (SMAs), simply to distinguish them from the proteinaceous cells
we know. Within these aggregates, nucleic acids presumably performed roles analo-
gous to many of those performed by proteins today, and as life today exists in varied
profusion, so a profusion of these hypothetical SMAs populated the biosphere of the
RNA world.

When translation entered the picture, it produced proteinaceous representations of
preexisting RNA sequences.51 Initially, most of these translations must have had no
relevance in terms of existing SMAs, but a small fraction of them likely did—especially
those that resembled nontranslationally produced polypeptides already incorporated into
the various SMAs—and it may not have been all that difficult to find peptides that fa-
cilitated some of the reactions in the sustaining biochemical network. Translationally
produced peptides would have meaning in either of two contexts: in terms of the SMA
of which the translated RNA was already a functional part, or in terms of other SMAs
(and other entities) for which the translated RNA per se had no significance. Here, then,
with the second possibility, was something unique in the (RNA) world; namely, nucleic
acids whose primary value lay in their protein coding capacity. Herein, too, began the
need for commerce in (protein) coding nucleic acids.51

An essential requirement for any community that trades in goods is a lingua franca,
and in the ancient RNA world, where nucleic acids are becoming valuable for their pro-
teinaceous representations, commerce in these aboriginal genes required translation
systems that shared a common genetic code. (No matter how the genetic code we know
came into being, its order has remained constant and universal because it is evolution’s
lingua franca.)

It is obvious that in an RNA world into which translation had been introduced, a vari-
ety of SMA types would start to become proteinized. It is conceivable that modern cell
designs had their origins here, in effect beginning to build on a variety of different SMA
designs, RNA platforms. Whether this is the actual scenario or not, what is important is
that there be many such SMAs that begin to proteinize. Evolution at this stage proceeded
on a broad front: exploration of the new propensity space began from numerous starting
points, not just one (there was no bottleneck). Multiple beginnings allow far more of the



114 MICROBIAL PHYLOGENY AND EVOLUTION

propensity space to be explored and realized than otherwise. When the capacity for hori-
zontal exchange among the various SMAs is added to this mix, the resulting parallel inte-
grated exploration increases still further the capacity to sample the propensity space. As
far as I am concerned, such a parallel, “hand-in-hand” wandering of the space is the only
way in which the amount and degree of novelty needed to bring forth proteinaceous cell
designs could have been generated. (While the discussion is in the area of exploring evo-
lutionary phase spaces, I would point out that imprecise translation may not have been
solely an impediment to evolutionary progress; it might have been a distinct advantage in
exploring protein phase space. Today, evolution explores the space of possible protein
sequences in effect by mapping one point in the nucleic acid space to a corresponding
point in the protein space [ignoring codon degeneracy]. That corresponds to shooting a
rifle at a target. The chances of hitting the target would be greatly increased, however, if
a shotgun had been used. The “shotgun” effect is precisely what imprecise translation
provides: If a nucleic acid sequence is translated imprecisely, the resulting protein prod-
ucts can comprise a set of related sequences, all of which are (different) approximate trans-
lations of the gene, and few, if any, exact translations. If one of this set of approximate
translations turns out to have selective value, then the evolving cell is poised to mutation-
ally exploit the protein space vicinity surrounding that sequence. In this way a gene se-
quence optimal for the function in question can be relatively rapidly discovered. This
“shotgun” procedure effectively renormalizes the phase space, from a large collection of
points to a smaller collection of “locales” of related points.)

The explosion of an RNA world into an RNP world, this dance of creation and de-
struction, may have been violent enough initially that even the existing primitive cellu-
lar designs were unstable. This may have been merely a stage, in effect, of “subcellular”
invention, of “semi-autonomous subcellular entities that somehow group to give ‘loose’
(ill-defined) cellular forms.”28 Conceivably little in the way of overall cell designs ex-
isted at such a stage, and were they to, they would be only ephemeral. Perhaps an RNP
world antedated the era we are trying to envision, when stable modern cell designs first
began their evolutions. This would indicate that between the onset of translation and
the Darwinian Transitions, another evolutionary saltation occurred.

The scenario being painted rests on there initially being many starting points for cell
designs. Is there any evidence to support the idea that many, not just three, evolving
cell designs contributed to the pre-Darwinian universal gene pool? Although far from a
proof, there are facts that readily lend themselves to such an interpretation. For example,
in some of the aminoacyl–tRNA synthetases phylogenetic trees, a number of lineages
can be seen that arise deeply in the general area of the archaea.16 In other words, the
synthetases in question are of the general archaeal genre. Today these lineages are rep-
resented by one or a scattering of bacterial taxa, which obviously have acquired the genes
in question though HGT. However, the original donors of these genes were in no way
bacterial, and as the phylogenetic branching orders show, neither were they strictly
archaeal nor eukaryotic. These donors are most easily pictured as extinct cell designs
still evolving in the pre-Darwinian mode subsequent to the bacterial lineage’s crossing
its Darwinian Threshold. In some cases the branching pattern indicates that the donors
existed in the pre-Darwinian mode even subsequent to archaea crossing their Darwin-
ian Threshold (i.e., the lineages in question appear to arise deeply on the eukaryotic
branch, well below the radiation of the known eukaryotic lineages). These phylogenetic
anomalies, then, might represent molecular “fossil” traces of long-gone cell designs.
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Final Remarks

Cellular evolution is not about evolving genomes; it is about evolving cellular design.
A given cellular design is consistent with many configurations of the underlying ge-
nome, and only a small fraction of the genes in that genome reflect and define the cel-
lular design in any case. It is this small cadre of genes that requires identification and
our attention. Much of the controversy in which genomics is enmeshed today is the result
of not clearly distinguishing between the evolution of cellular organization and that of
the genome.

Our customary evolutionary metaphors do not help in understanding the evolution
of cellular organization. The amount and degree of novelty required to build cellular
designs is beyond our ken; how it is generated is a mystery. The nature of primitive
simple cellular designs and their transformation into the complex cellular organizations
of today are beyond our purview as well. Yet these are the things we must come to know
if we are to understand biological organization, and knowing them will consolidate bi-
ology and integrate it into the fabric of science as never before. There will come a new
and deeper understanding of the evolutionary process.

The following summarizes what we know (or what I think I know) about the evolu-
tion of cellular organization. First, cellular evolution had to have begun at a special,
and so definable, nexus in the evolutionary course, a stage of enormous evolutionary
potential. That nexus may have been the advent of translation. The capacity to map
nucleic sequence into peptide sequence generated a never-before-encountered repre-
sentational phase space that unfolds into an endless world of possibilities. Alternatively,
the starting point for modern cell designs may have come about at a somewhat later
stage, after the chaos of the evolving RNP world had given rise to a new type of higher-
level nucleic acid/proteinaceous organization. It is too early to consider this possibility
seriously. What is important, however, is that when modern cellular designs began to
evolve, they did so by building on preexisting “platforms,” which were basically RNA-
like or RNP-like entities.

Second, nature shows translation to be essentially an RNA machine, a mechanism
that originated in some ancient RNA world. Thus, cellular evolution too may have be-
gun in an RNA setting, the era of nucleic acid life.

Third, primitive cells did not begin as proteinaceous aggregates. They started by
gradually “proteinizing” the preexisting nucleic acid-based biological organizations that
populated and defined the RNA world. Importantly, cellular evolution began from many,
not one or a few, distinct starting platforms.

Fourth, a primitive peptide representation of a given RNA sequence can have sig-
nificance both for the particular nucleic acid–based organization of which it is a part or
for other such organizations of which it is not a part. Here, then, begins a commerce in
protein-coding RNAs (i.e., HGT, which inevitably leads to the establishment of a uni-
versal genetic code [the “lingua franca” of genetic commerce] including a universal de-
coding mechanism).

Fifth, multiple starting points for primitive cellular designs ensure a far broader sam-
pling of the possibilities inherent in the representational phase space, and the sharing of
inventions (brought about through HGT) allows further areas of the phase space, other-
wise not accessible, to be explored. Herein lays the rich source of the novelty required
to evolve proteinaceous cellular organization.
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Sixth, the general types of proteins that can evolve early on are limited by the per-
formance characteristics of the primitive translation apparatus. Therefore, an evolutionary
premium for improving translation function exists. In a sense, the evolution of transla-
tion leads the wave of cellular evolution.

Seventh, interestingly, an error-prone primitive translation apparatus may have proved
advantageous in exploring protein phase space.

Eighth, cellular evolution begins with simple components, and relatively few of them:
small proteins, small genomes, and sparse coupling were among the componentry. In
other words, primitive cellular organization has to have been loose (highly modular),
largely horizontal, and fluid. Component specifications are relatively ill-defined (by
modern standards). There is little in the way of biological specificity and individuality
(idiosyncrasy) in such primitive forms.

Ninth, at this early stage, evolution was communal. It was the organismal commu-
nity, defined by the sharing of genes that evolved, not individual cell lines. This was
also a time, with cell designs simple, fluid, and modular, that all of an organism’s genes
could be displaced by alien equivalents. Proteins tended to be generic and cosmopoli-
tan; only later would they become idiosyncratic and contextual. Any organismal ge-
nealogical records that existed at this time were ephemeral.

Tenth, cellular evolution is a continuing thrust into greater complexity, which inevi-
tably brings with it idiosyncrasy, specificity, and hierarchical organization. Complexity
also means greater connectivity among cellular parts. Eventually, a degree of connec-
tivity, integration, is attained that the evolving cell reaches a critical point, where the
basic nature of the cell design changes rapidly and radically. The cell becomes less an
ill-defined collection of parts and more an entity in its own right, having a more distinc-
tive overall character.

Eleventh is the “Darwinian Threshold.” It separates a pre-Darwinian (progenote)
world, in which organismal genealogies are fluid and ephemeral, and evolution is pri-
marily a collective affair, from the Darwinian world we know, in which individual lin-
eages and vertical evolution dominate, and speciation occurs.

Finally, extant life is descended not from one, but from three distinct primordial
cellular organizations (designs). However, these three designs have developed and have
matured in a communal fashion, along with many other such designs that along the way
became extinct, with most perhaps never reaching a Darwinian Threshold.
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5

If the Tree of Life Fell, Would
We Recognize the Sound?

W. FORD DOOLITTLE

Taxonomy and Phylogeny

The only figure in Darwin’s Origin of Species is a tree. The accompanying text focuses
mostly on divergence within populations, but Darwin thought that the tree metaphor
would hold much more deeply; indeed, that the pattern of relationships among all liv-
ing things was one of successive branchings, or lineage splittings. He wrote that, “the
affinities of all the beings of the same class have sometimes been represented by a great
tree. I believe this simile largely speaks the truth. The green and budding twigs may
represent existing species, and those produced during each former year may represent
the long succession of extinct species.”1

Furthermore, the hierarchical pattern produced by such lineage splittings was seen
by Darwin as causally related to the hierarchical classificatory schemes of preevolu-
tionary biologists like Linnaeus: “the limbs divided into great branches, and these into
lesser and lesser branches, were themselves once, when the tree was small, budding twigs,
and this connection of the former and present buds by ramifying branches may well
represent the classification of all extinct and living species in groups subordinate to
groups.”

In other words, the process of phylogeny could be seen to explain the pattern of tax-
onomy. In the Darwinian perspective, the goals of systematists and evolutionists con-
verge, and the only truly natural classification scheme for all life would be a universal
(phylogenetic) Tree of Life.

119
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Molecular Phylogeny and the Hegemony of SSU rRNA

It was surely clear to those who followed Darwin that the practices already in use by
comparative morphologists and physiologists to construct hierarchical taxonomies were
also those needed to reconstruct the universal phylogenetic tree. That they might be
successfully applied to animals and plants, both living and extinct, seemed obvious. In
the first half of the twentieth century, several courageous microbiologists attempted to
extend such practices “downward” to their own chosen objects of study, developing
comprehensive evolutionary schemes for prokaryotes and simple eukaryotes based on
cell size, shape, and biochemistry. By the midpoint of that century, however, Stanier
and van Niel, the field’s frontrunners, called such speculations to a halt.2,3 Microbes,
and in particular bacteria, provided nothing useful in terms of a fossil record, and too
little in the way of analyzable morphology—and perhaps too much in the way of bio-
chemical versatility—to be grafted onto the base of the tree of life in any believable
way. We must make taxonomies for many reasons, but we must not claim that these are
“natural” or phylogenetic.

Arguably, Stanier and van Niel threw in the towel just a little too soon. Less than a
decade later we had a new discipline, molecular phylogenetics, which could in prin-
ciple bypass morphology and fossils. Indeed, as Zuckerkandl and Pauling pointed out
in a 1965 article that is one of molecular phylogeny’s founding documents, molecular
and organismal approaches have the potential for mutual confirmation.4 Specifically,
Zuckerkandl and Pauling asserted that, “the topology of branching of molecular phylo-
genetic trees should in principle be definable in terms of molecular information alone.
It will be determined to what extent the phylogenetic tree, as derived from molecular
data in complete independence of the results of organismal biology, coincides with the
tree constructed on the basis of organismal biology. If the two phylogenetic trees are
mostly in agreement with respect to the topology of branching, the best available single
proof of the reality of macroevolution will be furnished.”

Where both kinds of data can be used (among mammals, let’s say), molecular and
organismal information can confirm each other. In addition, Zuckerkandl and Pauling,
like most molecular biologists today, felt that molecular phylogenies are in a sense more
directly “true.” Genotype is, after all, the cause of phenotype, not just a correlate. On
the more practical side, molecular sequence approaches offered a solution for microbes,
where “organismal biology” had let us down.

Implicit in the molecular sequence method in those early days was the notion that all
proteins (and thus all genes) should tell the same story: That the only criteria by which
we might choose one over another were practical—how widely distributed, conserva-
tive, and easily sequenced was the molecule. Early universal treeing efforts based on
proteins soon gave way to those based on small-subunit ribosomal RNA (SSU rRNA).
Woese’s choice of this molecule and its encoding gene was a wise one.5 SSU rRNA is
ubiquitous and suitably conservative, and substantial sequence information from diverse
species could be obtained (in the form of “oligonucleotide catalogs” of partial sequences)
more economically than was possible for any protein before the invention and wide-
spread use of DNA cloning and sequencing. An expanding cadre of Woese’s students
and associates as well as many converts to these methods soon made SSU rRNA the
gold standard for phylogeny.6 Not only could all living species be united into a single
tripartite Tree of Life but thousands of different isolates of hundreds of prokaryotic
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species could be identified and taxonomically micropigeonholed by sequencing this
molecule or its gene.

The three-domain SSU rRNA tree is now hegemonic: it is reproduced in all the text-
books, is the central organizing scheme of all modern biologists, and is often seen on TV.
Its construction and elaboration are clearly the crowning achievement of the science of
molecular phylogenetics that Zuckerkandl and Pauling fathered, and the salvation of en-
vironmental microbiology as well as the road map for the future of comparative microbial
genomics. The 2003 award to Woese of the Crafoord Prize was very richly deserved.

Dissent

However, there are problems. The burgeoning field of comparative microbial genomics
reveals that it matters very much what gene we pick when we reconstruct prokaryotic
phylogeny. Different genes give different results, because genes have often been trans-
ferred across species, phylum, or domain lines. The puzzles that such lateral gene trans-
fer (LGT) poses for phylogeneticists are as much philosophical (what does the Tree of
Life really represent?) as they are practical (how can we best construct it?). Indeed, Woese
himself now asks: “What does it mean . . . to speak of an organismal genealogy when
nearly all of the genes in the cell—genes that give it its general character—do not share
a common history?”7

Evidence for lateral gene transfer is of several sorts, but it seems convenient here to
distinguish methods that rely on measures of phylogenetic relationship between genes
and those that look at differences in gene content among sequenced genomes. The former
include analyses of differences in base composition and codon usage between the puta-
tively transferred gene and those surrounding it, discordant BLAST (sequence similar-
ity search) scores, and incongruity of gene phylogenies, however reconstructed. Such
analyses often identify different sets of genes,8 and each has flaws. Base composition
and codon usage can vary between genes in a genome for reasons other than differing
origins, BLAST scores are poor measures of phylogenetic affinity, and many gene phy-
logenies suffer from one or another artifact or insufficient phylogenetic signal. Indeed,
molecular phylogeneticists are getting very good at deconstructing each other’s trees
by methodological arguments alone.

Gene content comparisons provide a different kind of evidence that LGT has occurred,
and they are often, in my view, more compelling in the logic of their conclusions. I will
focus on them here. One can often be quite certain that fully sequenced genome X has
gene A, while genome Y does not, and, using parsimony methods spelled out in the
next section, base inferences about transfer on such presence or absence information.
The most stunning and unexpected examples of this sort of pattern—which we can call
“patchy distribution”—have emerged as genomes of different “strains” of a single bac-
terial “species” have become available.

Patchy Distributions of Genes within Species

Most close comparative studies focus on pathogens and have been undertaken to iden-
tify specific genes involved in virulence or resistance. Pathogenicity-related genes are
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indeed found, but so are many more. Three sequenced strains of Escherichia coli, K12
(the harmless lab workhorse), O157:H7 (a killer, causing bloody diarrhea), and CFT073
(a urinary tract invader) share only 2,996 genes, 39.2% of the total number of different
genes found in all three.9 K12 has 778 and 1,099 genes not found in O157:H7 and CFT073,
respectively, O157H7 has 1,550 and 1,860 genes missing from K12 and CFT073, and
CFT073 has 1,827 and 1,816 genes absent from K12 and O157:H7. Some of these strain-
specific genes encode toxins or other obvious virulence determinants, and some derive
from phages or other mobile genetic elements, but a good portion has honest, everyday
functions.

These results are typical in intraspecific genomic studies of pathogens. Strains within
the same species (whether defined phenotypically or by the possession of SSU rRNA
sequences differing by less than 3%) can differ by up to 25% in the genes they contain.
Such differences can be assessed by direct sequencing, subtractive hybridization, or
microarray analysis and have lead to general acceptance of the “species genome” con-
cept of Lan and Reeves.10 A species genome consists of two components: a “core” of
genes present in all (or almost all) strains, which would be expected to be highly similar
in sequence and produce the same topology in phylogenetic reconstructions, and an
“auxiliary set,” comprising all genes that are found only in some strains, thus exhibit-
ing patchy distribution. Often there will be more genes in the latter component than the
former.

That such variation is characteristic of all prokaryotes, not just those hotly engaged
in mortal combat with the immune systems and pharmacopoeias of their hosts, is not
yet firmly established. However, our own subtractive hybridization experiments with
close relatives of the sequenced hyperthermophilic bacterium Thermotoga maritima11

indicate that, at least for this free-living extremeophilic species (with no known eukary-
otic hosts, prey, or enemies), intraspecific genomic variability is also the rule. Strains
we have assessed so far differ by up to 20% in gene content. The strain-specific genes
encode a full range of interesting activities, such as ATPases, rhamnose catabolism, and
teichoic acid synthesis. Subtractive hybridization recovers only fragments of genes, but
when these fragments are used to select lambda clones of unsequenced strains for se-
quencing, these larger inserts are seen often to carry entire gene clusters (often oper-
ons), whose status as LGTs is supported not only by a patchy strain-specific distribution
pattern but by phylogenetic trees showing alien origin.

Why Patchy Distributions Imply LGT

Patchy distribution patterns can be interpreted in two ways: as evidence for LGT or as
evidence for differential loss from a common ancestor. In figure 5.1A, the presence of
a gene G in taxon A that is absent from taxon B could reflect either loss of G from lin-
eage B since divergence from their shared extinct ancestor, X, or addition (by de novo
invention or LGT) to lineage A. If gene G is known from distant taxa (i.e., has signifi-
cant best BLAST hits to genes outside the A/B lineages), we can eliminate the de novo
invention explanation and need only decide between loss and LGT.

We still cannot make that decision, however, without knowledge about the state of
X (whether or not it had G). By examining an outgroup taxon, C, we can make an in-
formed guess about X and thus about loss or gain of G, using parsimony (figure 5.1B).
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Figure 5.1. Use of reasoning by parsimony to decide between loss and gain (by LGT or other
processes) of genes in genomes. (A) Either taxon A has gained gene G or taxon B has lost it. If
loss and gain are equally likely as events, we cannot tell which is the best explanation here with-
out some way of guessing whether extinct ancestor X had G. (B) Knowledge of the state of taxon
C will allow us to make this guess and to decide whether A has gained or B has lost. If C has G,
then one event of loss in the line leading to B from a G-containing X would explain the pattern
and is more parsimonious (requires fewer steps) than the minimum of two events that would be
required if X did not have G (e.g., one gain in the line leading to A from X and another some-
where in the ancestry of C). (C) The gain of G by A is the better explanation than the loss of it in
the eight lineages B-I diverging from X before A (eight steps), even though we would also here
require another event of gain to explain G’s presence in J (so two steps overall). If the two genes
G are clearly homologous, then gain by invention in lineage A (or J) and transfer to J (or A)
becomes the best overall explanation, barring other knowledge.



124 MICROBIAL PHYLOGENY AND EVOLUTION

If C has G, then G’s presence in X and loss from B requires one event and is to be pre-
ferred as an explanation to the alternative—independent gains in A and C (two events).
If C lacks G, then a single addition to A is a better explanation than two independent
losses (in lines B and C).

Of course the assumption, implicit here, that loss and LGT events are overall equally
frequent as processes, is just an assumption. By assigning different penalties to one ver-
sus the other, we can completely alter the outcomes of our analyses. However, there are
some overriding considerations that should guide us in our efforts to make sense of patchy
gene distributions and that indicate that equal frequency is not an absurd first assumption.

First, in many cases, the patchy pattern will look like that in figure 5.1C. Here, an
explanation for G’s presence in A involving only losses requires that G was retained at
each intermediate branching on the path from X to A, and then lost many times inde-
pendently in each of the lines diverging from it, while the gain explanation still needs
only a single event. No matter what the relative probabilities of individual losses and
gains, gain will sometimes be the clearly best explanation.

Second, although we have no global measures of relative rates of gene loss versus
gene gain (LGT plus invention) throughout the 4 billion years of prokaryote history, if
they were not in fact very nearly equal over most of that time, genomes would now be
enormous or would have disappeared. Life’s first efforts at genome construction no doubt
produced tiny assemblages of few genes, but even if we restrict ourselves to cells that
are modern in form and function (let’s say the last 2 billion years), this argument has
considerable force: Individual lineages can experience great losses or gains, but a glo-
bal steady state seems unavoidable.

Third, gain, of course, comprises two processes: LGT and “de novo invention,” which
must include both recruitment of noncoding sequences (to give “orphan genes”) and
the functional reassignment of duplicates of preexisting genes (generating paralogs). If
there were no de novo invention, the steady-state model would seem to demand that on
average 50% of the genes found in any strain A but not strain B were present in X, and
50% were added to A after its divergence from B. There is, of course, de novo inven-
tion, but the 50% rule should still generally apply to patchily distributed genes with
obvious homologs outside the A/B clade, as invented genes should be lineage specific.

Finally, each individual gene G whose patchy distribution is attributed to differen-
tial loss must be attributed to the genome of ancestor X. Although loss is no more oner-
ous than gain as an explanation of any single gene’s presence in one strain but not another,
its application in all such cases leads to a chain of postulated ancestors of ever-increasing
genome size.

Patchiness at Depth

Interstrain, intraspecies comparisons provide many of the most compelling cases of LGT.
Presence or absence of particular genes can usually be unambiguously scored, and often
genes that have been recently introduced will bear additional evidence of alien origin:
distinctive base composition or codon use, insertion near or in tRNA-encoding genes,
or inclusion within some more complex plasmid, prophage, conjugative transposon,
or integron-like genetic element. Nevertheless, there are many instances of genes and
suites of genes patchily distributed over much greater phylogenetic distances that can
also only be explained parsimoniously by LGT. For instance, Yan Boucher finds that
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all haloarchaea contain genes for a type I isopentenyl diphophate isomerase, as do many
bacteria, but no other archaea (Boucher and Doolittle, in preparation). It is more parsi-
monious to see this as a transfer from bacteria into an ancestor of the haloarchaea than
as multiple independent losses from all other archaea. Similarly, the discovery by DeLong
and collaborators12 of a deep clade of proteobacteria bearing homologs of rhodopsin
genes—light-sensitive proteins first extensively characterized among and thought to be
confined to haloarchaea—bespeaks LGT, although here one could argue about the di-
rection of transfer.

In my lab we have recently looked (bioinformatically) at the distribution among “phyla”
or “divisions” of bacteria of many of the major metabolic pathways or complex physiolo-
gies that have traditionally been used to define such prokaryotic groups, and that are in
most cases under multigene control—such fundamental features as respiration, photosyn-
thesis, and nitrogen fixation. These traits cannot in general be hung from the branches of
the SSU rRNA tree in such a way as to require only a single invention. Were we to redraw
the tree so as to group all phyla showing one feature (photosynthesis, say) into a single
clade, such a tree would not similarly simplify the evolutionary history of other traits. Again,
the absurdity of invoking a succession of ever more gene-rich ancestors rules out differ-
ential loss as a general explanation for patchy distribution. The attribution of all complex
traits (or individual genes) that are found in at least one bacterium and one archaean to the
last universal common ancestor (LUCA) would require that this cell employ almost all
modern biochemical reactions (methanogenesis and photosynthesis are, not all notable
exceptions) and have a genome larger than that of any modern prokaryote. I call this the
“genome of Eden” and consider it an unlikely model for LUCA.

Some have sought to avoid this unpleasant consequence (the giant LUCA) by assert-
ing that the last common ancestor was not a single cell, but a population of heterogeneous
primitive entities whose different genomes have contributed different genes to the mod-
ern global prokaryotic complement. However, there is no way in which different genes
that were present in different genomes in the past can be brought together into common
genomes now—and even less be patchily distributed among them—that is not formally
equivalent to LGT. Indeed, I too think that “LUCA was a population,” but I argue that this
in fact means that there actually was no LUCA. Instead, we can imagine life’s gradual
transition from a population of “monogenic” RNAs in the “RNA world,” to a population
of multigenic genomes in some precellular early DNA/protein world, to a population of
real cells ancestral to the modern prokaryotic world, with gene (or informational sequence
exchange) playing a vital role at each stage. To be sure, we can infer that any gene family
represented in modern genomes ultimately derives from a single ancestral gene in a single
ancestral genome in a single ancient cell, but the ancestors of different gene families trace
to different genomes in different cells at different times in the past, just as most genes in
the human population have different coalescents at different times (and in different indi-
viduals) in our human (or primate) ancestry.

Issues Around the Idea of the “Core”

I suspect that most comparative microbial genomicists now accept a model for the typical
prokaryotic genome that looks something like figure 5.2. The “shell” comprises all those
genes in the genome that are so frequently exchanged as to be patchily distributed even
among other strains of the same “species.” Each individual genome’s shell will, of course,
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encompass only a fraction of the exchangeable genes available to the species in this way.
I have divided the “core” itself up into a “soft” part, which would include all genes com-
mon to strains within the species (only decreasing subsets of which would be common to
all species of the genus, phylum or domain), and a “hard” part. This latter comprises those
(as it turns out surprisingly few) genes found in all prokaryotic genomes. Genes of the
soft core will themselves be patchily distributed when groups more inclusive than species
are the focus, and included among them will be many of fundamental physiological im-
portance: genes for photosynthesis and respiration, for instance, as we noted above.

We might imagine that we could come up with meaningful phylogenies by ignoring
the patchily distributed genes and using standard phylogenetic reconstruction methods
with whatever “core” of genes is shared by the genomes whose evolutionary relation-
ships we wish to know (the soft core for intraspecies phylogenies and the hard core for
the universal tree, at the extremes). At the strains-within-a-species level, information
exchange by homologous recombination means that we will in fact often get different
phylogenies for different genes, however. Recent MLST (multilocus sequence typing)
studies on many bacteria (mostly pathogens) produce a weblike pattern of incongruent
trees, just as we might observe for different loci within the human population.13 Indeed,
Dykhuizen and Green noted some time ago14 that the observation of such a pattern is
essential for any claim that bacteria ever conform to the reigning “Biological Species
Concept” championed by Ernst Mayr.

Homologous recombination falls off dramatically with sequence difference,15 how-
ever, so trees for genes shared among different designated “species” of enterics (or simi-
larly closely related bacteria) often do show congruence, consistent with the notion that
these shared genes comprise a conserved (always present) and stable (not exchange-

Figure 5.2. The current consensus. A
typical prokaryote genome has a shell (up

to 30% of its genes) made up of genes
that are quickly gained or lost and are

patchily distributed among strains of its
“species.” It also has a “hard” core of

genes shared with (common to) all
prokaryotes, although this may be very

small and include only a few genes useful
for phylogeny. For some of us, “few”
includes “none.” Most of a genome’s

genes will be in the “soft” core, compris-
ing genes that are patchily distributed

among phyla (some have them, some do
not). According to the arguments

presented here, these also have a history
of exchange, although often this will be

hard to confirm or refute, because of
weak phylogenetic signal.
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able) core. However, it remains unclear what happens when we dig deeper in the past,
because not only does the core of genes held in common get smaller but phylogenetic
signals within those fewer genes gets weaker. Much of the current debate about gene
transfer and its meaning for any deep or universal phylogeny now focuses, quite prop-
erly, on the hard core: How big is it and how stable? How come it exists (if it does), and
what is its value for reconstructing any universal tree?

How Big?

Any attempt to count or identify the genes shared as orthologs by any pair or larger
collection of genomes must face the problems of recognizing and defining shared
othologs, problems that only get worse as the genomes compared get farther and farther
apart (by whatever measure of evolutionary distance). Surprisingly, though, most
attempts to identify and enumerate genes shared by all prokaryotes come up with some-
thing in the range of fifty to 100 genes, at least half encoding components of the trans-
lation systems (especially ribosomal proteins). This is, of course, not enough genes to
run a cell with. Potential artifacts of analysis can only partially explain the surprising
result (R.L. Charlebois and W.F. Doolittle, in preparation).

BLAST sequence similarity homology searches will miss remote homologs, and some
of the strategies designed to avoid double-counting of paralogs are probably too con-
servative, but even when BLAST cutoff requirements are loosened or the presence of
genes is scored by searching for shared gene designations in annotated genomes, the
number of universally shared genes does not rise much above 100.

Highly reduced genomes of intracellular symbionts and pathogens might skew the
result, but when genomes of less than 1,000 or even 1,500 ORFs (open reading frames)
are discounted, the number of shared genes still remains small. Indeed, if we look at the
average numbers of genes shared in all possible comparisons between one, two, three
or more (up to twelve) genomes taken one from each of the twelve sequence-endowed
bacterial phyla, the number still soon levels off to something like 150 (R.L. Charlebois
and W.F. Doolittle, in preparation).

Thus, the smallness of the core seems to have some biological meaning, and the most
likely meaning is that, indeed, only 100 or so genes, central to transcription and trans-
lation, comprise the prokaryotic core. DNA replication, equally essential and founda-
tional, is in fact differently conducted in Bacteria and Archaea, and almost everything
else—catabolism of substrates, synthesis of building blocks, cell structure, and “behav-
ior”—is under the control of exchangeable genes that have been chosen in a mix-and-
match fashion from a generally available pan-prokaryotic gene pool during the assembly
of bacterial and archaeal genomes.

How Stable?

The next thing we might want to know about the core, whatever its size, is whether the
genes making it up have always been together (have the same phylogeny), or whether
they too have experienced exchange. Such exchange would have to be of the type often
called “orthologous replacement”—substitution of a resident version of gene by a
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functionally identical (or functionally very similar) copy from outside—and presumably
would most often be driven by some selective advantage. The foreign gene might make a
product that is more resistant to an antibiotic, for instance, or that functions better under
environmental conditions at the edge of the species’ adaptive range or more efficiently ex-
ploits a newly available resource. The literature provides many examples of such events,16,17

even involving key components of the transcription and translation machinery.
To assess the overall extent to which this process affects core genes, it is necessary

to reconstruct all their phylogenetic trees and to ask whether they are congruent. Usu-
ally, this has been done by analyzing all the unambiguously alignable genes shared by
a quartet or quintet of genomes belonging to some supposedly monophyletic group (spe-
cies, genus, phylum, or domain). With four taxa, there are three possible tree topolo-
gies, and with five there are fifteen: The task reduces to determining how many genes
favor each of the possible phylogenies. We constructed trees for about half the 543 genes
common to four sequenced euryarchaeotes,18 and Raymond et al.19 looked at 200 or so
genes shared by five lineages of photosynthetic bacteria (in five different “phyla”). In
both cases, all three (or fifteen) possible trees were favored by a substantial number of
genes, as if orthologous replacement were the rule rather than the exception, at these
moderate phylogenetic depths.

There is some dispute about the robustness of trees involving so few taxa, and a
conundrum at the heart of such analyses. When a four-taxon study includes two reason-
ably close relatives (two cyanobacteria, say, and an archaean and Bacillus), then only
transfers from one of the disparate lineages into one of the paired lineages that oc-
curred since its divergence from the other will actually alter tree topology. Such events
should give robust signals, but one would not expect so many of them, and we would
clearly not detect many real transfers. When the four (or five) taxa are more equally
distant, the net is cast much wider, but because the inner branches of the tree are short,
topologies will more often disagree artifactually: The phylogenetic signal is too weak.
Indeed, we have known for some time that different mitochondrial genes will give
different mitochondrial phylogenies, and yet we believe this reflects noise, not con-
flicting signal.

In all published attempts to examine the topology of trees for the hundred or fewer
genes shared by all prokaryotes, lack of robust phylogenetic signal—coupled with strong
evidence for LGT for some genes—has been the major finding.20–22 On the assumption
that the core genes that do not show evidence of LGT nevertheless do have the same
phylogenetic history, several investigators have used concatenated sequences of these
supposedly faithful genes to make trees, and principal component analysis as a way to
assess underlying congruence.21–23 It is difficult to evaluate these results and their mean-
ing for universal genome phylogeny when the final concatenates, in fact, involve as few
as 1% of any genome’s genes.

Recently, Vincent Daubin, Nancy Moran, and Howard Ochman have launched vigor-
ous attacks on claims (especially those of Raymond et al.19) for extensive orthologous
replacements within the core, claiming that most incongruence reflects noise, not con-
flicting signal.24,25 They show that, indeed, there is little robust evidence for rampant
orthologous replacement at the species-in-a-genus level, but even LGT’s most ardent
supporters had not claimed this. In their deeper analyses (the g-proteobacterial core), these
authors seem to operate from the assumption that if a gene’s phylogeny does not signifi-
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cantly conflict with that of the core’s concatenate, then there has been no LGT. There is
little phylogenetic signal for most genes at this depth, however, and to require robust sig-
nals for transfer against a null hypothesis of vertical descent is to bias the result.

Absence of evidence is, of course, not evidence of absence. There may be a real catch-
22 in assessing how much LGT as orthologous replacement afflicts the core at depth,
but given that we know that orthologous replacement can happen and that rampant LGT
drives genome (gene content) evolution at the strain-in-a-species level, there is no jus-
tification in retaining vertical descent as the null hypothesis and requiring stronger proof
for LGT. Rather (at least with greater fairness), we might recast the notion of the exis-
tence of a stable core as a hypothesis that needs to be tested, not a truth that needs fur-
ther elaboration. If the hypothesis is that there is a cadre of genes that have never been
exchanged (and that thus track organismal phylogeny), and the test of it requires that
there indeed be such universally shared genes that show the same phylogeny, then this
hypothesis has yet to be proven.

How Come?

Still, there could be a core, and if some more sophisticated analysis shows in the fu-
ture that some fifty plus mostly translational genes do track the same 4-billion-year
evolutionary path, we would have to ask why they do that. The standard answer fol-
lows the lines of what Lake and colleagues call “the complexity hypothesis.”26 The
translational machinery is so complex and its function so tightly scrutinized by natu-
ral selection that its individual components (ribosomal proteins and certainly riboso-
mal RNAs) cannot function in foreign cytoplasmic contexts, where all the coevolved
molecular interactions would be differently evolved. Perhaps this is so, but the argu-
ment might also be turned on its head. Ribosomal RNAs, for instance, are so con-
strained by interaction with so many components that the only parts that change
(coincidentally, the parts on which SSU phylogeny is based) are those that do not
interact at all. The core of the machinery is generic, and indeed, functioning ribosomes
can be constructed of quite heterologous components.27 In addition, many of the trans-
lational components of the core are encoded by genes comprising clusters whose pres-
ence and structure is conserved (quite remarkably) across all the prokaryotes. One
might suggest, only half facetiously, that the (still to be demonstrated) congruence of
their phylogenies does not mean that they have never been transferred but, radically
otherwise, that they have always been transferred together.

So What?

Current thinking about LGT and its implications for phylogeny makes up four schools,
all of which do admit the evolutionary importance of the process. True conservatives,
like C.G. Kurland,28 seem to hold that, in spite of the qualitatively vital role of LGT,
most genes in most genomes are pretty well behaved, with phylogenies congruent to
that of SSU rRNA. For them, much of the “soft core” of figure 5.2 is actually quite
firm.
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Core supporters, like Herve Phillipe,22 or Daubin, Moran and Ochman,24,25 believe
that there is a subset of (mostly “informational”) genes that share the same phylogeny.
Even though this may indeed be a very small subset (<10% of a genome) with a history
that is very hard to reconstruct (because of weak signal), the core phylogeny should be
that of the cellular lineages that have carried it over more than 3.5 billion years.

“Ship of Theseus” phylogeneticists, like Gary Olsen29 accept that lateral transfer
may be so frequent that no two genes in the same genome have remained together for
all time. (Note, this does not require that the frequency of interspecies exchange be
any greater than one LGT per gene per 1010–12 generations.) Still, they would argue
that because few genes are exchanged in any one event, and most exchanges are over
short “phylogenetic distances,” various standard and new (gene-content-based) phy-
logenetic methods have a real chance to reconstruct the organismal Tree of Life. I
name this view after the philosophical puzzle of the “Ship of Theseus,” whose planks
were replaced, one by one, as they rotted. The conundrum is this: after all the planks
are renewed, is it still the same ship? If not, how many planks must be replaced be-
fore its identity is lost? What if all the planks, not yet fully rotten, are used one by one
to build an isomorphic ship, further along the shore—which is Theseus’ ship then?
Philosophers, I believe, have not solved this problem, so Olsen’s option,29 to call such
an ephemeral structure the Tree of Life, is perfectly defensible, although the belief
that various methods now used do in fact recover its structure still needs support in
theory stronger that the complexity hypothesis, and in evidence stronger than the
concatenated trees we have so far seen.

The fourth group, which includes Jeff Lawrence, Peter Gogarten, and myself30 (and
many of our students) are what Ragan and Charlebois31 have called “enthusiastic lateral-
ists.” We claim that there are no data to contradict the possibility that every gene we
find in any genome today has experienced at least one between-species LGT in the
3–4 billion years since life began. To be sure, the major phyla or divisions of Bacteria
and Archaea (and these domains themselves) are recreated in phylogenies of many genes,
but if these phyla are themselves maintained cohesively by preferential within-phylum
LGT (just as animal species are maintained cohesively by virtue of sharing genes through
recombination within but not between species), then there is no evidence for deep phy-
logenetic signal, and the fact that most deep bacterial phylogenies resemble “stars” or
“bushes” reflects this lack of signal (not some early adaptive radiation). We propose
this new model not because we believe that all (or even most) of the data support it un-
ambiguously, but because we believe that no data so far can distinguish between it and
the traditional view of the meaning of the universal SSU rRNA–based Tree of Life. We
would argue that any “Ship of Theseus” phylogeny is not unambiguously constructable,
and is so far from the original conceptual understanding of the Tree of Life as to require
a radical reworking of this understanding, not some subtle terminological negotiation.

Tree of Organisms, Web of Genomes

There probably really is (or was) a Tree of Life, if we mean by that a bifurcating branching
pattern tracking every speciation event (for sexual organisms) or organismal replica-
tion (for asexual ones). If we had a continuous videotape of all such events in the last
4 billion years, we could reconstruct this tree (various heterologous cell fusions and spe-
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cies’ hybridizations aside) in an unambiguous fashion. At least at levels higher than
species, this reconstruction should yield a unique pattern of relationships between or-
ganisms (fig. 5.3A). We do not have such a video, however; all we have are genome
sequences, and LGT means that there is no unique pattern of relationships between ge-
nomes (fig. 5.3B). Perhaps there is a plurality (most favored) pattern, or one tracked by
several genes that we consider important, but this has yet to be proven. In any case,
there is no compelling reason why this plurality pattern needs to correspond, by any
simple mapping, to the tree of speciations and cell divisions. We cannot infer a unique
tree of organisms from the pattern of relationships among genomes without making
further assumptions about evolutionary processes that are just that: still-unproven as-
sumptions. We have, for several decades, thought that our job was to uncover the struc-
ture of a Tree of Life, whose reality we need not question. But really, what we have
been doing is testing Darwin’s hypothesis that a tree is the appropriate representation
of life’s history, back to the beginning. Like any hypothesis, it could be false.
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Figure 5.3. The Tree of
Organisms and the Web of
Genomes. (A) Almost everyone
believes that life is fundamen-
tally a bifurcating tree, although
where sex is obligatory, it is
populations that bifurcate, not
lineages of replicating cells. This
pattern is the Tree of Life, and it
is unique. (B) Here we argue that
because of LGT, there is no
unique treelike pattern by which
we can relate genomes, only a
complex web. Genes within
genomes (black and dotted lines)
can be said to evolve in a treelike
way, but without further
unproven assumptions, we have
no way of mapping the web of
(B) to the tree of (A).
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6

Woe Is the Tree of Life

WILLIAM MARTIN

In an ideal scientific world, where everything is simple and straightforward, the analy-
sis of genome sequences would have fully uncovered the basic backbone of life’s his-
tory by now. As it stands, however, the only thing that is certain about microbial genome
sequencing is that it can be done. Many biologists imagined that a golden age of mo-
lecular evolution would emerge from genomics—an era of genome phylogenies in which
the position of all organisms great and small was fully resolved in a unified tree of evo-
lutionary history. In a perfect world, the genes of all genomes would be related by one
and the same bifurcating process, and combining all these genes into one grand align-
ment would produce the ultimate tree, biology’s key to the past, a genome-enabled-time
machine. That tree would have resolved all the branches and issues about which evolu-
tionary biologists and systematists had ever quibbled. It would have put all organisms
with a sequenced genome in their proper place in the larger scheme of things and would
have allowed biologists to go about the enjoyable business of mapping out the evolu-
tion of morphological and biochemical characters among those lineages.

But genomes have not uncovered a perfect world. They have uncovered abundant
evidence for lateral gene transfer (LGT) among prokaryotes, and they have uncovered
abundant evidence for chimaerism in eukaryotes.1–3 Eukaryotes possess a mixture of
genes, some of which clearly reflect a eubacterial ancestry, and some of which clearly
reflect an archaebacterial ancestry. Various eubacteria and archaebacteria also possess
mixtures of genes that they have acquired and passed on both to their progeny and to
various casual acquaintances from distant prokaryotic taxa via horizontal gene transfer.
All genomes studied to date also contain many genes that lack easily identifiable homo-
logues among other lineages; these might be lineage-specific gene inventions, fast-
evolving genes that have simply lost the trace of their origin, or both.

134
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Putting specific numbers on the amount of LGT that has occurred in the evolution of
individual prokarytic genomes is no easy matter. Case studies indicate that the fraction
of horizontally transferred genes in genomes is substantial, with estimates reaching up
to 30% in some cases, or even more.1–7 At the same time, phylogeneticists are warning
that many claims for horizontal gene transfer may largely reflect our inability to prop-
erly reconstruct the evolution of genes, our poor sampling of critical lineages, or both.1–10

Notwithstanding the difficulties of properly quantifying it, LGT does exist.
Although LGT does not dash all hopes of piecing together life’s early history, it does

make the puzzle of cell evolution much more difficult to reconstruct from the stand-
point of genomes, but that is not completely bad news. It is good news for biologists,
because it makes it all the more important to look for independent evidence for life’s
history; for example, in the geological record in the form of fossils or isotopic evidence.
Among the eukaryotes, it also prompts the search to identify major events in cell and
biochemical evolution that can help to define assemblages of related cell lineages (and
their ancestor cell lineages).

What is Wrong with the Ribosomal RNA Tree?

Those interested in microbial evolution would like to link up various kinds of mutually
consistent evidence for early cell history in such a way as to present a general sche-
matic view of life’s microbial history. Many biologists think that trees of small subunit
ribosomal RNA (rRNA), which are sometimes called the tree of life (sometimes even
called the “Tree of Life,” capitalized as if it warrants religious reverence) already do
provide a general schematic view of life’s unicellular history, but the rRNA tree, in
whatever form, is a result produced by one or the other tree-building algorithm as pro-
grammed into a computer, and as such, it is just as error prone as every other gene tree.
Some scientists, however, see that matter differently. Woese, for example, states, “The
universal phylogenetic tree based on rRNA is a valid representation of organismal ge-
nealogy. But it is unlike any other phylogenetic tree” (p. 8395).11 That view implies that
there is something special about the rRNA tree that lends it some kind of infallability,
as suggested eleswhere: “The universal phylogenetic tree in one sense brought classi-
cal evolution to culmination” (p. 8742).12 However, some biologists are unconvinced
that the rRNA tree culminates classical evolution. Until methods of phylogenetic infer-
ence and our understanding of gene evolution become perfect, which is very unlikely
ever to occur, there is no cause to regard the rRNA tree as either “valid” or “unlike any
other tree.” The rRNA tree depicts, within its limits of resolution, the evolution of only
one gene, and it therefore cannot depict the evolution of whole genomes, with genes
coming and going via LGT and cell lineages merging via endosymbiosis.

In particular, because the rRNA tree is a strictly bifurcating one, there is no way that
it can depict the evolution of eukaryotes in the overall scheme of things properly. This
is because the evolution of eukaryotes entails the symbiotic origins of mitochondria and
of plastids. In endosymbiosis, two distinct branches in the tree of cell lineages unite into
a fundamentally novel, bipartite, and internally compartmentalized cell lineage. Endo-
symbiosis involves the origin of novel taxa at higher level via the combinatorial union
of cell lineages. Many biologists still have problems with this fact, because it is extremely
non-Darwinian.
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Nothing could possibly be less Darwinian than creating novel taxa at higher levels
by combining two different and highly divergent cells into one. Darwin discovered the
most important principles of evolution as it occurs in organisms visible to the naked
eye, natural variation among offspring to generate diversity and natural selection to prune
among variants and to shape that diversity over time, but during the endosymbiotic
origins of chloroplasts and mitochondria, one full-fledged (unicellular) organism got
inside the cytoplasm of another one, thereby giving rise to a fundamentally new kind of
organism that previously did not exist. The product of endosymbiosis is a viable bitartite
cell that gives rise to progeny and that some time after the merger returns to a standard
fundamental mode of Darwinian evolution via natural variation and natural selection.
The compartmentation of two divergent and initially autonomously replicating genomes
that arises at the onset of endosymbiosis (the genome of the symbiont and the genome
of the host) gives rise to a new mechanism of natural variation that does not exist in
organisms that lack an endosymbiont: Gene transfers from the chromosomes of the
endosymbiont to those of the host result in the amalgamation of two genetic systems
into a new, highly chimeric, and compartmentalized genetic entity.

Because mitochondria and chloroplasts arose from free-living eubacteria, they each
brought along a full genome’s worth of prokaryotic gene diversity to their host. As
long as there was more than one endosymbiont per cell during the initial stages of
these symbioses, occasional lysis of an endosymbiont would have released a full
eubacterial genome’s worth of genes into the cytosol of their host, ready for (illegiti-
mate) recombination with the host’s chromosomes, thereby providing a rich and vir-
tually inexhaustible source of genetic starting material that nonsymbiogenic organisms
do not possess. Furthermore, before the invention of a protein import apparatus for
mitochondria and chloroplasts, respectively, gene transfers from organelles to their
host simply increased the genetic variability of the host without deterring from the
genetic autonomy of the organelle. In this way, endosymbiosis (more specifically,
endosymbiotic gene transfer1) affords a specific and powerful mechanism of natural
variation that spawns unique opportunities for the invention of biological novelty
among unicellular organisms.

Endosymbiosis is rare, but very real, in eukaryotic evolution. The origin of chloro-
plasts from cyanobacteria more than 1.2 billion years ago founded the lineages that
contain all plants and algae. It also appears that the origin of mitochondria founded the
eukaryotic lineage that we know today, because all major lineages of eukaryotes have
now been found to contain a mitochondrion of some sort.10 Those two events—the ori-
gin of mitochondria and that of chloroplasts—are, from the standpoint of endosymbi-
otic theory, the mechanistic basis for the differences that distinguish eukaryotes from
prokaryotes.

It is a very unfortunate circumstance for evolutionary biology that Darwin did not
discover the principle of endosymbiosis (Constantin Mereschkowsky did13). Had Dar-
win discovered it, endosymbiosis would have a normal status in evolutionary thinking,
which it does not. As Woese put it: “Because endosymbiosis has given rise to the chlo-
roplast and mitochondrion, what else could it have done in the more remote past? Biolo-
gists have long toyed with an endosymbiotic (or cellular fusion) origin for the eukaryotic
nucleus, and even for the entire eukaryotic cell” (p. 8742).12 Biologists have also long
toyed with the idea that the rRNA tree is a valid representation of organismal geneal-
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ogy and is unlike any other tree. Endosymbiosis is a thorn in the side of systematists
who wish to put all organisms onto their proper branch in a unified, bifurcating tree (of
life), because on a time line or on a tree, endosymbiosis is bifurcation backwards, and
endosymbiosis is real.

LGT (which Darwin also did not discover, because he had no mechanisms for natu-
ral variation—he just observed that natural variation exists) poses much the same sort
of a problem as endosymbiosis, but differs in the details. In endosymbiosis, two branches
of a bifurcating tree unite outright into a new, more complex lineage. In LGT, little
pieces of one lineage hop across lineage boundaries and take up residence in a new lin-
eage. In contrast to endosymbiosis, which is unspeakably rare (it apparently happened
only twice involving prokaryotes in the last 4 billion years), LGT is very common among
prokaryotes (it happens all the time).

The point here is that the two processes that foul up things for the tree of life the
most are non-Darwinian processes: endosymbiosis and LGT. They are non-Darwinian
for the simple reason that Darwin did not discover them, probably because technology
was not ripe and because he was not so interested in microbes. Darwin did not envisage
lineages of highly distinct cells entering into a situation where one cell lived stably within
another highly disparate one, thereby giving rise to novel taxa at higher levels via lin-
eage combination (endosymbiosis). Nor did he envisage a mode of evolution in which
natural variation includes the donation of natural variation from one lineage to a differ-
ent, distantly related one (LGT). Nonetheless, today we have a widely (but not univer-
sally) accepted classification scheme for unicellular organisms, which are placed into
three domains as defined by their ribosomal RNA sequences. Note that because of the
way that prokaryotic taxa are currently defined under rRNA systematics, any gene linked
to an a-proteobacterial rRNA sequence is, by definition, an a-proteobacterial gene.
Therfore, until we have sequenced all a-proteobacterial genomes, we will not know which
genes are a-proteobacterial. This is important when it comes to identifying genes of
a-proteobacterial origin in eukaryotic genomes.

By no means do I question the fundamental utility of rRNA sequences as a taxonomic
character, but the dogma of the rRNA tree has reached a point at which its proponents
either no longer see a need to put species names among the eukaryotic lineages,11,12 lest
their position in the tree be known to be incorrect on the basis of other data, with the
microsporidia being the prime example,10 or deny any biological relevance of LGT
among prokaryotes14 in the face of evidence that tells us otherwise.1

The classification scheme of cells that is manifest in the rRNA tree will be unaffected
by this chapter, but biologists who take endosymbiosis in cell evolution seriously can-
not work within the framework of the (strictly bifurcating) rRNA tree. Thus, it seems to
me that there is a schisma abrew in cell evolution, with the rRNA tree and proponents
of its infallibility on the one side and other forms of evidence, proponents of LGT, or
proponents of a symbiogenetic origin of eukaryotes on the other. The former camp is
well organized behind a unified view (be it right or be it wrong, still a view) and is ar-
guing that we already have the answers to microbial evolution. The latter camp is not
organized into castes of recognized leadership and followers, meaning that (if we are
lucky) concepts and their merits, not position or power, will determine the outcome of
the battle as to what ideas might or might not be worthwhile entertaining as a working
hypothesis for the purpose of further scientific endeavour.
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What Sorts of Evidence Are There
Besides the rRNA Tree?

The geochemical evidence for life’s early history is all too often overlooked by gene
tree specialists, and the rRNA tree does not, by itself, yield any direct insight into bio-
chemical evolution, but there is abundant evidence in the geochemical record for early
evolution.15 The Earth is 4.5 billion years old, and the ocean had condensed by ~4.4 Ga
(billion years before present).16 Life arose on Earth by ~3.8 Ga, because carbon isotope
data provide evidence for biological CO2-fixation in sedimentary rocks of that age.17–19

Recent criticism has been launched at some of the carbon isotope data from sediments
at 3.8 Ga,20 but microprobe studies of those materials are still accepted as indicating
biological CO2 fixation at 3.8 Ga.15,19 Microbial communities at hydrothermal vents
existed by at least 3.2 Ga.21

By about 2.7 Ga, prokaryotic communities were beginning to look very similar to
many modern prokaryotic communities in terms of carbon and sulfur cycles.17,21–24 This
includes the isotopic trace of methanogenesis and methanotrophy by 2.7 Ga, indicating
that both methanogens (archaebacteria) and methanotrophs (a-proteobacteria, but pos-
sibly also including other groups) were present at that time.24,25 Stromatolites, which
are preserved microbial mats deposited by photosynthetic prokaryotes, were present as
early as 3.5 Ga and have a more or less continuous record to the present.26

Such evidence indicates that most of the biochemical pathways that drive modern
prokaryotic carbon, sulfur, and nitrogen cycles were in place by as early as 3.5 Ga, and
by 2.7 Ga at the latest.17,24 Accordingly, it seems reasonable to assume that major lin-
eages of eubacteria and archaebacteria were present and well diversified by that time.

The Earth’s early atmosphere contained either no O2 at all or only very minor trace
amounts. Today’s O2 stems from oxygenic photosynthesis in cyanobacteria and plas-
tids.27 The time at which O2 production in the oceans began—that is, the time of the
origin of oxygenic photosynthesis—is uncertain. The abundance of ultralight organic
carbon bearing the isotope signature of methanotrophy (an oxygen-dependent pathway
in eubacteria) and the study of microbial communities strongly indicates that oxygen
was available at least as early as 2.7 Ga,28 consistent with evidence from cyanobacterial
biomarkers at 2.7 Ga.29 Evidence from carbon cycles indicates that global oxygen pro-
duction has been constant within an order of magnitude over the last 3.5 Ga.17 Overall,
it seems safe to surmise that oxygen production in the oceans (and hence the origin of
cyanobacteria) occurred at least by 2.7 and possibly as early as 3.5 Ga. It also seems
safe to assume that as soon as oxygen was available in the oceans, prokaryotes immedi-
ately discovered ways to use its power as an electron acceptor.

Various lines of geochemical evidence indicate that oxygen did not start accumulat-
ing in the atmosphere until about 2 billion years ago, at which point atmospheric O2

rose sharply from <1% of present atmospheric levels (PAL) to about 15% PAL during
a small window of time from 2.2 to 2.1 Ga.17,30–33 The sulfur isotope record and carbon
deposition rates indicate that a second sharp rise in atmospheric O2 approaching present
levels occurred around ~0.6 Ga,34 but during the time from 2.2 to ~0.6 Ga, when atmo-
spheric oxygen levels were about 15% PAL, deep ocean water was, according to newer
findings, still anoxic and furthermore highly sulfidic.35,36 That is, it contained no oxygen
and high levels of sulfide as HS–/H2S. The evidence for this stems from stable sulfur
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isotope studies that reveal high activities of marine biological sulfate reduction, which
produces sulfide, during that time.36

Taken together, that evidence indicates that cyanobacteria existed by at least 2.7 Ga;
that there was little oxygen in the atmosphere or ocean before 2.2 Ga; that between 2.1
Ga and 0.6 Ga there was roughly 15% PAL O2 in the atmosphere but none in deep ocean
water, which was furthermore rich in sulfide; and that at ~0.6 Ga O2 levels in the atmo-
sphere and deep ocean water approached present levels. That means that the eukaryotic
lineage, which arose well before 0.6 Ga, underwent the brunt of its diversification in a
largely anoxic and sulfidic world.

Eukaryotes Are Younger than Prokaryotes

There is no consensus among biologists concerning the position of the eukaryotes in
the overall scheme of cell evolution.1 Current opinions on the origin and position of
eukaryotes span a broad spectrum including the views that eukaryotes arose first in
evolution and that prokaryotes descend from them,37 that eukaryotes arose contempo-
raneously with eubacteria and archaebacteria and hence represent a primary line of
descent of equal age and rank as the prokaryotes,12 that eukaryotes arose through a sym-
biotic event entailing an endosymbiotic origin of the nucleus,38–41 that eukaryotes arose
without endosymbiosis,42 and that eukaryotes arose through a symbiotic event entail-
ing a simultaneous endosymbiotic origin of the flagellum and the nucleus,43 in addition
to many other models, which have been reviewed and summarized elsewhere.44

Under the view of autotrophic origins of life, the heterotrophic lifestyle of microbes
had to arise later than the autotrophic lifestyle, because without preexisting autotrophs
to produce ample reduced organic compounds, heterotrophs cannot survive.45–50 All
eukaryotes are ancestrally heterotrophs, they gain their energy through the oxidative
breakdown of reduced carbon compounds (e.g., carbohydrates) that they obtain from
the environment. Thus, under any scheme of cell evolution embracing autotrophic ori-
gins, eukaryotes have to postdate prokaryotes in origin,47,50 but postdate by how much?
If prokaryotes arose by at least 3.5 Ga, then what does the geological record say about
the age of eukaryotes?

By about 1.5 Ga, acritarchs, fossil unicellular organisms that are almost certainly
eukaryotes51 and probably algae by virtue of an easily preserved cell wall, become rea-
sonably abundant. By 1.2 Ga, very well preserved multicellular red algae appear.52

Evidence of this type is accepted by palaeontologists15 as indicating that eukaryotes are
at least 1.5 billion years old and that the diversification of the red algal lineage (which
is not the most ancient lineage of algae) into multicellular forms occurred at least 1.2
billion years ago.

There have been reports of more ancient remains claimed to be eukaryotes, but they
are often viewed with skepticism.42,47 For example, the filamentous fossil Grypania oc-
curs at 2.1 Ga,53 but it could just as easily be a filamentous prokaryote as a filamentous
eukaryote, because the cellular structure of the material is not preserved. This is in con-
trast to Bangiomorpha at 1.2 Ga,52 the large-celled, truly multicellular structure of which
is strikingly preserved. Steranes were recently found in 2.7-Ga sediments, and it was
claimed that these biomarkers provide evidence for the existence of eukaryotes at that
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time,54 but several groups of prokaryotes including methanotrophic a-proteobacteria,55

myxobacteria,56 and cyanobacteria,57 which make the same kinds of compounds (e.g.,
cholesterol), claimed to be eukaryote-specific, such that the sterane evidence appears to
document biochemically diverse prokaryotes, rather than the existence of eukaryotes.

Thus, there is convincing evidence that eukaryotes (probably algae) were in exis-
tence by 1.5 Ga and that multicellular red algae existed by 1.2 Ga. Because the origin of
algae entails the origin of plastids from cyanobacteria, and because the host that acquired
plastids possessed mitochondria, the origin of mitochondria should be sought well be-
fore 1.2 Ga and somewhere before 1.5 Ga.

Origins of Mitochondria and Eukaryotes
in Anaerobic Times

The evidence summarized above indicates that deep ocean water was anoxic and sulfidic
up until about 0.6 Ga and that the origin of mitochondria dates back to at least 1.5 Ga.
Therefore, mitochondria must have arisen in a global setting in which marine oxygen
levels were extremely low and sulfide levels were high. Furthermore, the first ~1 bil-
lion years (at least) of eukaryote diversification occurred in a marine environment marked
by low oxygen, widespread anoxia, and high sulfide. It is, therefore, not surprising that
many eukaryotes still thrive today in anaerobic environments, some of which, such as
marine sediments, are also sulfide rich.58,59 On the basis of their ATP-synthesizing path-
ways, modern anaerobic eukaryotes can be divided into three unnatural groups: those
that possess anaerobically functioning mitochondria,60 the so-called type II eukaryotes
that synthesize ATP in hydrogenosomes, and the so-called type I eukaryotes that pos-
sess neither typical mitochondria nor hydrogenosomes and that synthesize all of their
ATP in the cytosol.61–63

It was once thought that parasitic eukaryotes such as the microsporidians64 or type I
eukaryotes such as the diplomonad Giardia lamblia,65 which gain ATP without the help
of mitochondria or hydrogenosomes, might be the most ancient among contemporary
groups and that they might have never possessed a mitochondrion at all, but starting
about 1995, numerous studies revealed eukaryotes that lack mitochondria to have pos-
sessed a mitochondrion in their evolutionary past,66–68 or even to still possess a long-
overlooked, highly reduced remnant mitochondrion with no apparent function in ATP
synthesis called a mitosome.69,70 Accordingly, it seems that mitochondria are as ancient
as eukaryotes themselves and that the loss of mitochondria has occurred many times
independently in various eukaryotic lineages.10,63,66–70 Hydrogenosomes (the double-
membrane bounded, H2-producing, and ATP-producing organelles of various anaero-
bic eukaryotes10,44,58,61,71,72) figure prominently in understanding early eukaryotic history.
Hydrogenosomes are specifically suited to eukaryotic life in anaerobic environments,
and they harbor many O2-sensitive enzymes such as pyruvate:ferredoxin oxidoreduc-
tase, [Fe]-hydrogenase, and pyruvate-formate lyase.10,71–75 Hydrogenosomes occur in
at least four highly disparate groups of eukaryotes—trichomonads, ciliates, amoebo-
flagellates, and chytridiomycete fungi58—and are now known to be anaerobic forms of
mitochondria.10,44,58,66 The evolutionary significance of hydrogenosomes is evident: They
bridge the gap between ATP synthesis in aerobic and anaerobic eukaryotes, because
they contain enzymes common both to mitochondria and to cytosolic ATP synthesis in
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type I eukaryotes.62,63 Hydrogenosomes forge a biochemical link between the largely
anaerobic ancient phases of eukaryotic history and the more recent past (the last 600
million years), during which time aerobic niches have become more widespread and
anaerobic environments (e.g., sediments) have become more restricted. A model that
specifically accounts for the common origin of mitochondria and hydrogenosomes from
a single (facultatively anaerobic) eubacterial ancestor, that specifically predicts no eu-
karyote to be primarily amitochondriate, that specifically accounts for the origin of
heterotrophy in eukaryotes, and that specifically accounts for anaerobic mitochondria
has been presented elsewhere, and in sufficient detail as to account for an endogenous
origin of the nucleus subsequent to the origin of mitochondria.47,60,63 Alternative models
for the origins of eukaryotes mentioned above do not directly account for hydrogeno-
somes and are designed to account for other things.

Eukaryote Phylogeny: A Tree Turned Upside Down

Traditional views of eukaryote phylogeny are based in the classical rRNA tree, which
depicts various anaerobic and amitochondriate eukaryotes branching deeply and the
animals, fungi, and plants emerging as the latest lineages of eukaryotic evolution, but
that view is now outdated. Newer investigations of many genes (rather than just a single
gene) are uncovering evidence for the existence of a relatively small number of major
eukaryotic lineages. These include well-recognized groups such as animals, fungi, and
plants with primary plastids, but also including new and surprising groups, sometimes
with unfamiliar names such as excavates, amoebozoa, opisthokonts, chromalveolates,
and the like. 42,66,67,76–81

Those are exciting developments, but perhaps more important in the overall scheme of
things than the sorting out of “who belongs where” in terms of groupings is the position
of the root in the eukaryotic tree; that is, the question of which lineages of eukaryotes might
be the oldest. Because of the way that phylogeny algorithms work, the rRNA tree seems
to have consistently produced a severe artefact with regard to the placement of the root.
This is mainly because when eukaryote rRNA sequences are linked up to prokaryote rRNA
sequences in the same tree, the outgroup (prokaryote) branch will tend to fall among the
longest eukaryote branches, regardless of whether those long-branched sequences are the
most ancient or whether they are simply the most different.66,67

New evidence from the study of a particular gene fusion involving dihydrofolate
reductase and thymidylate kinase that is found only among some eukaryotes has strongly
suggested that the root in the eukaryotic tree lies on or very near the branch that sepa-
rates animals and fungi from all other eukaryotes.78 This rooting is highly compatible
with the new handful of perhaps six eukaryotic “supergroups” that are currently emerg-
ing from multigene phylogenies.79

Osmotrophy and Prototrophy:
Fungi Have  Ancient Traits

From the standpoint of energy metabolism, and beyond the strength of the gene fusion
data itself, the rooting of Stechmann and Cavalier-Smith,78 or “opisthokont root,” is very
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attractive, because it would implicate the fungi as one of the most ancient eukaryotic
lineages (“opisthokonts” is a term coined by Cavalier-Smith to designate the group
comprising animals and fungi on the basis of locomotion in unicellular stages). Com-
pared with prokaryotes, eukaryotes have only a miniscule diversity of core energy
metabolic pathways for sustained ATP-synthesis, but on the basis of available data, it
seems that fungi have the broadest energy metabolic (physiological) diversity of any
eukaryotic group. The fungi encompass many species with typical aerobic mitochon-
dria, species with anaerobic mitochondria that can perform nitrite respiration,82 species
with hydrogenosomes,58,75,77,83,84 species that can perform a hitherto unique feat among
eukaryotes called ammonia fermentation,85 groups with extremely reduced mitochon-
dria,70 and groups that perform methylotrophy; that is, they can live from methanol as
their sole carbon and energy source,86 something no other eukaryotes to the author’s
knowledge can.

Furthermore, the fungi as a group are osmotrophs, not phagotrophs. They take up
their nourishment with the help of membrane-localized importers, just like phagotrophs
do, but they do not phagocytose large particles as food vacuoles. The digestion enzymes
that phagocytotic eukaryotes excrete into food vacuoles, fungi excrete into their envi-
ronment. The importers that phagocytotic eukaryotes use to import digest from food
vacuoles reside on the plasma membrane in fungi. It is conceivable that the fungi as a
group could have diverged from the main stem of eukaryotic evolution before proper
phagocytosis had evolved. That notion is not likely to become popular, because most
biologists still tend to lean firmly toward the view that phagocytosis was a prerequisite
for the origin of mitochondria, a view that is, however, founded more in tradition than
in evidence. Examples of prokaryotic endosymbionts that live within prokaryotic hosts
incapable of proper phagocytosis are known.87 By analogy, the origin of mitochondria
need not have absolutely demanded phagocytosis of its host.

The view that osmotrophy had to precede phagotrophy in eukaryotic evolution is
compelling because without importers, food vacuoles are useless. That all fungi are
osmotrophs and that none are phagotrophs could mean that their common ancestor was
either primitively or secondarily nonphagotrophic. This leads to the subtle question of
how eukaryotes became osmotrophs in the first place. Osmotrophy requires substrate
importers at the plasma membrane and a cytosolic carbon metabolism suited to the het-
erotrophic lifestyle (ATP synthesis through the oxidation of reduced organic com-
pounds). In yeast, heterotrophy entails eubacterial importers in the plasma membrane,
eubacterial carbon metabolism in the cytosol, and a eubacterial organelle.88,89 This ob-
servation at its level of resolution is generally compatible with the predictions that stem
directly from three current models for the origin of eukaryotes: first, the host that ac-
quired the mitochondrion was a member of the actinobacteria (a group of gram-positive
eubacteria that includes actinomycetes) that had become a phagotrophic eukaryote.42

Second, eukaryotes arose through symbiosis in which a methanogen became the nucleus
in a d-proteobacterial host.40 Third, the host that acquired the mitochondrion was an
autotrophic archaebacterium that acquired, through endosymbiotic gene transfer, the
prexisting heterotrophic lifestyle of its a-proteobacterial symbiont.63 Notwithstanding
LGT,1 discriminating genome analyses are needed to see whether eukaryotic genes, par-
ticularly those involved in osmotrophy, share more similarity with their homologs dis-
tributed among actinobacteria,42 d-proteobacteria,40 or a-proteobacteria.63
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The classical endosymbiont hypothesis, as formulated by both Doolittle and Cavalier-
Smith, has always assumed that the host cell that acquired the mitochondrion was
phagotrophic.42,90–92 Protistan phagotrophs are predators. They hunt down or entrap and
then engulf food particles or (more specifically) microbial cells. Many euglenids pro-
vide an excellent example of phagotrophy (see videos at http://bio.rutgers.edu/euglena/).
Euglena gracilis, for example, is an autotroph (it can satisfy its carbon needs from CO2

alone), but it is not a complete autotroph, because it needs to have a few vitamins—
particularly cobalamin (vitamin B12) because of its unusual cobalamin-dependent ribo-
nucleotide reductase93—added to its medium to survive in axenic laboratory cultures.
Nonetheless, Euglena can synthesize all twenty amino acids. Humans have a similar
but more severe problem. We cannot synthesize most B-vitamins at all, and we can only
synthesize about half of the twenty amino acids (the nonessential ones). We have to
obtain compounds like thiamine, cobalamine, phenylalanine, tryptophane, and so forth
from the food that we eat through our predatory lifestyle.

Fungi, as a rule, do not have that problem. Fungi are, as a rule, prototrophs, although
many species and strains exhibit some vitamin requirements for growth. A long list of
selected ascomycetes and basidiomycetes that can synthesize all the vitamins they need
to survive from reduced carbon and ammonium salts has been compiled.94

What came first among eukaryotes, prototrophy or phagotrophy? I think the answer is
that there is just no way to become a phagotroph without being a prototroph first. To be-
come a phagotroph, one has to have a cytoskeleton, food vacuoles, and machinery for
utilizing the content of food vacuoles, but one cannot evolve those attributes (from a
prokaryotic state) over some indeterminate period of time in the absence of biochemical
viability (prototrophy). Once a cell has become a phagotroph, it can loose some biochemical
pathways for amino acid and vitamin biosynthesis, because it can obtain those cofactors
from other cells that it eats as prey (as long as the prey contains the needed nutrients; e.g.,
higher plants do not synthesize of need cobalamin, for which reason vegetarians have to
watch out about B12 sources in their diet). This kind of biochemically reductive evolution
has probably occurred in metazoan evolution; for example, in the lineages leading to
humans. Fungi apparently never became phagotrophs, and my prediction is that they never
stopped being prototrophs, either. That is, when we have good genome sampling for many
microbial lineages, I predict that we will observe, by and large, that a common set of amino
acid biosynthetic enzymes and cofactor biosynthetic pathways was present in the last
common ancestor of all eukaryotes. (Cobalamin is a bit of a puzzle though, because not
all groups of eukaryotes need it, and it seems that, most fungi do not need it at all.) How-
ever, this prediction rests on the premise that both the host that acquired the mitochon-
drion and the mitochondrial (hydrogenosomal) endosymbiont itself were capable of
synthesizing all their cofactors and amino acids by themselves;63 hence, there should have
been at least twofold redundancy (eubacterial = symbiont and archaebacterial = host) for
the brunt of such pathways in the initial mitochondrion-bearing cell, and some differen-
tial loss in the process of lineage sorting in the early phases of eukaryotic evolution is to
be expected.

Regardless of how eukaryotes arose and which group ultimately turns out to be the
most ancient, available evidence indicating that both the presence of a nucleus and the
presence of a mitochondrial endosymbiont, which in some cases may be highly reduced,
are defining features of eukaryotes.42,76 Furthermore, available evidence indicates that

http://bio.rutgers.edu/euglena/
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mitochondria arose only once in evolution.76,95,96 In view of the hefty number of unicel-
lular organisms that have ever lived, the origin of mitochondria was an unspeakably
rare event.

Molecular phylogeneticists have not yet looked carefully at the distribution of genes
for enzymes of amino acid and vitamin biosynthetic pathways among eukaryotes, nor
has much attention been given to the phylogeny of proteins involved in the phagotrophic
lifestyle. One possibility is that the initial eukaryotic stem possessed a mitochondrion
(hydrogenosome),63 did not possess a nucleus;47,97 was a heterotrophic osmotroph—not
a phagotroph,98 and was furthermore a prototroph lacking any auxotrophies whatsoever
(able to live from reduced carbon and reduced nitrogen plus trace elements). These ideas
are, in principle, testable with the help of genome sequence data. The rRNA tree has
been slow to generate any similarly explicit predictions about the biochemical or physi-
ological nature of early eukaryotic cells. One aspect of life-in-the-wild biology that the
rRNA tree has directly addressed is the GC content and inferred growth temperature
that early eukaryotes might have preferred,99 an analysis in which eukaryotes appeared
as emerging from within the archaebacteria as Lake100 has suggested, rather than as sis-
ters to the archaebacteria per se as the rRNA tree would have us believe.

From that standpoint of microbial physiology, the first eukaryote might have been very
similar to an inferable common ancestor of contemporary fungi. Because of the bizarre
diversity of life cycles, sex, and changes of generation among the various groups of fungi,
which are essentially aquatic and predominantly haploid,101,102 it is very hard to infer what
sort of relationship between meiosis and mitosis might have existed in that organism.
Regarding today’s fungi, Raper summarizes: “Seven types of life cycles, seven distinct
patterns of sexuality, and about a dozen or more basic kinds of sexual histories allow, in
combination, a bewildering array of distinct sexual types” (pp. 503–504).102 Nonetheless,
the common ancestor of all eukaryotes probably had standard eukaryotic flagella, because
these are present among so many groups, as well as in the zoospores of the chitridiomycetes.
Curiously, Mereschkowsky13 viewed fungi as direct descendants of prokaryotes, as hav-
ing arisen independently from the other eukaryotes, not as their symbiogenic sisters, and
his evolutionary inferences were based largely in physiology.

High Sulfide Up to 600 Million Years Ago

In a recent and important review, Anbar and Knoll36 pointed out one possible conse-
quence that the evidence for anoxic and sulfidic oceans would have had on eukaryotic
diversity. Their case was that high sulfide up until ~0.6 Ga would have kept marine
concentrations of certain metal ions such as iron and molybdenum very low. This, in
turn (so goes the argument), could ultimately limit algal diversification by hampering
prokaryotic nitrogen fixation, which requires these metals to operate. By this reason-
ing, one could account for low levels of eukaryotic microfossil diversity observed be-
fore ~1 Ga. Although the argument of Anbar and Knoll36 is not fundamentally flawed,
it misses an important point.

It is true that iron can limit cyanobacterial biomass in the oceans,103 but from the
standpoint of eukaryotic microbial physiology, the main consequence of anoxic and
sulfidic oceans would not have been the gradual problem of dealing with low nitrogen
availability (slow starvation). Rather, eukaryotes would have seen themselves faced with
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the immediate and (for aerobes) life-threatening problem of dealing with recurrent or
permanent anoxia and sulfide (asphyxia and poisoning) on a daily basis for about a bil-
lion years, and maybe even more. The major consequences from this simple consider-
ation are threefold.

First, in that anoxic world, anaerobic energy metabolism in mitochondrion-containing
cells would have been a prerequisite for survival—an absolute must, a conditio sine qua
non. The consequence is that ancestral eukaryotes must have possessed enzymes for sus-
tained ATP synthesis under anoxic conditions. Accordingly, it would hardly be surpris-
ing to find a trace of that ancestral anaerobic energy metabolism in mitochondrion- or
hydrogenosome-bearing cells today, particularly in such lineages as inhabit anaerobic
niches. Indeed, such anaerobic biochemistry is abundant among eukaryotes.58–63 My
argument has been—and remains—that the fabric of that anaerobic biochemistry almost
certainly represents a holdover from the ancestral eukaryotic state (facultatively anaero-
bic; in this specific case, possessing a respiratory chain and capable of anaerobic fermen-
tations).44,47,60,63 Importantly, the presence of anaerobic energy metabolism in ancestral
mitochondria in no way excludes the presence of an additional respiratory chain. The
hydrogen hypothesis is often misunderstood on this point, as it posits that the initial
symbiosis between the ancestor of mitochondria and its host was mediated by anaero-
bic syntrophy based on the ability of the symbiont to produce molecular hydrogen under
anaerobic conditions, but it (obviously) also indicates that the ancestral mitochondrion
was also able to respire oxygen.63 The inference from that premise as it regards the sym-
biont is that the common ancestor of mitochondria and hydrogenosomes was simply a
facultatively anaerobic a-proteobacterium, one with a heterotrophic physiology perhaps
similar to modern-day Rhodobacter or countless other photosynthetic and nonphoto-
synthetic representatives of the group.60,63 It has escaped the attention of many that the
facultatively anaerobic, heterotrophic physiology of members of the genus Rhodobacter
and relatives104 is virtually identical to that of eukaryotes in terms of excreted end prod-
ucts: H2O and CO2 in the presence of oxygen, and succinate, propionate, formate, ac-
etate, H2, and CO2 in the absence of oxygen. This suggests to me that the ancestor of
mitochondria possessed the genes underlying that physiology and donated the major-
ity of them to the chromosomes of its host. Accordingly, hydrogenosomes would have
preserved their ancient anaerobic biochemistry and would have secondarily lost the
ability to respire in many lineages. Conversely, typical mitochondria would have pre-
served their ancient aerobic biochemistry (respiration), and at ~0.6 Ga, with the ad-
vent of fully aerobic environments, they would have secondarily lost fermentative
pathways in many lineages. By similar reasoning, eukaryotes with primary plastids
have been producing their own oxygen locally for over a billion years, and many such
lineages may therefore have lost much of their (ancestrally existing) anaerobic energy
metabolism early on. On the basis of the newer geochemical evidence,34–36 the conclu-
sion seems inescapable that eukaryotes arose and spent the brunt of their evolutionary
youth in an anoxic world. Hence, the still widely held view that hydrogenosomes are
merely biochemically modified mitochondria, having secondarily secondarily tacked
on anaerobic enzymes to an implicitly or explicitly105 strictly aerobic ancestral
state, is inconsistent with the newer geochemical data and seems very difficult to
uphold.

Second, the geochemical evidence for largely anoxic oceans before ~0.6 Ga very
strongly indicates that up until that time, the anaerobic biochemistry in hydrogenosomes
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must have been much more widespread among eukaryotes than it is today. This would
significantly help to explain why the H2-producing fermentations in hydrogenosomes
of such distantly related groups as the cytridiomycete fungi, the ciliates, and the tri-
chomonads are so similar in overall design52 and are performed with enzymes that were
present in the common ancestor of those lineages.10,72 It also significantly helps to ex-
plain the widespread distribution of anaerobic mitochondria, even among metazoan lin-
eages.60 Despite the fact that hydrogenosomes have been known for 30 years, classical
endosymbiotic theory has never been able to accomodate them,43 mainly because the
theory is designed to account for aerobic mitochondria only.105 Under the view that
mitochondria had aerobic origins, the biochemical unity of hydrogenosomes from
different eukaryotic lineages62 would be altogether inexplicable: Under the view that
mitochondria had anaerobic origins, hydrogenosomes are the key to the eukaryotic
biochemical past.

Third, during the entire period from the time of their origins up until 0.6 Ga, eukaryotes
had to deal with very high levels of sulfide, which is a potent toxin. Many contempo-
rary marine invertebrates (metazoans) still have to deal with very high sulfide concen-
trations, particularly those invertebrates that live in coastal sediments. Such organisms
use a mitochondrial enzyme, sulfide:quinone oxidoreductase, to oxidize sulfide to the
less toxic product thiosulfate, whereby the electrons from sulfide oxidation are fed into
the electron transport chain to generate chemiosmotic potential for mitochondrial ATP
synthesis,106,107 just as it occurs in many sulfide-using eubacteria today.108,109 That bio-
chemical trace of our sulfidic past is even preserved up into the vertebrate lineage, be-
cause chicken mitochondria can also oxidize sulfide to drive ATP synthesis.110 The gene
for mitochondrial sulfide:quinone oxidoreductase has been identified in fungi,111 and
gene phylogenies indicate a single origin for the eukaryotic enzyme, suggesting that
this gene was indeed present in the respiratory chain of the ancestral mitochondrion.112

All things considered, the ability of modern mitochondria to deal with anoxia and sul-
fide are most easily understood as biochemical relics from the anoxic and sulfidic be-
ginnings of the eukaryotic lineage.

Some of the considerations presented in this chapter have been summarized elsewhere
as a schematic diagram of cell lineage history, taking LGT and endosymbiosis explic-
itly into account and including a rough time scale.98

Conclusion

LGT has dashed the hopes of quick success at fully uncovering life’s history with ge-
nomes, but it has opened up new ways of looking into the past with the binoculars of
sequence comparisons. Geologists are telling us that the Earth’s oceans were largely
anoxic and highly sulfidic for much longer that was previously thought. Phylogeneticists
are telling us that the classical rRNA tree has eukaryotic evolution completely upside
down. From the standpoint of microbial physiology, fungi look promising as genuine
early branchers, or at least they seem to have preserved many traits that can be inferred
to have existed in the first eukaryotic cells. Fungi might have branched off of the eu-
karyotic tree before phagocytosis had evolved: Their prototrophy is either a preserved
ancestral state or a derived acquisition. In the former case, fungi will tend to share the
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same genes for amino acid and cofactor biosynthesis as other eukaryotic groups that
have retained these genes. Among the plants, a new influx of genes for such pathways
from the cyanobacterial ancestor of plastids may have reinstated prototrophy in the plant
lineage (assuming that the host of plastids had already become auxotrophic for some
amino acids or cofactors) or may have superimposed a cyanobacterial imprint on the
prototrophy of the host (assuming that the host of plastid endosymbiosis had not devel-
oped any auxotrophies).

Simple biochemical considerations can help in our efforts to understand the eukary-
otic past and can help us make sense of genomes—whole genomes, not just small sub-
unit rRNA, which has received sufficient attention already. We can be anxious to see
what sorts of predictions about the day-to-day-life-in-the-wild biology the rRNA tree
can generate about the biochemistry and physiology of the earliest eukaryotes. The ri-
bosome does not evolve by itself: It needs a bunch of biochemistry to synthesize its bits
and pieces, and it because it resides within a cell, it needs redox chemistry as the motor
that makes that cell work. No redox chemistry, no life.47 Perhaps the schisma abrew in
cell evolution is that between the evolution of rRNA and the evolution of the rest of the
genome and cell.

All organisms have a ribosome, but the number of ways that microbes can make a
living in their environment (the evolutionary key to microbial biology in my view) is
still untallied, although about 300 different ways that hyperthermophiles alone can make
a living have been recently been reviewed.113 Because of the evident prevalance of LGT
in genomes, Ford Doolittle rightly challenged the sensibility of further pursuing the
notion that a system of microbes based on the rRNA tree alone would be a natural sys-
tem.114 A few years earlier, Russ Doolittle had issued a similar challenge concerning
the position of eukaryotes in the overall picture of cell evolution, taking seriously the
possibility that chimaerism might be real in eukaryotic evolution, as Wolfram Zillig had
also suggested.115,116 Today, the most staunch defense of the rRNA tree turns to dialec-
tics claiming LGT to be insignificant: “The suggestion that HGT [horizontal gene trans-
fer] is the preferred vehicle for novel sequence evolution for modern cells is contradicted
by the observations briefly surveyed here” (p. 9661).14 Everyone is entitled to their
opinion, but it is funny that the genome sequences of Eschericia coli K12 and E. coli
O157 differ by 70,000 base substitutions and, furthermore, by 2,000,000 bp of differ-
entially acquired DNA, a thirty-fold greater contribution of LGT (a non-Darwinian pro-
cess of natural variation) over base substitution (a Darwinian process of natural variation)
in the overall evolutionary differentness of those two genomes.117 However, such ob-
servations will not deter proponents of rRNA systematics from believing that the ribo-
some reflects the evolution of the whole genome and biology of the whole cell and that
the rRNA tree is just plain right, period, or as Kurland recently put it, “All in all, the
available data suggest that rRNA-based phylogeny is robust and that Darwinian lineages
are the essence of phylogeny” (p. 9662).14

The view that the ribosome embodies the essence of the cell and that the rRNA tree
is not only correct but furthermore sufficent for understanding microbial evolution14

carries a potentially dangerous corollary; namely, that that we need not—and dare not—
look beyond the ribosome to understand the biochemical history of microbes. My re-
sponse to that view would be a 1944 quote seldom used among biologists, but very much
to the point on this occasion: “Nuts!”
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Postscript

In the discussion of various lectures, I have often been asked why there are no known
archaebacterial pathogens of humans, and I have never had a good answer. While writ-
ing this chapter, the (perhaps obvious) answer occurred to me: Archaebacteria require
a number of fundamentally different vitamins and cofactors than eukaryotes use in their
biochemistry.47,118 When pathogens invade humans, they are looking for a meal, and as
a main course, eukaryotes do not provide a complete diet for archaebacteria, except for
some autotrophs in those eukaryotes that have hydrogenosomes and therefore produce
H2.62 That brings us back to the universal tree, according to which eukaryotes and
archaebacteria (rather than eukaryotes and eubacteria) should tend to use the same co-
factors, which they do not. From this consideration follows a simple prediction: If
archaebacterial pathogens are found, they will most likely prey on other archaebacteria.

Acknowledgements I thank the Deutsche Forschungsgemeinschaft for financial support and
Herbert Gutz for pointing out Raper’s review on the diversity of sex patterns in fungi.
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7

The Robustness of
Intermediary Metabolism

HAROLD J. MOROWITZ

DANIEL BROYLES

HOWARD LASUS

Over the first half of the twentieth century, biochemists developed the chart of interme-
diary metabolism that includes those reaction pathways for processing energy and the
synthesizing of the molecular building blocks of biological coacervates and macromole-
cules. An example of a coacervate structure is a cell membrane made up of amphiphilic
molecules held together in a bimolecular leaflet by other than covalent bonds. An ex-
ample of a macromolecule is a polymer whose primary structure is determined entirely
by covalent bonds. The distinction is not absolute because amphiphiles are structured
by covalent bonds and the secondary and tertiary structures of macromolecules involve
other than covalent bonding.

The chart of intermediary metabolism involves reactions with a change of covalent
bonding. A chart of the type described above may be constructed in principle for every
extant species. The number of such species is probably in the millions, and the number of
extinct species is almost certainly larger. Autotrophic organisms construct all the mole-
cules of their charts from one carbon and one nitrogen starting molecules. Autotrophs re-
quire only the anabolic pathways of metabolism. Heterotrophic organisms, by using
molecules supplied by other species, do not require all the enzymes found in the chart of
the autotrophs but may require other enzymes for catabolic and transport functions. The
chart of intermediary metabolism is part of the description of the phenotype of a species.

The chart of any taxon may be divided into primary metabolism and secondary me-
tabolism. The former consists of molecules found in all taxa, such as amino acids and
ribonucleotides, whereas the later deals with species-specific molecules such as phero-
mones, antibiotics, and taxon-associated structural components.

The chart of primary metabolism is universal. This can be because of common de-
scent from a universal ancestor, overwhelming translational migration of genes, or
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robustness of the chart as the best or unique solution of metabolism. Even if one of the
first two reasons is involved, the universality implies a remarkable robustness. The
universality of primary metabolism is both a biochemical generalization and a neces-
sary principle of trophic ecology. For one species to be food for another species requires
a major overlap in primary metabolism. Catabolic pathways must lead to anabolic or
bioenergetic molecules.

We proceed by postulating the following hierarchy of emergences: (1) prokaryotes
preceded eukaryotes, (2) protocells preceded prokaryotes, (3) metabolic networks pre-
ceded protocells, (4) geochemical processes preceded metabolic networks, and (5) the
emergence of the elements governed by the Pauli exclusion principle preceded geochemi-
cal processing. Related postulates are autotrophs preceded heterotrophs, chemoautorophs
preceded photoautotrophs, and reductive metabolism preceded oxidative metabolism.
Steps 2 through 4 are the rise of the prokaryotes, and step 1, with the loss of indepen-
dent function by the prokaryotes following endosymbiosis, represents the transforma-
tion of prokaryotes to organelles.

Following the fall of temperature to 3000 K and below during the evolution of the
universe, electrons and nuclei combined following the constraints of the Pauli exclu-
sion principle. This led to a planetary system governed by the laws of chemistry, re-
flected in the periodic table of the elements and covalent bonding. It is our conjecture
that just as the Pauli principle made chemistry emergent from quantum mechanics, other
selection principles, as yet undiscovered, will make the chart of intermediary metabo-
lism of autotrophs emergent from chemistry, which would explain the robustness of the
chart. The task is to experimentally determine the universal chart of metabolism of
chemoautotrophs and then develop the principle or principles of metabolism. The uni-
versal nature of biochemistry is a key feature of biology and biogenesis.

The crucial importance of the Pauli principle from an epistemological perspective is
that it provides an example of an extra dynamic principle that renders all higher levels
of the hierarchy informatic as well as energetic. It provides a clue not often seen by
those working in bioenergetics that thermodynamics alone is not adequate to explain
the emergence of metabolic networks and higher-level phenomena. Instead of a small
number of elementary particles, we are presented with a large number of distinguish-
able entities. These are, at one level, the building blocks of biochemical networks. The
most universal of these building blocks for metabolism are carbon, hydrogen, nitrogen,
oxygen, phosphorus, and sulfur.

The postulation that autotrophs preceded heterotrophs is based on the fact that ex-
perimentally, heterotrophy imposes an enormous informatic and entropic burden on the
environment without providing other than random methods for generating this environ-
ment. The clue to getting around this is provided by a group of chemoautotrophs that
live in a reductive world and operate by the reductive citric acid cycle. This cycle is
network auto catalytic. It is the simplest network for incorporating carbon and provides
the informatic core for the synthesis of all the basic biochemical building blocks. Pyru-
vate, oxaloacetate, and keto glutarate are termini of the pathways to amino acid synthe-
sis, pyruvate is on the pathway to sugar synthesis, acetate is the terminus of the lipid
synthesis pathway, and oxaloacetate is a terminus of the pyrimidine pathway. If one
redraws the metabolic chart to correspond to this group of organisms, it consists of a set
of radii coming off the reductive citric acid loop with occasional bridges connecting
points on the radii. It is thus possible to index every compound on the chart indicating
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how many reaction steps it is away from the citric acid cycle. The lower the index num-
ber, the less costly it is to make the compound, and we may assume the earlier the com-
pound occurred in prebiotic evolution. For amino acids the index numbers are (1)
glutamic acid, aspartic acid, alanine; (2) glutamine, asparagine; (5) proline, serine; (6)
threonine, valine, glycine; (7) cysteine; (8) arginine, methionine; (9) leucine; (11) lysine;
(12) isoleucine; (18) phenylalanine, tyrosine; (20) tryptophan; and (24) histidine.

We will use this indexing later. First we focus on a number of generalizations that
come out of a detailed study of the metabolic chart of chemoautotrophs. These gener-
alizations will be stated with more certainty than can be justified at present, but they
stand as guides in the search for rules. The key reactions at the core of metabolism must
be possible without enzymes, as these reactions are necessary for the synthesis of en-
zymes. This may be seen in the synthesis of amino acids. Amino acids may be synthe-
sized from keto acids, ammonia, and reductants in aqueous solution in the absence of
enzymes.1 In present-day amino acid synthesis, the amine donor is either glutamic acid
or glutamine. A whole series of enzymes catalyze this function, but they share pyri-
doxal phosphate as a prosthetic group and proceed by the ping-pong reaction.

The generalizations are that

1. There are two possible sources of energy: photon flux and environmental oxidation-
reduction couples.

2. Biological energy is stored as polyphosphates, oxidation-reduction couples such
as NAD – NADH + H+, and transmembrane potentials because of charge separa-
tion and concentration differences of protons.

3. All nitrogen enters into covalently bonded biological molecules from the glutamic
acid, glutamine, alpha keto glutarate, and ammonia-autocatalytic network. In auto-
trophs all synthetic pathways for other amino acids involve a transamination reac-
tion with a glutamate donor. These reactions with a pyridoxal phosphate intermediate
conserve chirality so that the homochirality of glutamate generates 18 amino acids
of the same stereospecificity.

4. All sulfur enters into covalently bonded biological molecules from the synthesis of
cysteine from O-acetyl serine and hydrogen sulfide.

5. Tetrapyrroles with metallic cores are intermediates of oxidation-reduction electron
transfers.

6. Pyridoxal phosphate is a universal prosthetic group in transaminations and occurs
in other enzymatic reactions including decarboxylations, racemizations, and aldol
condensations.

7. Carbamoyl phosphate is the key intermediate in the synthesis of pyrimidines.
8. Pyruvate is the key intermediate in the synthesis of sugars and the alanine family

of amino acids.
9. Acetyl CoA is the key intermediate in the synthesis of lipids.

This list is not complete, but it indicates the kinds of generalizations.
The index number of the amino acids allows us to group these monomers into early (N

= 1 and 2), intermediate (N = 3 to 11) and late (N = 12 to 24). We can then go to the
GenBank program and use the sequence files to determine the coded amino acid concen-
tration in various organisms and organelles. The source for the sequence data used in this
analysis was the Entrez program of the National Center for Biological Information.

Before analyzing the sequence data, we will formulate a scenario of early biogenesis
based on the metabolism of the reductive chemolithoautotrophs. The first network in
an environment of reductants and CO2 is the formation of the network autocatalytic
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reductive citric acid cycle. In all the reaction steps, the chemicals in the cycle react with
environmental molecules (CO2, H2, pyrophosphate, reductants, etc.), so the reactions
are effectively first-order kinetically in the absence of vesicles. One set of pathways
leads to amphiphile (such as fatty acid) synthesis, resulting in vesicles that capture the
reaction products and make possible second-order reactions. These reactions lead to
charged molecules that are trapped in the vesicle, resulting in a rise in osmotic pressure.

At this stage, the metabolizing vesicles are sensitive to blowing up osmotically, a
situation that is currently prevented by a peptidoglycan cage around the vesicle that holds
the membrane against the osmotic pressure. This cage is the cell wall and may consist
of a single molecule formed as a closed shell. The structure consists of linear strands of
a repeating dimer of N acetylglucosamine and N acetyl muramic acid. Attached to the
muramic acid is a short peptide chain of D and L amino acids, which is linked to a neigh-
boring muramic acid peptide chain by a pentaglycine cross link. The dominant amino
acids are alanine and glutamic acid, which are only one step removed from the tricar-
boxylic acid cycle. The fact that the wall has D and L amino acids indicates that the
wall may have preceded the homochirality of amino acids caused by the conservation
of chirality in the enzymatic ping-pong reaction at pyridoxal phosphate, the prosthetic
group for all transamination reactions. The pentaglycine link is characteristic of gram-
positive bacteria, though there tends to be a direct linkage of the muramic acid peptides
in gram-negative bacteria. Given the membrane to permit the transmembrane poten-
tials and the wall to permit free migration of small molecules, yet prevent lysis result-
ing from osmotic pressure, a milieu is provided for the development of the full metabolic
chart including the complex relationship between proteins and nucleic acids.

The multiple use of molecules and networks of molecules is a very interesting fea-
ture. In the reductive world, sugars first fulfilled a structural role in cell walls and an
informatic role in nucleic acids; in an oxidative world, sugars and sugar polymers store
energy. In a reductive world, the reductive tricarboxylic acid cycle is primarily an en-
gine of synthesis in producing precursors to the major types of molecules; in an oxida-
tive world, the cycle combines the synthesis function with an energy transduction
function. Throughout, bioenergetics and bioinformatics are closely linked. Similarly,
proteins and nucleic acids are structural, informatic, and catalytically functional mole-
cules. Perhaps one should look for catalytically active carbohydrates. This interrelated-
ness of all molecules indicates a deeper principle within the metabolic chart.

Using the index number of amino acids enabled us to ascertain preferences for index
numbers in different taxa and organelles. The clusters used were low index (alanine,
glutamic acid, aspartic acid, glutamine, and asparagines) and high index (isoleucine,
phenylalanine, tyrosine, tryptophan, and histidine). Protein sequences for each cell ge-
nome or organelle genome were downloaded from the Entrez program of the National
Center for Biological Information. The clusters (low index, high index, others) were
then counted and representatives obtained for eukaryotic genomes, bacterial genomes,
mitochondria, and chloroplasts.

The sequences chosen for eukaryotes was Homo sapiens chromosome 6, H. sapiens
chromosome 21, H. sapiens chromosome 22, H. sapiens chromosome X, H. sapiens
chromosome Y, Saccharomyces cerevisiae, and Caenorhabditis elegans.

For bacteria, it was Escherichia coli K12, Haemophilus influenzae, Chlamydia
pneumoniae, Bacillus subtilis, Archeoglobis figidus, Methanococcus jannaschii, Bor-
relia burgdorferi, Methanobacterium thermoautotrophicum, and Cyanaphora paradoxa.
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The sequences for Mycoplasma and Rickettsiia were Mycoplasma genetalium and
Rickettsia prowazekii, respectively.

For mitochondria, the sequence was H. sapiens, Drosophila melanogaster, Ancyclostoma
duodenale, Equus asinus, Gorilla gorilla, Tetrahymena pyriformis, Allomyces macrogynus,
and Chlamdymonas reihardtii.

For chloroplasts it was Lotus japanicus, Zea mays, Nicotiana tabacum, Astasia longa,
Aridopsis thaliana, Euglea gracilis, and Pinus thunbergii.

Extracting from the data the number of low-index number and high-index number
amino acids, we get table 7.1.

Thus, as the genome length gets smaller in the evolution of the four lower classes of
organisms and organelles, there is a drift toward fewer low-index number and more high-
index number amino acids. The reason is presently unclear, but something systematic
seems to be happening in the transformation from prokaryote to organelle.

The next step is to review the chapters in this book by W. Ford Doolittle (chap. 5),
James Lake et al. (chap. 9), Karl Heinz Schleifer and Wolfgang Ludwig (chap. 3), and
William Martin (chap. 6). We find that “local tree topologies often differ depending on
the molecules analyzed,” “environmental factors can significantly alter horizontal transfer
among prokaryotes,” “complete prokaryotic genome sequences ever more numerous
and accessible show that we had drastically underestimated the extent of transfer over
short and long evolutionary time scales,” and “proteins are retained in organelles, but
most of the genes are not,” respectively.

Thus, we have three categories of results about cellular information: first, the meta-
bolic chart, which is probably about 3.5 billion years old, is enormously robust. The
chart is a fundamental feature of biology in the same sense that the periodic table of
elements is a fundamental feature of chemistry. Second, the proteins involved in cata-
lyzing the steps of the chart are drifting with respect to amino acid composition. Third,
the genes that encode the protein sequences undergo an enormous intertaxonomic transfer
because of processes such as transduction, transfection, and transformation.

Over the last 50 years, two powerful icons of biology have become firmly enough
established to embellish the walls of offices and laboratories. They are the universal
chart of intermediary metabolism and the universal tree of life based on ribosomal RNA
sequences.2 The metabolic chart, because of its ubiquity across the taxa, would appear
either to go back to the universal common ancestor some 3.5 to 4 billion years ago or to
be the optimal solution to metabolism that arose later and became universal by lateral

Table 7.1. Distribution of amino acid index numbers in various taxa
and organelles

Low-Index Number Percentage High-Index Number

Bacteria 27.37 19.40
Eukayotes 27.23 15.25
Mycoplasma 27.57 20.29
Rickettsia 26.45 22.28
Chloroplasts 22.55 23.32
Mitochondria 17.29 26.48
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gene transfer. The phylogenetic tree presumably evolves in time by mutations in the
DNA coding the ribosomal RNA.

Over the last 20 years, extensive studies on gene sequences have confirmed that the
tree of life established with ribosomal RNA does not accord very closely with trees
established using other genes.3 This is now believed to be the result of the “lateral move-
ment of genes across vast phylogenetic distances.”4

The chart of intermediary metabolism is part of the phenotype; indeed, for prokary-
otic chemolithoautotrophs it is a substantial part of the total phenotype. Thus we have a
mapping between a robust phenotype and a somewhat noisy changing genotype.

This reversal of our view of the source of robustness would indicate that the funda-
mental laws of biology are phenotypic. The informatic embodiment is in the genome,
but the emergent principles that we seek for understanding are phenotypic in character.

When we deal with the metabolic chart as phenotype, the rules are likely those deal-
ing with networks of chemical reactions for organic molecules. Thus, as in the case of
the emergent Pauli principle in chemistry, new rules may be discovered. It seems clear
from a study of the chart that there are many uniformities and that general principles
are anticipated. The universality of the core of the chart, primary metabolism, is a nec-
essary feature of trophic ecology, for without it there would be a number of noninteracting
pools of metabolites, and we could not speak of a single material biosphere in any mean-
ingful sense. It is also possible that there are other phenotypic rules in the hierarchy
going from atoms to complex organisms.

The “dogma of molecular biology” makes the genome the primary construct and
moves from genome to proteome to metabalome to physiome to phenome. The view
outlined here indicates that the primary laws relate to phenotype and that the epistemic
direction is the reverse of that outlined in the dogma. This would be a major paradigm
shift and would lead to more effort on the hierarchy of phenotypic laws.
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8

Molecular Sequences and
the Early History of Life

RADHEY S. GUPTA

The evolutionary history of life, spanning a period of more than 3.5 billion years (Giga
annum or Ga) constitutes one of the most fascinating problems in the life sciences.1–4

This chapter will critically examine our understanding of a number of aspects of early
evolutionary history. The topics covered are critical issues in Bacterial phylogeny, lat-
eral gene transfer (LGT) and its influence on evolutionary relationships, the relation-
ship of Archaea to Bacteria, and the origin of eukaryotes.

Bacterial Phylogeny: Some Critical Issues

The Bacteria make up the vast majority of prokaryotes. Hence, discerning the evolu-
tionary relationships among them constitutes a major part of understanding prokaryotic
phylogeny. On the basis of branching in the 16S rRNA trees, about 25 main groups or
phyla within Bacteria are recognized at this time.5 Although Bacteria have been divided
into phyla on the basis of 16S rRNA, the criteria as to what actually constitutes a phy-
lum remain to be defined.5,6 In the beginning, when the sequence database was limited,
the main phyla could be clearly distinguished in phylogenetic trees on the basis of long,
“naked” internal branches that separated them. However, the explosive increase in se-
quence database entries in recent years has filled most of these naked branches and, as
a result, distinguishing between phyla has become increasingly difficult and imprecise.5,6

In the absence of objective criteria for the main divisions, it is unclear at present how
many phyla exist within Bacteria and how to distinguish them from their subdivisions.
On the basis of 16S rRNA, the proteobacterial phylum is presently divided into five sub-
divisions, named a, b, g, d, and e.3,7 Some of these subdivisions, for example, a, b, and g,
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contain from several hundreds to thousands of species, and they are much larger than
most other main groups within Bacteria. The members of these subdivisions are also
clearly distinguished from each other and other bacterial divisions, both in phylogenetic
trees and by distinctive signature sequences.7 Lacking objective criteria, it is unclear
why these major groups have been assigned subdivision status, whereas many poorly
characterized taxa consisting of only a few species are recognized as distinct divisions.

Any understanding of bacterial phylogeny requires that one can determine how main
groups are related to each other and their branching order from a common ancestor.
Unfortunately, phylogenetic trees based on rRNA have not been able to resolve these
relationships and, thus, have yielded contradictory results.3,5,8,9 This has led to the no-
tion that this important problem is unsolvable, and even to the erroneous assumption
that most, if not all, main groups within Bacteria may have branched off from a com-
mon ancestor at about the same time.5,9 Over the last few years we have developed a
means for understanding bacterial phylogeny.

Signature Approach for Determining
Bacterial Phylogeny

Our new approach is grounded on conserved inserts and deletions (referred to as indels
or signature sequences) in protein sequences for deducing phylogeny. On the basis of
the presence or absence of shared conserved indels, different species can be divided
into distinct groups, and their specific evolutionary relationships can be revealed. The
rationale for our approach is that when a conserved indel of defined length and sequence
is present in the same position in a given gene or protein from all members from one or
more groups of bacteria, but not in the other groups, the simplest and most parsimoni-
ous explanation is that the indel was introduced only once, in a common ancestor of the
group of species that possess this characteristic. All evolutionary useful signatures need
be flanked on either side by conserved regions to ensure their reliability.

The signatures that we have identified are of two main kinds. Many of them are group
specific: they are uniquely present in protein homologs from particular phyla or subdi-
visions (referred to as groups) of Bacteria. One example of a group-specific signature is
provided in figure 8.1, where a conserved insert of 18–21 aa is present in the DNA
polymerase I (Pol I) from various cyanobacteria, but not in any other groups of bacte-
ria. Cyanobacteria-specific signatures are also present in many other proteins including
DNA helicase II, ADP-glucose pryophosphorylase, FtsH protease, phytoene synthase,
EF-Tu, Sec A, ribosomal S1 protein, IMP-dehydrogenase, and the major sigma factor
70 (table 8.1).10 Similar to cyanobacteria, a large number of signatures that are distinc-
tive for the chlamydiae have also been identified.11 Group-specific signatures have also
been identified for most other major groups within Bacteria including Proteobacteria,
Aquificales, Firmicutes, Actinobacteria, Deinococcus-Thermus, Spirochetes, Cytophaga-
Flavobacteria-Bacteriodetes-Green sulfur bacteria (CFBG)4,7 (Gupta, R.S., unpublished
results). These signatures provide a means for identifying different bacterial groups in
clear molecular terms and for assignment of species to these groups.

A second category of signatures comprises those in which a conserved indel is com-
monly present in several groups of bacteria, but is absent in other groups. These signa-
tures, which I will refer to as main line signatures, have been introduced at important
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evolutionary branch points and thus are very useful in understanding the branching order
and interrelationships among different groups.4 If an indel was introduced in an ances-
tral lineage at a critical branch point (i.e., in the main trunk of the tree), then it is ex-
pected that all species diverging from this ancestor at later times should contain the
signature, whereas all other species originating from the branches that existed before
introduction of the signature should be lacking the indel.6,12 Thus, on the basis of differ-
ent main-line signatures that have been introduced in the main evolutionary trunk at
different stages, the order of divergence of different groups can be established.

Two examples of main line signatures are shown. In the Hsp70 (DnaK) protein found
in all bacteria (fig. 8.2), a 21–23-aa insert is present in various Proteobacteria, Chlamy-
diae, CFBG, Aquifex, Spirochetes, Cyanobacteria, and Deinococcus-Thermus groups
of bacteria, but it is not found in any of the species from the Thermotoga, Clostridia-
Fusobacteria, Actinobacteria, and Firmicute groups. This indel is also absent in various
Archaea, and on the basis of the established rooting of the prokaryotic tree between
Archaea and Bacteria,13,14 this observation indicates that the groups lacking this indel
are ancestral and that this indel constitutes an insert in the later branching groups. The
ancestral nature of the groups lacking this indel is also supported by other lines of evi-
dence discussed in earlier work4,15 Another example of a main-line signature found in
the RNA polymerase b-subunit (RpoB), is shown in figure 8.3. RpoB is a core compo-

Figure 8.1. Sequence alignment of DNA polymerase I showing a large insert (boxed) that is
specific for cyanobacteria. Dashes in the alignment indicate identity with the amino acid on the
top line. Polymerase I is present in all bacterial genomes, and sequence information for only
representative species is presented.



MOLECULAR SEQUENCES AND THE EARLY HISTORY OF LIFE 163

Table 8.1. Sequenced bacterial genomes

Proteobacteria (ggggg-subdivision)
Escherichia coli K12
Escherichia coli O157:H7
Escherichia coli O157:H7

EDL933
Escherichia coli CFT073
Buchnera sp. APS
Buchnera aphidicola
Buchnera aphidicola Sg
Pasteurella mutocida
Pseudomonas aeruginosa
Pseudomonas putida KT 2400
Pseudomonas syringae
Vibrio cholerae
Vibrio parahaemolyticus
Vibrio vulnificus
Xylella fastidiosa
Xyella fastidiosa Temecula
Haemophilus influenzae
Yersinia pestsis C092
Yersina pestsis KIM
Salmonella typhimurium LT2
Salmonella typhi
Xanthomonas citri
Xanthomonas campestris
Xyellela fastidiosa
Shewanella oneidensis
Shigella flexneri 2a
Wiggelsworthia brevipalpis
Coxiella burnetii

Proteobacteria (aaaaa-subdivision)
Rickettsia prowazekii
Caulobacter crescentus
Mesorhizobium loti
Bradyrhizobium japonicum
Agrobacterium tumefaciens-

Dupont
Agrobacterium tumefaciens-

Cereon
Rickettsia conorii
Sinorhizobium loti
Brucella melitensis
Brucella suis
Rhodopseudomonas palustris

Proteobacteria (bbbbb-subdivision)
Neisseria meningitidis MC58
Neisseria meningitidis Z2491
Ralstonia solanacearum

Proteobacteria (ddddd, e e e e e-subdivision)
Helicobacter pylori 26695
Helicobacter pylori J99
Campylobacter jejuni

Aquifex
Aquifex aeolicus

Chlamydia-CFBG
Chlamydia trachomatis
Chlamydia muridarum
Chlamydophila pneumoniae

CWL029
Chlamydophila pneumoniae

J138
Chlamydophila pneumoniae

AR39
Chlorobium tepidum
Bacteroides thetaiotamicron

Spirochetes
Borrelia burgdorferi
Treponema pallidum
Leptospira interrogans

Cyanobacteria
Synechocystis sp. PCC6803
Nostoc sp. PCC7120
Thermosynechococcus

elongatus

Clostridia-Thermotoga
Thermotoga maritima
Clostridium acetobutylicum
Clostridium perfringens
Clostridium tetani E88
Fusobacterium nucleatum
Thermoanaerobacter

tengcongensis

Deinococcus-Thermus
Deinococcus radiodurans

Actinobacteria
Mycobacterium tuberculosis

H37
Mycobacterium tuberculosis

1551
Mycobacterium leprae
Corynebacterium glutamicum
Corynebacterium efficiens
Streptomyces coelicolor
Bifidobacterium longum
Tropheryma whipplei Twist
Tropheryma whipplei TW08/27

Firmicutes
Bacillus subtilis
Bacillus halodurans
Bacillus antharics
Oceanabacillus iheyensis
Staphylococcus aureus N315
Staphylococcus aureus MW2
Staphylococcus epidermidis
Staphylococcus aureus Mu50
Streptococcus pyogenes
Streptococcus pyogenes S315
Streptococcus pyogenes S8232
Streptococcus pneumoniae R6
Streptococcus pneumoniae

TIGR4
Streptococcus agalactiae 2603
Streptococcus agalactiae

NEM316
Streptococcus mutans UA159
Mycoplasma genitalilum
Mycoplasma pneumoniae
Mycoplasma pulmonis
Mycoplasma penetrans
Ureaplasma urealyticus
Lactococcus lactis
Lactobacillus plantarum
Listeria innocua
Listeria monocytogenes
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nent of the RNA polymerase found in all bacterial genomes. The signature in this case
consists of a large indel of between 90 and 133 aa that is commonly present in various
proteobacteria, Aquifex, and the Chlamydia–CFBG groups, but not in any other groups
of bacteria.16,17 This indel is also not present in the RpoB homologs from Archaea, in-
dicating that it constitutes an insert in the latter branching groups. On the basis of its
specific presence only in Proteobacteria, Aquificales, and the Chlamydia–CFBG groups,
this insert was likely introduced in a common ancestor of these groups after branching
of the other groups (fig. 8.4).

We have described a large number of other main-line signatures that are helpful in
determining Bacterial evolutionary relationships. Our analyses of these signatures, as
shown here for Hsp70 and RpoB proteins, indicate that they have been introduced at

Figure 8.2. Partial alignment of Hsp70 sequences showing two main line signatures. The large
insert (box 1) is a distinctive characteristic of various gram-negative bacteria (as defined by the
presence of an outer membrane), and it is not found in any gram-positive or monoderm bacteria.
This insert is also not present in any Archaea. The smaller, 2-aa insert (box 2) is a distinctive
characteristic of Proteobacteria.
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specific stages in bacterial evolution, as depicted in figure 8.4. On the basis of the pres-
ence or absence of these signatures, all main groups within Bacteria can be clearly dis-
tinguished, and it is also possible to logically deduce that they have branched off from
a common ancestor in the order shown in figure 8.4.6,12,17,18

Testing the Indel Model on Bacterial Genomes

The completed bacterial genomes provide an objective means to test the reliability of
the deduced branching order based on our signature sequence approach. At the end of
April 2003 sequences for 100 bacterial genomes were available in the public domain
(http://www.ncbi.nlm.nih.gov/genomes/MICROBES/complete.html). The main groups
to which these species belong are indicated in table 8.2. The branching order of these
groups as shown in figure 8.4 makes very specific predictions as to which of the differ-
ent indels should be present or absent in different species. According to the indel model,

Figure 8.3. Partial alignment of RNA polymerase b subunit (RpoB) showing a large insert (>100
aa) that is specific for the Proteobacteria, Chlamydiae–CFBG group, and Aquificales groups,
but that is not found in any other bacteria. The absence of this insert in archaeal homologs pro-
vides evidence that the groups lacking this insert are ancestral.

http://www.ncbi.nlm.nih.gov/genomes/MICROBES/complete.html


Figure 8.4. Evolutionary model based on signature sequences indicating the branching order
of the main bacterial groups. The filled arrows depict the stages at which the different main-line
signatures indicated in table 8.3 have been introduced. These signatures are expected to be present
in bacterial groups that have diverged at a later time (i.e., those lying above the indicated inser-
tion points), but they should be absent in the earlier branching groups. The unfilled arrows de-
note the positions of many group-specific signatures (not shown here). The cell structures of
different groups of bacteria are indicated on the right. The dotted arrow at the bottom indicates
the possible derivation of Archaea from gram-positive bacteria.
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Table 8.2. Predicted versus observed distribution of indels in 100 bacterial genomes

No. No.
Genomes Genomes

No. with Lacking
Genomes Indels the Indel

with Expected/ Expected/ Exceptions
Protein Signature Description Protein Found Found Observed

Rib. S12 protein
Hsp70/DnaK
Hsp90
Chorismate
Synthase
SecF protein

Hsp60/GroEL
RNA Polymerase
b1– subunit
FtsZ protein
Rho protein
Ala-tRNA Synth.
RNA Polymerase
b- subunit
Inorganic pyro-
phosphatase
Hsp70/DnaK
CTP Synthetase
Lon protease

Rho Protein
DNA Gyrase
A subunit
SecA protein
HSP70/DnaK
ATP Synthase
a-subunit
Val-tRNA Synth.
PRPP synthetase
PAC-
formyltransferase

13 aa Firmicute insert
21–23 aa G+/G- insert
5 aa G+/G- insert
15–17 aa deletion after
Actinobacteria
3–4 aa deletion after
Actinobacteria
1 aa insert after Deinococcus
>150 aa after Deinococcus

1 aa insert after cyanobacteria
2 aa insert before spirochetes
4 aa after spirochetes
90–120 aa insert after
spirochetes
2 aa insert common to Aquifex
and proteo.
2 aa Proteo insert
10 aa Proteo Indel
1 aa deletion in abg-
proteobacteria
3 aa abg-Proteo indel
26–34 aa insert in abg-
proteobacteria
7 aa abg-Proteo indel
4 aa bg-Proteo insert
11 aa insert in bg-
proteobacteria
37 aa bg-Proteo insert
1 aa bg-Proteo insert
2 aa g-Proteo deletion

100
100
52
89

81

98
100

91
83

100
100

71

100
92
70

83
100

100
100
92

100
94
83

25/25
60/60
11/11
29/29

15/17

65/66
59/59

51/51
56/57
53/53
53/53

45/45

45/45
45/45
41/43

42/43
42/42

42/42
31/34
31/32

31/31
31/31
55/55

75/75
40/40
41/41
60/60

56/54

33/32
41/41

40/40
27/26
47/47
47/47

26/26

55/55
47/47
29/27

41/40
58/58

58/58
69/66
61/60

69/69
63/63
28/28

0
0
0
0a

2b

1c

0

0
1d

0
0

0

0
0
2e

1f

0

0
3g

1h

0
0
0

Abbreviations in the proteins names are: PAC, 5'- phoshoribosyl-5-aminoimidazole -4 carboxamide
formytransferase; PRPP, phosphoribosyl pyrophosphate;
aSmaller inserts also present in this region in D. radiodurans, A. aeolicus, Cb. tepidum, and C. tetani.
bT. whipplei contains the insert that is not expected.
cM. penetrans constitutes an exception.
dT. maritima contains the insert that is not expected.
eB. japonicum and P. putida are exceptions.
fB. thetaiotamicron is the exception.
gB. longum and T. whipplei are exceptions.
hCb. tepidum also contains this insert.



168 MICROBIAL PHYLOGENY AND EVOLUTION

once a main-line signature has been introduced in an ancestral lineage, all species from
the latter branching groups should contain the indel, whereas all species from groups
that branched off before the introduction of the signature should be lacking the indel.4

If the deduced branching order is reliable, then the observed distribution of these indels
in different genomes should be close to that predicted by the model. However, if such
indels could arise independently, or if the genes harboring them were subjected to fre-
quent lateral transfer, then their presence or absence in different species would not fol-
low the prediction of the model. Thus, the reliability of the deduced branching order
can be objectively assessed by determining how closely the distribution of these signa-
tures in different genomes follows the predictions of the model.

Results of these analyses, examining the presence or absence of different main line
signatures in various bacterial genomes, are presented in table 8.3. The number of
genomes in which these proteins have been found, and the number of species, we would
expect to contain or lack these indels based on their postulated insertion positions, are
also indicated in table 8.3. For example, for the main-line indels in RpoB and AlaRS, the
model predicts that 53 of the 100 species from various groups that branched off after the
insertion points of these indels (i.e., groups on the top in figure 8.4) should contain
the indel, whereas all 47 species from groups that diverged before the introduction of
the indels (those below the insertion point) should not possess it. Similarly, the large,
21–23-aa insert in the Hsp70 protein should be present in 60 of the 100 species branch-
ing after the Thermotoga-Clostridia clade (figure 8.4), but it should not be found in the
remaining 40 species from groups branching earlier. The last few columns in table 8.3
summarize the results obtained for different indels and the number of exceptions or con-
tradictions that were observed. The results of these studies are strikingly clear (table 8.3),
as the presence or absence of various signatures in different genomes was found to be

Table 8.3. Statistical significance of cyanobacterial signatures

Presence of
Indel in Presence of

Cyanobacteria Indel in
Protein Signature and Plastids other Bacteria c2 Probability

DNA Helicase II (UvrD)

DNA Pol I
ADP-Glucose
Pyrophosphorylase
FtsH protease
Phytoene Synthase
Elongation factor-Tu
Ribosomal S1 protein
SecA protein
IMP dehydrogenase

Major sigma factor-70

6 aa. insert
7 aa insert
28 aa insert
18–21 aa insert
14 aa insert

3 aa insert
11–13 aa insert
5 aa insert
2 aa and 7 aa deletions
2 aa insert
2 aa deletion and
6 aa insert
1 aa deletion

10/10
10/10
10/10

8/8
17/17

8/8
13/13
15/15
15/15
15/15

9/9

13/13

0/>100
0/>100
0/>100
0/>100
0/40

0/>90
0/40
0/>100
0/>60
0/>80
0/>80

0/>80

<10–15

<10–15

<10–15

<10–15

<10–15

<10–15

<10–15

<10–15

<10–15

<10–15

<10–15

<10–15

Data for these signatures taken from reference 35. The c2 probability for the random occurrence of these
indels in different bacteria was calculated using two degrees of freedom.
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almost exactly as predicted by the model. In 2,079 observations examining the pres-
ence or absence of these indels in 100 genomes, only 11 exceptions or ambiguities were
observed. These exceptions could be the results of LGTs or other nonspecific mecha-
nisms. The ability of the indel model (fig. 8.4) to predict with such remarkable accu-
racy (>99%) the presence or absence of various indels in different genomes provides
compelling evidence of its reliability and predictive power.

The relationships depicted in figure 8.4, with a few notable exceptions (to be dis-
cussed later), are generally in accordance with phylogenetic trees based on different genes
and proteins.4,8,10,16,19 Most published phylogenetic trees show groups such as Thermo-
toga, Deinococcus-Thermus, Cyanobacteria, and green nonsulfur bacteria to be deep
branching, whereas other groups such as Proteobacteria and Chlamydiae–CFBG clade
are late-branching lineages. The Spirochetes generally branch in middle in proximity
of the Chlamydiae–CFBG and cyanobacterial taxa. In contrast to these groups, the
branching of gram-positive bacteria (Firmicutes, Actinobacteria, Clostridia) and Aqui-
ficales is found to be highly variable in different trees.5,7,8,16

Despite its uncertain phylogenetic position, the deep branching of Aquifex, as seen
in the rRNA trees, has become a cornerstone of our present understanding of bacterial
phylogeny.5,20 However, this view is not supported by signature sequences in various
proteins. These studies instead provide strong and consistent evidence that the order
Aquificales has diverged late in bacterial evolution, branching in between Chlamydiae–
CFBG and the d,e-proteobacterial groups (fig. 8.4).6,12,17 We have recently obtained
evidence that this inference is not limited to Aquifex but also applies to various other
species belonging to the order Aquificales (viz. Calderobacterium hydrogenophilum,
Hydrogenobacter marinus, and Thermocrinis ruber).21

The branching order of different groups is also consistent with the major structural
differences seen within Bacteria (fig. 8.4). Bacteria can be divided into two distinct
groups, depending on whether they are bounded by one membrane (monoderms) or two
different membranes separated by a periplasmic compartment (diderms).4,22 These two
groups roughly correspond to the gram-positive and gram-negative bacteria. The sig-
nature sequences support this important structural distinction and indicate that of these
two groups, the monoderm or gram-positive bacteria are ancestral (fig. 8.4).The deduced
branching order also places the Deinococcus-Thermus group in an intermediate posi-
tion between the gram-positive and gram-negative bacteria. This placement is in accor-
dance with the unique structural characteristics of Deinococcus species, which contain
a thick peptidoglycan layer and show positive Gram staining, but they are surrounded
by both inner and outer cell membranes, similar to various gram-negative bacteria.23

The branching of cyanobacteria after the Deinococcus-Thermus group is also of inter-
est because their cell walls are intermediate, in terms of thickness of the peptidoglycan
layer and degree of cross-linking, between gram-positive and gram-negative bacteria.24

These observations are indicative that Deinococcus-Thermus and Cyanobacteria are
evolutionary intermediates in the transition from gram-positive bacteria to gram-negative
bacteria. The genotype–phenotype correspondence is a central theme of biology, and
the picture of bacterial phylogeny that is emerging based on signature sequences is now
showing a good correspondence between these two important aspects.6,12,17

Signature sequences allow us to finally establish objective criteria for distinguishing
the main groups within Bacteria and the major subdivisions within them. In the scheme
shown in figure 8.4, all suggested main groups are required to meet two different criteria.
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First, all such groups should be clearly distinguishable from the other main groups based
on group-specific signature sequences. Second, their branching position should be
distinct from all other identified main groups. On the basis of these criteria, the Proteo-
bacterial phylum has been divided into four main groups (d, e-, a-, b-, and g-), each of
which is distinct from the others and also branches in a different position.6,7,12 In con-
trast, a number of other groups such as Chlamydiae and the CFBG, which branch in the
same position based on signature sequences, have not been assigned separate main group
statuses, even though Chlamydiae are clearly distinguishable from the CFBG group by
a large number of signatures.11 We have suggested that distinct groups of species that
branch in the same position should be tentatively recognized as subdivisions of a given
main group or phylum. Using this criterion, the d- and e-proteobacteria, whose branch-
ing order cannot be distinguished at present,7 are also placed in the same group. The
division of Bacteria into different main groups or their subdivisions as proposed here is
based strictly on genealogical considerations, and it reflects both the degrees of simi-
larities among different groups and their hierarchal order, which is the most logical and
natural way for understanding evolutionary relationships.25

Lateral Gene Transfer—Its Prevalence and Effects

Analyses of whole genome sequences have led to the widespread notions that LGT
among prokaryotic organisms is rampant and that it poses a serious problem for dis-
cerning evolutionary relationships.5,9,26–29 A survey of the recent literature gives the
impression that LGT among prokaryotes is so pervasive that it has almost completely
obliterated any phylogenetic signal resulting from vertical descent (i.e., Darwinian evo-
lution). According to this view, LGT and homology-dependent recombination are the
major mechanisms of prokaryotic evolution, and any observed similarities within a group
of species is mainly a consequence of selective LGTs.9,26 Before offering an alternative
view, we first briefly examine the evidence that has led to this belief.

The occurrence of LGT has been inferred from a variety of observations. One in-
volves the unexpected branching of species in phylogenetic trees.30,31 The identifica-
tion of LGT by this means is based on the assumption that phylogenetic relationships
among the groups under consideration are well understood. The vast majority of LGTs
that have been identified on this basis involves unexpected branching of an archaeal
species within the Bacteria or a bacterial species within Archaea.30,32,33 Although the
Archaea and the Bacteria are presently recognized as two distinct domains, their evolu-
tionary relationship is not well understood (see next section).34,35 In addition to deduced
LGT between Archaea and Bacteria, there have also been several reports describing the
branching of individual genes or proteins in unexpected phyletic positions.11,26,30 The
number of such cases is rather limited, however, and does not support the view that LGT
between different groups is rampant and occurs indiscriminately.

The major stimulus for the belief in the widespread occurrence of LGT within prokary-
otes, particularly Bacteria, has come from analyses of genome sequences using a vari-
ety of indirect approaches. They include reliance on atypical base composition or codon
usage, use of BLAST searches to ascertain species relatedness, and the presence or
absence of genes in closely related genomes.9,27,29,32,33,36 One of the most influential stud-
ies of this nature was by Lawerence and Ochman, who, on the basis of atypical GC content
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and pattern of codon usage inferred that about 17.6% of the open reading frames in
Escherihia coli and Salmonella have undergone LGT, after the divergence of these spe-
cies.29 Because these species are estimated to have diverged only about 100 million years
ago, the inferred high rate of LGT from this study indicated that over long evolutionary
periods, LGTs can completely abrogate the evolutionary relationships among prokary-
otic organisms.29 Likewise, several authors have inferred massive LGTs between cer-
tain bacterial lineages (Thermotoga, Aquifex, Deinococcus) and Archaea, using BLAST
searches to identify closest relatives.27,32,33,36

However, many recent studies point out the fallacies of using these approaches to
infer the incidence of LGT.31,37–40 In a detailed study examining the use of BLAST
searches to identify closest relatives, Koski and Golding39 determined that the genes
that appear to be most related by BLAST are often not each others’ closest relatives,
phylogenetically. The extent to which this occurs depends on the availability of closest
relatives in the database. Other studies provide evidence that atypical base composition
or codon usage are also not reliable indicators of LGTs.31,37,38,40 Many genes previously
classified as laterally transferred using these criteria are, in fact, native.37 In view of the
incongruent results obtained using these approaches for different genes, none of these
methods are reliable indicators of LGTs, and much caution needs to be exercised in
interpreting the results of such studies.31,37–41 Alarmed with the growing bandwagon of
rampant LGT across different group boundaries, which began with his earlier studies,
Ochman42 has recently warned that such is not the case: “Whereas LGT has certainly
been a significant factor in the rapid adaptation and speciation of many bacterial lin-
eages, the overall stability of the genome is, in fact, what allows one to assess the role
of lateral gene transfer.”

There is little doubt at present that LGT constitutes an important evolutionary mecha-
nism and that it may have affected different genes to various extents. For certain genes
whose acquisitions confer selective advantage (e.g., those involved in antibiotic resis-
tance or virulence), one expects that they would be readily transferred from one species
to another. However, the extent to which LGT has affected numerous others genes in-
volved in various essential functions remains to be determined. The main challenge
before us is to determine whether such genes have also been subjects of rampant LGTs,
or whether a significant number of them have undergone either minimal or no LGTs
and whether they could provide a stable core of well-preserved molecular fossils, on
the basis of which the early evolutionary history can be reliably deduced. I will exam-
ine this question here mainly in the context of bacterial evolution, which has been stud-
ied in most detail.

To identify LGT, an essential prerequisite is to define all the groups under consider-
ation in unequivocal terms. Without this, it is difficult to assess or quantify LGT. Sec-
ond, it is also necessary to have a reliable model as to how these groups are related to
each other. In the absence of such a model, it is difficult to evaluate whether an ob-
served relationship is natural or whether it is a consequence of LGT. Within Bacteria, a
number of main groups have been identified in phylogenetic trees (e.g., Deinococcus-
Thermus, Cyanobacteria, low-G+C gram-positive, high-G+C gram-positive, Spirochetes,
Chlamydiae-CFBG, and Proteobacteria).3,5,8 These groups can now be clearly distin-
guished on the basis of signature sequences in different proteins. Table 8.1 lists a num-
ber of signatures that have been identified for the Cyanobacteria.10 The distribution of
these signatures in cyanobacteria and other groups of bacteria is also indicated. We could
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now ask the question of whether any LGT for these genes has occurred between cyano-
bacteria and other bacteria. On the basis of a Darwinian model of evolution, these sig-
natures were introduced in a common ancestor of the cyanobacteria at the time when
this lineage evolved. The model predicts that these signatures should be present in vari-
ous cyanobacterial species but not elsewhere. However, if these genes were either sub-
jects of frequent LGTs, or if such indels could independently arise in various species,
then their distribution should differ greatly from that predicted by the Darwinian model.
From the observed distribution of these indels in various bacteria, it is clear that these
indels are highly specific for cyanobacteria (many of them are also shared by plastid
homologs that have originated from cyanobacteria via endosymbiosis),2,43,44 but they
are not found in any other bacteria, even though most of these proteins are present in all
such organisms. The statistical significance of these results can be determined by means
of a simple c2 test, with two degrees of freedom. The c2 probability that the observed
distribution of these indels in different groups can result from random occurrence or
LGTs is virtually nil (<10–15). On the basis of other identified signatures, similar strong
arguments can be made for most of the other major groups within Bacteria including
Proteobacteria, Deinococcus-Thermus, Chlamydiae, Spirochetes, Aquificales, Actino-
bacteria, and Firmicutes.

If the major groups within Bacteria have not undergone extensive LGT, then one
could inquire next whether the interrelationships between these groups have been af-
fected by LGTs. As discussed earlier, at present there is no reliable model as to how
different groups within Bacteria are related to each other or how they branched off from
a common ancestor.5,9 In the absence of a reliable model, the branching pattern of these
groups in the 16S rRNA trees has been assumed as a working model.5,8 However, there
is no stable or consistent branching pattern of these groups in the rRNA trees, and there
are numerous disagreements between these trees and those based on other genes and
proteins.5,8,19

Although most of these differences have been attributed to LGTs, in the absence of
any reliable model, it is difficult to determine that this is actually the case. In our work,
based on signature sequences in different proteins, we have proposed a very specific
model of how these groups are related and of their branching order from a common
ancestor. This model, which makes very definite predictions regarding the presence or
absence of indels in different species, allows one to objectively determine whether the
genes in question have been affected by LGT. As discussed earlier, the excellent corre-
spondence between the predicted and observed distribution of different main-line indels
in 100 completed bacterial genomes (table 8.3) provides strong evidence that the genes
containing these indels have not been affected to any significant extent by LGT. The c2

probability that the observed distribution of these indels could be caused by random
occurrence or LGT is virtually nil (<10–15 in all cases), indicating that these indels were
introduced only once in the common ancestors of different groups (as indicated in
fig. 8.4) and then passed on to other species by vertical descent.

Concerns have been privately expressed that these inferences are based on a small
number of indels that may be biased toward portraying the indicated relationship. We
emphasize in response that, during our extensive work on signature sequences, we have
not detected any other indels that challenge the consistent picture developed here. Fur-
thermore, in contrast to those phylogenetic trees based on a single gene or protein, all
inferences drawn here are based on a large number of different and widely distributed
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proteins. Our inferences are not restricted to a particular group or family of genes or
proteins. The proteins in question are responsible for various essential functions including
transcription, translation, replication, DNA repair, protein folding, cell division, meta-
bolic enzymes, and cell wall biosynthesis. The fact that all of these signatures yield a
highly consistent picture, and that they are also in accordance with cell structural char-
acteristics, strongly indicates that the model presented here is reliable.

The use of molecular sequences for deducing evolutionary relationships is analogous
to evaluating fossil evidence to piece together the evolutionary history of extinct spe-
cies. Paleontologists give greater credence to well-preserved fossils and much less to
those that have been disintegrated. Similarly, molecular sequences vary greatly in terms
of their degree of conservation and usefulness for evolutionary studies. During the course
of evolution, although some genes and proteins have undergone extensive changes, others
are less affected by such factors. Given the long evolutionary history of prokaryotes, it
should not be surprising to find many examples of genes that have been affected by
LGT. However, it is wrong to infer that all genes have been similarly affected. This would
amount to throwing the baby with the bath. As evolutionary scientists, our focus should
not be limited to finding examples of genes that have been affected by LGTs, but to
identify and discover genes that are minimally affected by LGTs, on which reliable
evolutionary models can be developed and validated. Such models should enable us to
reliably identify the LGT events as well as to understand why they have occurred.

On the basis of this rationale, our work on signature sequences, still in its initial phases,
has focused on documenting highly conserved molecular signatures that are minimally
affected by LGT or gene duplication and that can be interpreted with minimal ambigu-
ity. Our model was first developed at a time when fewer than ten bacterial genomes
were available,4 and it is now being rigorously tested for its various predictions using
sequence data for >100 bacterial genome. From the outset, our model made specific
predictions as to which of these indels should be present or absent in various bacteria
for which no sequence information was available. At present, when sequence informa-
tion for >100 bacterial genomes is available, it is gratifying to note that the predictions
made by this model are borne out with such high degree of accuracy (>99.0%) in over
2,000 observations. These results strongly validate our evolutionary model and indi-
cate that the genes and proteins on which it is based provide a stable core that is mini-
mally affected by factors such as LGTs.

Origin of Archaea and Their Relationship to Bacteria

Unlike the evolutionary relationships within Bacteria which are beginning to be under-
stood, the relationship between Archaea and Bacteria (and also the relationships within
Archaea) have proven much more difficult to resolve.4,28,34,35,41,45–50 That the Archaea
were distinct from Bacteria (or eubacteria) was first proposed by Woese and his cowork-
ers on the basis of pronounced differences in their 16S rRNA oligonucleotide catalogues
and their discrete branching in the 16S rRNA trees.3,46 The distinction between these
two groups was also supported by a number of other characteristics including lack of
muramic acid in archaeal cell walls, membrane lipids that contain ether-linked isoprenoid
side chains rather than the diacyl esters found in bacteria, distinctive RNA polymerase
subunits structures, differences in sensitivity profile to various toxins and antibiotics,
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and so forth. Subsequent studies based on duplicated pairs of gene sequences indicated
that the root of the universal tree lay between Archaea and Bacteria, with eukaryotic
homologs derived from the same branch as Archaea.13,14 The inference from these stud-
ies that Archaea are the closest relatives of Eukarya has had a profound influence on
their acceptance as a separate domain. However, it is now firmly established that all
eukaryotic cells have received major gene contributions from both Bacteria and
Archaea.4,35,51,52 The ancestral eukaryotic cell, therefore, is not a direct descendent of
the archaeal lineage. On the basis of fossil evidence, the eukaryotic organisms have also
evolved much later (>2 Ga) than the prokaryotes. Therefore, if Archaea and Bacteria
were the only organisms that existed for much of the early history of life, it is important
for us take a closer look at them to see how they differ from each other and how such
differences possibly arose.

The majority of the genes that indicate Archaea to be different from Bacteria are for
the information transfer processes, such as those responsible for DNA replication, tran-
scription, and protein synthesis.53 Of these, the DNA replication machinery appears to
be most different between the two domains. Archaea do not contain typical bacterial
DNA polymerases (PolI, Polb), helicase, or most other proteins (e.g., DnaA, SSB, and
DnaG) involved in different stages of DNA replication. Although proteins that carry
out analogous functions are present in Archaea, they do not show significant sequence
similarity to the bacterial counterparts. In terms of transcription, the core subunits of
the RNA polymerase (a, b, and b') are the same in Bacteria and Archaea, but the archaeal
enzyme also contains several smaller subunits not present in bacteria.53 Archaea also
contain a variety of transcription factors not found in bacteria.53 The translation ma-
chinery is generally quite similar between Bacteria and Archaea: All rRNAs, most
r-proteins, the major elongation factors, various amino acid-charging enzymes and
tRNAs, and so forth. are common to both these groups of prokaryotes. The vast major-
ity of r-proteins in Archaea are also arranged in operons similar to that seen in Bacteria.
However, Archaea differ from Bacteria in having a small number of unique r-proteins
as well as many translation initiation factors.53

Apart from these differences and dissimilarities in their cell envelope biosynthetic
enzymes,54 Archaea and Bacteria are extensively similar.36 Most of the metabolic path-
ways, which make up the vast majority of any organism’s gene repertoire, are common
between Archaea and Bacteria. In terms of their cell structures, Archaea are indistin-
guishable from gram-positive bacteria.4,34 Within prokaryotes, only these two groups
of organisms are bounded by a single unit lipid membrane, and they generally contain
a thick sacculus of varying chemical composition. Some Archaea also show positive
Gram staining, and a few of them (e.g., Thermoplasma), similar to certain gram-positive
bacteria (e.g., mycoplasma), are unique in not containing any cell wall.4 The similarity
between Archaea and Bacteria extends to numerous other characteristics including their
cellular size, which is much smaller (<100–1000-fold) than that of eukaryotic cells;
absence of nucleus; cytoskeleton; histones; spliceosomal introns; circular organization
of their genomes; organization of genes into operons; presence of 70 S ribosomes; and
so forth.47 Koonin et al.36 have reported that about 63% of the genes in Methanococcus
janaschii are also found in other bacteria, whereas only 5% of them are uniquely shared
with Eukarya.36 Although about one-third the total genes in this Archaea are unique (i.e.,
no similarity seen to any other organisms), the same is generally true for most other
prokaryotic genomes.
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The similarity between Archaea and gram-positive bacteria, as noted above, is not
limited to their cell structures. In phylogenetic trees based on a number of different
proteins, archaeal species show polyphyletic branching within gram-positive bacte-
ria.4,19,55 If one considers only prokaryotic homologs, then phylogenetic trees for the
majority of proteins indicate that the Archaea are more closely related to gram-positive
bacteria (i.e., monoderm bacteria, which include Thermotoga) than to gram-negative
bacteria (R.S. Gupta, unpublished results).4,19 Strong evidence of a closer relationship
between Archaea and gram-positive bacteria, as compared with gram-negative bacte-
ria, is also provided by several prominent signature sequences (e.g., 21–23-aa indel in
Hsp70 [fig. 8.2] and 26-aa indel in GS I), which are commonly and uniquely shared by
these two groups of prokaryotes.4,15

The question can now be asked of how Archaea and Bacteria are related to each other?
Because the majority of the genes that indicate Archaea to be distinct from Bacteria are
for the information transfer processes, and because these processes are of fundamental
importance, it has been assumed that differences in these regards arose in the universal
ancestor before separation of these two domains.3 According to both Woese and Kandler,
these two primary domains, as well as the eukaryotic cells, evolved from a precellular
community that contained different types of genes that define these lineages by a pro-
cess leading to the fixation of specific subsets of genes in the ancestors of these do-
mains.28,50,56 To account for the presence of different genes, it is postulated that the
universal ancestor was not a unique organism but a loose community of precellular
entities that evolved independently and also in an interdependent manner. These pre-
cellular entities did not have stable genealogy or chromosome, and they also lacked a
typical cell membrane, thus allowing unrestricted LGTs among them.28,50,56 These pro-
posals thus postulate that all differences between Archaea and Bacteria originated at
a precellular stage by non-Darwinian means, but they suggest no rationale as to how
or why the observed differences between these two groups of prokaryotes arose or
evolved.28,50,56 Cavalier-Smith has suggested the possibility that the Archaea have
evolved from gram-positive bacteria as an adaptation to hyperthermophily or hypera-
cidity,48 but his proposal fails to explain how various differences in the information trans-
fer genes that distinguish Archaea from Bacteria arose.

Our work offers an alternate proposal as to how Archaea and Bacteria may be re-
lated: Archaea are related to gram-positive bacteria, as seen by the striking similarities
in their cell structures and by a large number of gene phylogenies.4,34,35 An important
distinctive characteristic of all Archaea is that they are resistant to a wide variety of
antibiotics that are primarily produced by gram-positive bacteria.4 Further, the major-
ity of the genes that indicate Archaea to be distinct from Bacteria are related to either
information transfer processes or to synthesis of cell wall and membrane lipids, and they
provide the main cellular targets for these antibiotics.4,35,57 These observations are of
central importance for understanding the origin of Archaea.4,34,35 If the differences that
characterize Archaea evolved at a precellular stage before the formation of Bacteria,
then it is difficult to understand how Archaea developed resistance to most antibiotics
that are produced by gram-positive bacteria. Further, it seems too much of a coincidence
that most of the genes that indicate Archaea to be distinct from Bacteria provide the
main targets for these antibiotics.

To account for these observations, I have suggested that the earliest groups of prokary-
otes that evolved were related to the gram-positive bacteria. The characteristics that
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distinguish Archaea from Bacteria, rather than evolving independently at a precellular
stage, evolved from gram-positive bacteria in response to antibiotic selection pressure.4,35

In one plausible scenario, after a certain group of gram-positive bacteria developed the
ability to produce different types of antibiotics to survive in this strongly selective en-
vironment, some sensitive bacteria underwent extensive changes in genes that provided
the targets for these antibiotics. The changes leading to resistance were of different kinds
including mutations, insertions and deletions, nonhomologous recombinations, and re-
placement of the target genes with nonorthologous genes.58,59 A prolonged and succes-
sive selection in this environment led to the eventual development of a resistant strain
that had undergone extensive changes in many genes that were targets of these antibi-
otics, and this strain represented the common ancestor of present-day Archaea.4,35 The
evolution of Archaea in response to antibiotic selection also provides a plausible expla-
nation for their adaptation to harsher environments such as high temperature, high salts,
high acidity, and so forth,3 which could have been a defensive strategy on their part to
find niches that are “hostile” to antibiotic-producing organisms.4,35 Thus, this proposal
can logically explain the evolution of most of the distinguishing characteristics of
Archaea from known groups of bacteria by normal evolutionary mechanisms without
attributing such differences to the unusual properties of the universal ancestor. Because
differences between Archaea and Bacteria evolved at a very early stage in prokaryotic
history (fig. 8.4), the Archaea appear distinct from Bacteria in phylogenetic trees or other
studies based on such characteristics.

The Origin of the Eukaryotic Cell

The origin of the eukaryotic cell and many observations central to understanding this
problem have been discussed in detail in earlier work.4,52 I will present here only a brief
overview of the main hypotheses for the formation of the eukaryotic cell and examine
them critically in light of the available data. It is now well established that all eukary-
otic cells possess a large number of genes (representing significant portions of their
genomes) that exhibit greater similarity to either Archaea or Bacteria.4,19,45,51,52,60 Thus,
the original three-domain hypothesis that Archaea and Eukarya (or Eukaryotes) are sis-
ter lineages and that the ancestral eukaryotic cell directly evolved from an archaeal
ancestor is no longer valid. To account for the unique genotype and phenotype of eu-
karyotic cells, several hypotheses have been proposed. Some authors have suggested
that the eukaryotic cells evolved first and that prokaryotic organisms originated from
them by gene loss and simplification processes.61,62 However, such hypotheses are
inconsistent with the fossil and geological evidence. Other hypotheses postulate the exis-
tence of hypothetical proto-eukaryotic organisms possessing various distinctive char-
acteristics of the eukaryotes, which later engulfed either an Archaea or both an Archaea
and Bacteria to give rise to eukaryotic cells.63,64 These hypotheses defer an understand-
ing of the origin of the eukaryotic cell to hypothetical entities for which there is no
evidence. In a recent proposal, Cavalier-Smith48 posits that a common ancestor of
eukaryotic cells and archaebacteria (termed Neomura) evolved directly from gram-
positive bacteria. This proposal is unique in postulating a very late divergence (about
0.85 Ga) of both Archaea and eukaryotes, but it is not supported by the observations
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that bacterial genes in eukaryotes are derived from gram-negative bacteria rather than
from gram-positive bacteria.51,52

The most widely accepted proposals for the origin of eukaryotic cells postulate it
to be a chimera formed by fusion or association of distinct lineages of Bacteria and
Archaea.4,52,65–68 These proposals were put forward to account for the observations
that whereas information-transfer genes of eukaryotic cells are most closely related
to Archaea, their metabolic genes are primarily derived from Bacteria.19,52,60,69 The chi-
meric proposals that have been suggested are of two main kinds. One key aspect that
distinguishes these proposals is whether the chimeric event that led to the formation of
the eukaryotic cell was the same as that which gave rise to mitochondria (mitochondria–
nucleus co-origin model) or whether the two events differed from each other both in
their nature and timings (nucleus first–mitochondria later models).4,52,65–68,70 This dis-
tinction is important because mitochondria and plastids are already known to be derived
from bacteria via endosymbiosis.2,43,44

The main impetus for the mitochondria–nucleus co-origin proposals has come from
observations that a number of protist lineages that were earlier believed to lack mito-
chondria have now been shown to contain at least some genes or proteins that are dis-
tinctive of mitochondria.65,71,72 This has led to the view that all eukaryotic species once
harbored mitochondria and that absence of mitochondria in some of these lineages is
the result of a secondary loss of the organelle. The wide acceptance of the mitochondria-
early view in conjunction with the observation that several anaerobic protist lineages
contain a mitochondria-related organelle, hydrogenosome (which releases gaseous hy-
drogen), has led to the “hydrogen hypothesis” for the formation of the eukaryotic cell.65

According to this hypothesis, the ancestral eukaryotic cell arose as a result of symbiotic
association between a hydrogen-dependent archaebacterium (a methanogen) and an
a-proteobacterium, which, under anaerobic conditions, produced molecular hydrogen
as a waste product. The driving force for the formation of the eukaryotic cell was de-
pendance of the archaebacterium on molecular hydrogen produced by the bacterial sym-
biont.65 This association led to the endosymbiotic capture of a-proteobacterium by the
archaeal partner, leading to the formation of mitochondria as well as to various other
eukaryotic cell characteristics.

Although the hydrogen hypothesis accounts for the origin of hydrogenosomes from
mitochondria, it offers no explanation of how any of the main characteristics that de-
fine a eukaryotic cell (e.g., nucleus, endoplasmic reticulum [ER]) evolved. The hydro-
gen hypothesis is also called into question by a number of observations:4,73 first, there
exists now unequivocal evidence that all extant eukaryotic organisms have evolved from
a common ancestor, thus indicating that the formation of the eukaryotic cell was a unique
event occurring only once.4 If metabolic symbiosis based on hydrogen production and
use was the main driving force for the formation of the eukaryotic cell, then given the
widespread association between methanogenic archaea and hydrogen-producing proteo-
bacteria, it is difficult to envisage why this sort of syntrophy has not lead to the for-
mation of eukaryotic-like cells on numerous independent occasions. Second, in all
well-established cases of endosymbiosis (e.g., formation of mitochondria and plastids),
the metabolic processes that have formed the basis of symbiosis have been retained,2

yet eukaryotes have not retained any genes for methanogenesis, the proposed basis of
their origin. Third, the a-proteobacteria, which the hydrogen hypothesis suggests as the
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bacterial partner in the syntrophic association, evolved much later than cyanobacteria.17

This implies that formation of the eukaryotic cell took place in an aerobic atmosphere,
but the symbiosis between an anaerobic hydrogen-producing bacterium and a strictly
anaerobic methanogenic archaebacterium would have produced an anaerobic organism,
which would thus be at a great selective disadvantage. Fourth, the hydrogen hypothesis
provides no explanation as to why eukaryotic genes for the information transfer pro-
cesses are derived from the archaeal partner.51,52,60 Finally, molecular sequence data
indicate that thermoacidophilic archaea rather than methanogens are the closest rela-
tives of eukaryotes.4,74

All alternative chimeric proposals posit that the primary fusion (or endosymbiotic)
event that led to the formation of eukaryotic cell was distinct and that it preceded the
formation of mitochondria. According to Margulis’s most recent proposal, the ances-
tral eukaryotic cell was formed by association of a spirochete and a Thermoplasma, in
which the Thermoplasma contributed the nucleocytoplasm, whereas the motility appa-
ratus (e.g., microtubules) was provided by the spirochete.67 However, there is no evi-
dence at present that any of the eukaryotic genes, including those for motility functions,
have been derived from spirochetes.4 Recently, Jenkins et al.75 have identified a protein
showing strong sequence and biochemical similarity to tubulin in Prosthecobacter, in-
dicating for the first time a possible origin of this key cytoskeletal protein. Lake and
Rivera66 have proposed that the nucleus is an endosymbiont that arose from the engulf-
ment of an eocyte (or Crenarchaeota) archaea by a gram-negative bacterium. However,
this model ignores the fact that the nucleus is not an endosymbiont in the same sense as
mitochondria and plastids, which have retained their information transfer machinery
and are specifically related to their parental lineages.2,43 Zillig76 suggested the possibility
that the ancestral eukaryotic cell was formed by primary fusion of an archaebacterium
and a eubacterium. However, the nature of the proposed fusion event was not elaborated.

A detailed chimeric proposal for the nucleus-first, mitochondria-later origin has
emerged from our work on some of the best-characterized protein families in eukary-
otic cells.4,52,55,70 The Hsp70 family of proteins represents one such family. Distinct
homologs of Hsp70 that are encoded for by different genes are present in mitochondria,
cytosol, and the ER compartments.4,70 The mitochondrial and hydrogenosomal homologs
of Hsp70 are clearly derived from a-proteobacteria, as evidenced by phylogenetic analy-
ses and many common signature sequences.4 In contrast, the homologs of Hsp70 that
are present in the cytosol and ER compartments (referred to as nuclear-cytosolic ho-
mologs), which are also derived from bacteria, show no relationship to the mitochon-
drial homologs.4,52,70 These homologs contain a large number of signature sequences
that are not present in any mitochondrial, hydrogenosomal, or prokaryotic homologs.
These signatures are thus uniquely eukaryotic, and they were likely introduced in the
Hsp70 gene at a very early stage in the formation of the eukaryotic cell.4,52,70 The ab-
sence of these signatures in mitochondrial and hydrogenosomal homologs provides
strong evidence that nuclear-cytosolic homologs have originated independently of these
organelles. Importantly, although the cytosolic and ER Hsp70 homologs are present in
all eukaryotic organisms, in the earliest branching eukaryotic lineages such as Giardia,
no Hsp70 gene that qualifies as a mitochondrial homolog has been detected. Morrison
et al.77 have recently identified an Hsp70 homolog in Giardia that is distinct from the
nuclear-cytosolic homologs. However, this highly divergent protein shows no specific
affinity to the mitochondrial homologs.
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Because ER forms the nuclear envelope, an understanding of events leading to its
evolution (or proteins found in this compartment) is directly relevant to the origin of
the nucleus. Phylogenetic analyses of Hsp70 and Hsp90 sequences indicate that the ER
and cytosolic homologs of these proteins in different eukaryotic organisms including
Giardia are the results of ancient gene duplication events.70,78 Thus, a very early event
associated with the formation of the ER (and via inference the nuclear envelope) in-
volved duplication of genes for these proteins.70,78

To explain these observations, and the chimeric nature of eukaryotic nuclear-cytosolic
genes, we have proposed that the ancestral eukaryotic cell evolved as a result of symbi-
otic association between a gram-negative bacterium (related to proteobacteria or the
CFBG group) and an Archaea (fig. 8.5).4,52,73 This symbiosis developed in an aerobic
environment predominated by antibiotic-producing organisms. A combination of these
two selective forces (oxygen and antibiotics sensitivities) led to the association of an
antibiotic-resistant and oxygen-sensitive archaea with an oxygen-tolerant (or oxygen-
using) and antibiotic-sensitive bacterium, which provided mutual protection in this
environment.4,73 The association of these two groups of prokaryotes led to the surround-
ing of the archaea by membrane enfolds from the bacterial partner to shield it from
oxygenic environment (fig. 8.5). The cell membrane of the archaea became redundant
under these conditions, and it was eventually lost. At a later stage, the membrane en-
folds surrounding the archaea got separated from the bacterial membrane. This led to
formation of the endomembrane system (or the ER), as well as of nucleus in the cell.
Because this newly formed compartment (i.e., the ER) had to communicate (i.e., im-
port and export proteins and other molecules) with the rest of the cell, its formation was
either accompanied or preceded by duplication of the genes for the Hsp70 and Hsp90

Figure 8.5. The primary fusion model for the origin of the eukaryotic cell. According to this
model, the ancestral eukaryotic cell, which contained nucleus and endomembrane system, was
formed before the endosymbiotic event that led to acquisition of mitochondria (not shown here).
The key event leading to its formation was a long-term symbiosis between a gram-negative bac-
terium and an archaebacterium. This symbiosis developed in an oxygenic and antibiotic-rich
environment, and its basis was sensitivity to antibiotics of the bacterial partner and the oxygen-
sensitivity of the archaebacterium. As the membrane of the gram-negative bacterium surrounded
the archaebacterium, its membrane (containing ether-linked lipids, shown by the wavy line)
became redundant and was lost. The separation of the bacterial membrane folds surrounding the
archaebacterium led to formation of the nuclear envelope and endoplasmic reticulum (ER). The
resulting cell was antibiotic resistant and oxygen tolerant, and it retained the majority of the genes
for the information-transfer processes, which provide main targets for antibiotics, from the archaeal
partner.
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chaperones, which are essential for this purpose.70,78 The formation of this new antibiotic-
resistant and oxygen-tolerant bacterium was accompanied by an assortment of genes
from the two parents. During this process, most of the genes for information-transfer
processes (which provide the main targets for antibiotics) were mainly retained from
the archaea, whereas those for the metabolic processes were acquired from the bacterial
partner.4,73 Various eukaryotic-specific signatures were also introduced into different
genes at this early stage. The transfer of all of these genes into the newly formed nuclear
compartment led to integration (or primary fusion) of the original symbionts into a new
type of cell, which became the prototype eukaryotic cell (fig. 8.5).4

Concluding Remarks

Using molecular sequence data, it is now possible to develop a reliable picture of bac-
terial phylogeny, where all the main groups can be clearly distinguished and their branch-
ing order can be logically inferred. This emerging picture is also consistent with the
structural characteristics of prokaryotes. Our proposed model for prokaryotic evolution
makes very specific predictions that are strongly corroborated by the genome sequence
data. LGT, though an important evolutionary mechanism, is not a serious problem for
the determination of bacterial phylogeny. The origin of the Archaea and their relation-
ship to Bacteria remains a contentious issue. The current view is that all three domains
have evolved from a precellular community containing different types of genes by an
annealing process that led to stabilization of a subset of the genes in common ancestors
of these domains. However, the fact that Archaea are resistant to most antibiotics pro-
duced by gram-positive bacteria, and that majority of the genes that indicate them to be
distinct from Bacteria provide targets for these antibiotics, support our alternate pro-
posal: that they could have evolved from gram-positive bacteria in response to antibi-
otic selection pressure. The formation of the eukaryotic cell constitutes an evolutionary
discontinuity that is explained by their origin from fusion of different groups of prokary-
otes. Given the unique and unusual nature of this fusion event, a clear understanding as
to how the ancestral eukaryotic cell originated remains to be achieved.
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The time will come I believe, though I shall not live to see it, when we shall
have fairly true genealogical trees of each great kingdom of nature.

Charles Darwin to T. H. Huxley, 1857

Today there is enormous interest in discovering the tree of life, but as we get closer to
reconstructing the universal tree, new experimental and theoretical challenges continu-
ally appear that cause us to reexamine our goals. New obstacles may initially seem in-
surmountable, but in reality they enrich our understanding of the evolution of life on
earth.

One of the most recent evolutionary mechanism to challenge our view of genome
evolution is the massive horizontal gene transfer (HGT) that has recently become so
apparent.1–7 This genetic cross-talk theoretically has the potential to erase much of the
history of life that has been recorded in DNA. Indeed, some scientists think that HGT
has already effectively erased the phylogenetic history contained within prokaryotic
genomes.8

This chapter, however, is predicated on optimism. We think that the only way to decide
whether the tree of life is knowable is to try our hardest to determine it. Like Darwin,
we believe we shall someday have fairly accurate trees. Unlike Darwin, however, who
recognized that he would not see “the genealogical trees of each great kingdom of na-
ture,” we optimistically anticipate that a fairly accurate tree of life, including life’s deepest
branches, will soon be available.

This chapter reviews the fits and starts of progress in this area and analyzes this
progress from the unique perspective of our laboratory.

184
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What Are the “Great Kingdoms of Nature”?

When Darwin wrote his famous quotation, he was not thinking of prokaryotic life. Rather,
he probably envisioned understanding the trees of animal and plant life. In that sense,
part of his dream is already a reality. We currently understand the major radiations of
the bilateral animals,9,10 and the relationships linking the major plant groups are start-
ing to be understood.11–15 This review, however, focuses on a goal even more ambitious
than that of Darwin: understanding the radiations that occurred even before those of the
plants and animals; namely, understanding the enigmatic evolution of prokaryotes and
the emergence of eukaryotes.

The origin of the eukaryotes was a milestone in the evolution of life, as they are ut-
terly different from prokaryotes in their spatial organization. For example, eukaryotes
posses an extensive system of internal membranes that transverse the cytoplasm and
enclose organelles, including the mitochondria, chloroplast, and nucleus. This compart-
mentalization has required a number of unique eukaryotic innovations. The most dra-
matic innovation is the nucleus, a specific compartment for storing, processing, and
transcribing DNA. The nucleus and its origin are intimately connected with the origin
of eukaryotes because a nucleus is present in all eukaryotes—and only in eukaryotes.
The nucleus is, in fact, the defining character for which eukaryotes are named (eu =
good or true, karyote = kernel, as in nucleus).

The prokaryotes, with their simple cellular organization, are generally thought to have
preceded the eukaryotes. However, the root of the tree of life is uncertain and in flux
because of a concern that artifacts of phylogenetic reconstruction may have led to an
improper root.16,17 Before discussing the prokaryotic groups or groups that are most
closely related to the eukaryotic nucleus, we briefly survey prokaryotic diversity. The
major groups of prokaryotes are the eubacteria, the halobacteria, the methanogens and
their relatives, and the sulfur-metabolizing, thermophilic eocyte prokaryotes.

The eubacteria are a diverse group that includes all the photosynthetic bacteria (ex-
cept for the halobacteria) as well as many nonphotosynthetic groups. Most eubacteria
are mesophiles; however, the eubacteria also include extreme thermophiles, such as
Thermotoga maritima and Aquifex pyrophilus, which can grow in temperatures up to
90°C and 95°C, respectively.18–20 The lipids of eubacteria are primarily of the ester type,
although Thermotoga, Aquifex, and their relatives also contain ether-linked lipids.

The halobacteria can live in highly saline environments that are not tolerated by other
prokaryotes. These bacteria are carbon heterotrophs that employ an unusual photosyn-
thesis system; namely, a light-driven proton pump based on bacteriorhodopsin. Like
eubacteria, they contain the biochemical pathways for the synthesis of C40 and C50 caro-
tenoids,21 but like methanogens, they also contain ether lipids.

The methanogens are a phylogenetically diverse group, despite the fact that they share
a common phenotype. They are strict anaerobes with the ability to chemically reduce
carbon compounds to methane to provide energy. Associated with the methanogens is
a phenotypically diverse group of organisms represented by such organisms as Thermo-
coccus celer and Archaeoglobus fulgidus and, possibly, Methanopyrus kandleri. This last
organism grows at temperatures up to 112°C. Similar to methanogens, Methanopyrus
reduces carbon compounds to methane; however, it is not closely related to other metha-
nogens but instead is intermediate between them and the next group of organisms.22
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The eocytes, or crenarcheotes, include primarily thermophilic, sulfur-metabolizing
organisms, many of which can grow at temperatures in excess of 100°C. The eocytes
include Sulfolobus, Desulforococcus, Thermoproteus, and Pyrodictium. Sulfolobus
sulfataricus oxidizes sulfur to H2S, but others, such as Acidianus infernus, can oxidize
or reduce sulfur to H2SO4 or to H2S. The organisms with the highest maximum growth
temperatures are Pyrodictium occultum (112°C), Pyrodictium abyssum (112°C), and
Pyrolobus fumarii (113°C.).23,24 The group is metabolically diverse and phylogeneti-
cally monophyletic and includes many uncultured organisms identified only through
their rRNA sequences.

The First Eukaryotic Cells and the Origin of the Nucleus

Organisms do not evolve in a vacuum. Most prokaryotes live in environments teeming
with life. As a consequence, their interactions with their neighbors influence their evolu-
tion. Organisms living together sometimes develop symbiotic relationships, and in a few
rare cases this has led to endosymbiosis, the intracellular capture of former symbionts.
Today no one doubts that mitochondria and chloroplasts are eukaryotic endosymbionts,
and even the possibility that the nucleus itself is an endosymbiont is increasingly gath-
ering support.25

Proposals that eukaryotic organelles were derived from prokaryotic symbionts are
quite old. E.B. Wilson, in his classic book, The Cell, describes an “entertaining fantasy”
that the mitochondrion, chloroplast, and perhaps even the nucleus might be symbionts.26

Wilson’s brief descriptions of theories for the formation of the nucleus reveal his fasci-
nation with these ideas and his hesitancy to regard them as proper science. In 1910,
Merezhkowsky hypothesized that “eukaryotes resulted from a symbiotic association of
a primitive non-nucleated Monera composed of amoeboplasm and a ultra-microscopic
bacteria-like biococci. By ingestion of the latter (biococci) by the Monera arose a sym-
biotic association of the two forms, the cocci becoming chromidial granules and thus
ultimately forming the nucleus.”27 Wilson continues, explaining that, “Pfeffer once
considered the possibility that the cell may have been the product of a symbiosis be-
tween nucleus and cytosome, while Boveri suggested a ‘symbiosis of two kinds of
simple plasma-structures—Monera, if we may so call them—in such fashion that a
number of smaller forms, the chromosomes, established themselves within a larger
one which we now call the cytosome.’”28 For the next 50 years, these symbiotic hy-
potheses, based on the light microscopic resemblance of nuclei to bacteria, remained
largely forgotten.

With the advent of modern cell biology, and of rapid DNA and RNA sequencing in
the early 1980s, interest in the origin of eukaryotes blossomed. Lynn Margulis’s revo-
lutionary and prophetic book, Origin of Eukaryotic Cells, successfully focused attention
on the endosymbiotic origins of the chloroplast and mitochondria.29 In rapid succes-
sion, chloroplasts and mitochondria were demonstrated to be endosymbionts,25,30 but
regarding the origin of the nucleus, most scientists preferred the karyogenic (or autog-
enous) theory for the origin of the nucleus (see Fig. 9.1).

As explained by Margulis, a mitochondrial–host symbiosis provided the biosynthetic
steps required to form eukaryotic phospholipid membranes and thereby set the stage
for the evolution of the nuclear membrane and the endoplasmic reticulum.29
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In contrast, the endokaryotic hypothesis posits that the nucleus is an endosymbiont like
the chloroplast and mitochondrion. Impetus for this hypothesis initially came from phylo-
genetic comparisons of prokaryotic and eukaryotic ribosomes indicating that eukaryotic
ribosomes were similar to those of eocyte prokaryotes; this hypothesis was reinforced by
two additional observations.31,32 First, the nucleus, like the chloroplast and mitochondrion,
is surrounded by two membranes.31,33 Second, eukaryotes contain two types of glycerolipids,
one with exclusively ester linkages and a second type consiting of two variants with one
ether and one ester linkages, making it unlikely that eukaryotes had come solely from
eubacteria or solely from eocytes.34,35 Taken together, these three observations, the ester
and ether linkages, the double-layer nuclear membranes, and the topology of the tree link-
ing eukaryotes to eocytes, all suggested an endosymbiotic origin for the nucleus.

Testing the Endokaryotic Hypothesis

Testing of the endokaryotic hypothesis was, ironically, delayed because the nucleus was
the defining feature of eukaryotes. It is surprisingly easy to test whether the chloroplast,
or the mitochondrion, is an endosymbiont, but it is difficult to test this for the nucleus.
For the chloroplast, one only need show that chloroplast DNA is more closely related to
that of a cyanobacterium than it is to DNA from any other organism, including the plant’s
own nuclear DNA. The key to this traditional test for organelles is that nuclear DNA
serves as the marker for the “eukaryotic” component in four-taxon phylogenetic tests.
If one is testing whether the nucleus is an organelle, however, what is the proper test?
One cannot simultaneously use the nucleus and its genes as the marker for the “eukary-
otic” component and as the marker for the organelle. A proper test requires first identi-
fying two separate, independent, nuclear components and then identifying the prokaryotic
antecedents of these components. This is difficult, and the appropriate phylogenetic
methods are continuing to be refined and improved.

Figure 9.1. A comparison of two popular theories for the origin of the eukaryotic nucleus.
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Just as the dual roles of the nucleus slowed progress in testing the endokaryotic hy-
pothesis, several additional cell biological observations further slowed its consideration.
Some of these objections were superfluous, but most were substantial and simply needed
more data to resolve. These criticisms are briefly discussed below, especially in the light
of new experimental findings.

The endokaryotic hypothesis has been criticized because its predictions do not match
the membrane properties of the nucleus. For example, it has been suggested that the nucleus
should be surrounded by three separate membranes, rather than the two that are present.
Two membranes should have come from the proposed eubacterial host and one from the
nuclear guest. However, the same reasoning also predicts that the mitochondrion and the
chloroplast should be surrounded by three membranes rather than the two that are, in fact,
present. (The mitochondrion is derived from an a-proteobacterium with two membranes
and the chloroplast from a gram-negative cyanobacterium with two membranes, and the
host for both has one.) Thus, that criticism is moot, but the reason that endosymbionts are
surrounded by only two membranes remains an unsolved problem.

A related criticism of the endokaryotic hypothesis is that the proposed host for a nuclear
endosymbiont is an eubacterium, whereas the mitochondrion and chloroplast are eubacterial
guests, so that there is no direct precedent for a eubacterial host. In fact, there now are
precedents. Recently, von Dohlen et al.36 found that mealybugs contained an endosym-
biont, shown by rRNA sequencing to be derived from a b-proteobacterium. Much like a
series of Russian nesting Matryoshka dolls, each endosymbiont contains its own endo-
symbiont, a g-proteobacterium. Hence, eubacteria can indeed host endosymbionts.

Until recently, it was also thought that the nucleus differed from the mitochondria
and chloroplast because nuclear ribosomes could not actively synthesize proteins. How-
ever, recent experiments have demonstrated extensive protein synthesis within eukary-
otic nuclei. Iborra et al. estimate that nuclear translation accounts for about 10%–15%
of protein synthesis in eukaryotes.37 Furthermore, Hentze points out that ribosomal
subunits are assembled in the nucleus, that the translation initiation and elongation
factors reside in the nucleus, and that even aminoacyl-tRNA synthetases function in
the nucleus.38 He also reviews the work of Iborra and colleagues and concludes that
they “have mounted a case of unprecedented strength in support of nuclear translation.”
Thus, strong evidence indicates that the nucleus functions in all three of the fundamen-
tal processes of life: replication, transcription, and translation.

The availability of complete and partial genomes from diverse organisms has moti-
vated several phylogenetic analyses that support the endokaryotic hypothesis. Notably,
Gupta et al., in a pioneering paper, concluded from analyses of Giardia heat shock pro-
tein HSP70 that the eukaryotic nucleus resulted from an endosymbiotic event between
a gram-negative eubacterial host and an eocyte prokaryote, based on two paralogous
HSP70 genes found in eukaryotes.39 One paralog is present in the cytoplasm, and the
second, based on a characteristic N-terminal signal sequence and on a C-terminal endo-
plasmic retention sequence, is present in the endoplasmic reticulum. A comprehensive
review of these experiments has been provided elsewhere.40 A second paper, strongly
supporting the endokaryotic hypothesis, was based on the whole-genome-analysis
method of Horiike et al.41 After removing mitochondrially related open reading frames
from the genomes being studied, the authors analyzed yeast orthologs and compared
these with those from six Archaea and nine Bacteria at several levels of discrimination.
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Their paper is unique in using several levels of analyses to improve the sensitivity and
reliability of these analyses. The authors conclude that their analyses strongly support
the endokaryotic theory.

Finally, any hypothesis for the origin of the nucleus needs both to be metabolically
reasonable and to provide a selective advantage for both partners of the initial symbio-
sis. A number of authors, most notably Martin and Muller,42 have carefully considered
the selective advantages of complementary host and guest metabolisms and have estab-
lished plausibility arguments for the initial steps of endosymbiotic relationships. A
thoughtful early paper of Searcy43 summarized potential roles of sulphurous compounds
in symbioses. Martin and Muller’s classic paper proposed an explicit hypothesis for the
roles of H2, CO2, and CH4 in the origin of mitochondria: the hydrogen hypothesis. This
hypothesis couples the metabolism of H2, CO2, and CH4 so that the metabolic waste
product of one symbiotic partner matches the metabolic needs of the other, and vice
versa, thereby deriving a model for the origin of the mitochondrion and the hydro-
genosome, a mitochondrion-like organelle. In their model, the waste product of the host,
H2, is used as the nourishment for the guest, a methanogen. However, these authors also
point out that it is possible to recycle H2 several ways, including using elemental sulfur,
So. In addition, Moreira and Lopez-Garcia44 proposed a synthropic theory for the origin
of the nucleus that involves the coming together of many cells that together act as the
host.

Using the hydrogen hypothesis as a guide, we have outlined a detailed model in
which the first nucleated cell is derived from a eubacterium and an eocyte.45 Purple
sulfur bacteria and eocytes are naturally complementary endosymbiotic partners, with
the metabolic waste products of each matching the metabolic needs of the other. That
model, shown in figure 9.2, is briefly summarized as follows: The sulfur bacteria (the
host species) are unicellular photoautotrophs capable of growing anaerobically in the
light using CO2 as a carbon source, so that ATP is provided by cyclic photophospho-
rylation and reducing power is provided by H2S, which is oxidized anaerobically to
So and to H2SO4. Anaerobic eocyte prokaryotes typically generate energy by the re-
duction of sulfur with hydrogen, forming H2S, and many can be grown on a range of
carbon sources. Through endosymbiotic association, based on hydrogen and sulfur
recycling, the endosymbiont guest would provide the host with a reliable supply of
H2S, and the host would provide the endosymbiont a reliable supply of So and H2.
This recycling would thus decouple ATP generation by photophosphorylation from
H2S availability, thereby nearly eliminating the need for sulfur and requiring only
sufficient H2 to replace that lost by diffusion. Once a relationship was established
between host and endosymbiont, if they were removed from a concentrated source of
sulfur, both would be irreversibly dependent on each other. This metabolically driven
model indicates that a symbiotic relationship between an eubacterium and an eocyte
could have great selective advantages and allow the endosymbiotic complex to range
beyond its initial sulfur-rich habitat.

Thus, experiments conducted during the last decade are laying the groundwork for
understanding the evolution of eukaryotes. It is indeed possible that one of the greatest
events in biological history, the origin of the eukaryotic nucleus, occurred when two
disparate prokaryotes joined together to form an organism that would be less depen-
dent on its physical environment.
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How Are Eukaryotes Related to the Prokaryotes?

Phylogenetic analyses of the tree of life still provide the principal information for under-
standing the origin of eukaryotes. The two most intensively studied prokaryotic genes
spanning the tree of life, 16/18S ribosomal RNA (rRNA) and protein synthesis factor
EF-Tu (EF-1 alpha in eukaryotes), together with whole-genome analyses, remain the
primary sources of information for understanding the origin of eukaryotes.

The two trees shown in figure 9.3 are almost always obtained when the phylogenetic
tree of life is reconstructed from 16/18S rRNA or EF-1 alpha genes. In the tree at the
left, the archael tree [46]eukaryotes are the sister group of (i.e., most closely related to)

Figure 9.2. A metabolically
driven model for the origin of

the nucleus utilizing the
selective principles first

proposed in the hydrogen
hypothesis.

Figure 9.3. A comparison of
the Archael and Eocyte
theories illustrating the
differing phylogenetic

positions of eukaryotes in the
respective trees.
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the last common ancestor (cenancestor) of the euryarchaea + eocytes (the archaea). In
the tree at the right, the eocyte tree, eukaryotes are the sister group of the eocytes. These
two trees, although appearing similar, make greatly different predictions about the ori-
gin of the eukaryotes.

Many initial studies using 16/18S sequences supported the archael tree.46–51 However,
some early studies supported the eocyte tree,52,53 and recently, some very prominent 16/
18S studies have also tended to support the eocyte tree rather than the archael one.54

A different pattern was observed when EF-1 alpha genes were used to reconstruct
the tree of life. Early studies supported both trees, but in contrast to 16S/18S studies,
almost all studies since the early 1990s have supported the eocyte tree.55–61

These changes may have resulted from recent improvements in phylogenetic recon-
struction methods, as reconstructing the tree of life is inextricably bound up in details
of phylogenetic reconstruction that can lead to incorrect trees. A brief explanation of
these effects follows: Artifacts in alignment and tree reconstruction that can produce
incorrect trees are known as long-branch attraction. The name refers to the observation
that such attraction occurs when taxa are evolving at different rates. The effect of this
artifact is to cluster rapidly evolving taxa (corresponding to long branches in the tree)
with other rapidly evolving taxa in an evolutionary tree, and to cluster slowly evolving
taxa (short branches) with other slowly evolving ones in the tree, even though the taxa
may not be phylogenetically related. Starting in the late 1980s, some phylogeneticists
began to conclude that long-branch attraction between the long branches of the rapidly
evolving eubacteria and rapidly evolving eukaryotes was causing these divergent groups
to be placed together in the archaeal tree, and that this tree is simply an artifact.53

Recently, Tourasse and Gouy reevaluated the RNA-based tree of life and concluded
that the archael tree is an artifact of long-branch attraction.51–54 Although Gouy was
initially an extremely influential supporter of the 16/18S Archael tree,48 this recent re-
appraisal, using improved distance methods, now rejects the archael tree in favor of the
eocyte tree. The authors conclude, “All these results suggest that obtaining monophyl-
etic Archaea may be an artifact due to underestimation of branch lengths.”54 Further-
more, they explain that, “this may be a result of the long-branch mutual attraction
phenomenon. That is, mutual attraction between the long bacterial and eukaryotic
branches force together the two shorter archaeal branches, resulting in a misleading
archaeal monophyly.” The authors observed this effect with sequences from both small-
subunit (SSU) and large-subunit (LSU) rRNAs. Figure 9.4 shows their branch lengths
and illustrates why they think this happened. They note that the branches leading to the
eukaryotes and eubacteria are the two longest in the tree. The long branches are obvi-
ous in both their SSU and LSU trees. Note, however, that when distances are corrected
for multiple substitutions using more accurate algorithms, the topology switches so
that the short-branch eocytes are connected with the long-branch eukaryotes, and the
short-branch euryarchaea are connected with the long-branched eubacteria. Also note
that the branches leading from the central nodes to the eukaryotes and to the eubacteria
are longer for the corrected data than for the uncorrected data. This is precisely because
most of the multiple nucleotide changes, which normally are missed when uncorrected
distances are used, are found in the longest branches. However, these multiple changes
only fully appear when the distances are properly corrected. This classic paper serves
as a model documenting the difficulties in calculating phylogenetic trees that encom-
pass the entire span of diversity of life on Earth.
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The algorithm on which the archael tree is based has a history of producing trees
that are demonstrably incorrect because of long-branch attraction.46 Two prominent
examples using their algorithm are known to have resulted from long-branch artifacts.
Specifically, the first tree to maintain that an amitochondriate eukaryote branched from
the base of the eukaryotic lineage was the analysis of the position of the V. necatrix
sequence.62 That finding sparked the archaeozoa proposal—that the earliest eukary-
otes lacked mitochondria—and has subsequently been compellingly rejected.63–70 Sub-
sequently, their algorithm produced a second, highly visible, incorrect tree. This time
the tree indicated that the bilateral animals had evolved multiple times.71 Although
the data and experimental concepts were visionary, the phylogenetic analysis itself
was demonstrably biased by long-branch attraction artifacts that marred an otherwise
pioneering work. Immediately following its publication, that analysis provoked an
uproar of protest because it was inconsistent with other data on the morphology of
the bilateral animals, and the concept was subsequently abandoned.72–74 Given a his-
tory of faulty reconstructions, it is plausible, and even likely, that long-branch attrac-
tion has biased the archael tree toward an incorrect long-branched topology. This is
especially probable because the divergence times for the deep branches of the com-
bined prokaryotic and eukaryotic trees of life are far older than the deepest branches
of the eukaryotic tree. Hence, the prokaryotic/eukaryotic tree is much more prone to
long-branch attraction.

From this perspective, it is better to think of the part of the eukaryotic genome in-
volved in protein synthesis as having evolved from a, possibly sulfur-metabolizing,
eocyte prokaryote, rather than from a vague ancestor that is intermediate between
eubacteria and the last common ancestor of the archaea.

Figure 9.4. Evidence that the Archael tree is an artifact of long branch attraction based on the
analysis of ribosomal RNA sequences, data from Tourasse and Gouy54.
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The Horizontal Gene Transfer Revolution
and the Tree of Life

The Horizontal Gene Transfer Revolution

The possibility of analyzing complete genomes has awakened interest in prokaryotic
genome evolution and is profoundly changing our understanding of genome evolution.
Before the first genomes were sequenced, there was nearly unanimous scientific agree-
ment that prokaryotic genomes were evolving clonally, or approximately so. In other
words, as generation after generation of bacteria divided, each bacterium would con-
tain the DNA it inherited from its parent, except that occasionally a single DNA nucle-
otide might have mutated, causing a minor change in the daughter genome. Thus, it was
thought that the family tree derived from any one gene would look like the family tree
from any other gene. Diploid eukaryotic cells with two copies of each gene per cell
slightly complicated this picture, but they too were thought to be evolving as a clonal
tree. Thus, everyone felt comfortable that reliable family trees could be calculated from
gene trees. In particular, ribosomal RNA genes were favored, as rRNA was easy to se-
quence, and it was assumed that trees calculated from rRNA would probably be the same
as those calculated from any other genes.

Because so much attention was focused on the approximately clonal evolution of
rRNA in the pregenomic era, only a few genes were noticed that indicated horizontal
gene transfer (HGT). Early on, results began to indicate a chimeric origin for the nuclear-
coded eukaryotic genes. In the mid-1980s, as previously discussed, it was noted that
the evolution of lipids was inconsistent with the evolution of other molecules in eukary-
otes.35 Zillig et al.,75 using trees based on DNA-dependent RNA polymerase genes, found
additional evidence for chimeric eukaryotic origins, and Sogin,76 noting major differ-
ences between rRNA and protein gene trees, proposed a novel type of chimeric eukary-
otic origin. Golding and Gupta,77 using heat shock protein (hsp70) gene sequences,
interpreted their results as being consistent with earlier chimeric proposals.77 Simulta-
neously in this pregenomic era, a few studies on isolated genes were also suspiciously
indicating HGT.3,78–81

Once complete genomes were available, the pace of discovery accelerated, as high-
lighted in analyses of complete, or nearly complete, genome studies from the laborato-
ries of R. Doolittle, F. Doolittle, Golding, and ourselves.82–85 These and even more recent
studies of the evolution of life, based on complete genomes, which are described below,
have revealed the flaws in the old, clonal view. Scientific opinion has now shifted, and
most now favor a significant role for HGT in genome evolution.

HGT Has Profoundly Affected Our Understanding
of Genome Evolution

Three amazing new findings, based on analyses of whole genomes, have engendered
appreciation for this new paradigm. First, HGT is now generally recognized to be ram-
pant among genomes (rampant at least on a geological timescale). Second, not all genes
are equally likely to be horizontally transferred. Informational genes (involved in tran-
scription, translation, and related processes) are rarely transferred, whereas operational
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genes (involved in amino acid biosynthesis and numerous other housekeeping activi-
ties) are readily transferred. Third, biological and physical factors appear to have al-
tered horizontal gene transfer. These include intracellular structural constraints between
proteins (the “complexity hypothesis”), interactions between organisms, and interac-
tions with the physical environment. These three findings are described below.

Evidence for Extensive HGT

As early as 1996, the complete sequence of the methanogen Methanococcus janaschii
revealed that its genome consisted of certain groups of genes much more similar to
eukaryotes than bacteria, whereas other groups of genes were much more closely re-
lated to their bacterial homologs.86 Koonin et al.87 confirmed that the M. jannaschii genes
for translation, transcription, replication, and protein secretion were more similar to
eukaryotes than to bacteria. The authors interpreted this as methanogens being derived
from eukaryotes and eubacteria. Using rigorous phylogenetic methods, our lab discov-
ered the presence of two super-classes of genes in prokaryotes that had different rela-
tionships to eukaryotic genes. In studies of the Escherichia coli, Syneccocystis PCC6803
(a cyanobacterium), M. jannaschii, and Saccharomyces cerevisiae genomes, the M.
jannaschii informational genes, consisting of gene products responsible for such pro-
cesses as translation and transcription, were found to be most closely related to those
found in eukaryotes.85,86,88–90 The operational genes of the eukaryote, responsible for
the day-to-day operation of the cell (housekeeping genes), however, were most closely
related to their counterparts found in E. coli and Syneccocystis.85 This provided defini-
tive evidence that the 16S rRNA tree does not reflect the evolution of all the genes in a
genome and also provided evidence that the eukaryote is a chimera of eubacteria and a
member of the methanogens or eocyte part of the tree (an eocyte genome was not avail-
able then). A stylized illustration of these results is shown in figure 9.5.

Further evidence for extensive HGT came from the observation that another me-
thanogen, Methanobacterium thermoautotrophicum, contains several regions that have
an approximately 10% lower G+C content than the G+C content of the whole genome
on average.91 Open reading frames (ORFs) in these regions exhibit a codon usage pattern

Figure 9.5. A stylized illustra-
tion of the flow of eubacterial-

operational genes and
methanogen- or eocyte-

informational genes into the
protoeukaryote.
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atypical of M. thermoautotrophicum, indicating that the DNA sequences may have been
acquired by HGT.91 By counting the presence or absence of ORFs between M. thermo-
autotrophicum and M. jannaschii, 36 new acquisitions in M. jannaschii seem to be ab-
sent in M. thermoautotrophicum, providing more evidence for HGT.91

Additional evidence for HGT came from a thermophilic relative of the methanogens,
Archaeoglobus fulgidus.92 ORFs in the functional categories of translation, transcrip-
tion, replication, and some essential biosynthetic pathways are very similar to those of
M. jannaschii, but these two genomes differ in many of their housekeeping functions,
such as environmental sensing, transport, and energy metabolism. The tryptophan bio-
synthesis pathway in A. fulgidus seems very closely related to the eubacterium B. subtilis,
even though these two are separated by large distances on the 16S tree. These observa-
tions indicate that the extent of gene exchange that has occurred in the methanogens
and their relatives is tremendous.

Among the extreme thermophiles, some of which live in temperatures in excess of
the boiling temperature of water, HGT is equally prevalent.93 Lecompte et al.94 com-
pared the three proteomes of the high-temperature methanogen relatives Pyrococcus
abyssi, Pyrococcus furiosus, and Pyrococcus horikoshii. In this analysis, the ORFs en-
coding translation proteins, transcription proteins, and some others gave fairly consis-
tent distances among the three species, indicative of a clonal evolutionary pattern. Most
other ORFs, such as the housekeeping genes, gave a wide distribution of distances. The
existence of a distribution was interpreted as evidence of HGT.94 In addition, P. furiosus
is capable of transporting and metabolizing maltose and maltodextrin, properties that
are absent in P. horikoshii. Of two maltose/maltodextrin import systems in P. furiosus,
one has greatest similarity to the transport system of E. coli, a finding best explained as
a lateral transfer of the system from E. coli to P. furiosus.95, 96 Comparison between P.
furiosus and P. abyssi has revealed linkage between restriction-modification genes. These
genes are responsible for protecting the cell from invasion by foreign DNA, such as
viruses, while protecting the genome by DNA modifications, such as methylation.
Through codon bias analysis, some restriction–modifications systems in the Pyrococcus
genomes seem to have been acquired by horizontal transfer.97

HGT is also widely prevalent in the eubacteria. It has been demonstrated in A. aeolicus,
where little consistency was seen among trees reconstructed from a number of opera-
tional genes.98 For E. coli, comparative analyses of E. coli ORFs showed that 675 E.
coli ORFs have greatest similarity to Synechocystis, 231 ORFs to M. jannaschii, and
254 ORFs to the eukaryote S. cerevisiae.90 Using skewed base composition and codon
usage as a measure of an alien gene, Ochman and colleagues99 argued that 755 of 4,288
E. coli ORFs have been horizontally acquired in 234 lateral transfer events since E. coli’s
divergence from Salmonella approximately 100 million years ago.

The B. subtilis genome also harbors a number of foreign genes, as evidenced by many
prophage-like regions encompassing approximately 15% of the genome.100 Another spe-
cies of the same genus, Bacillus halodurans, an alkaliphilic, similar to its close relative
B. subtilis, possesses regions with a G+C content similar to that of some viruses.101 As a
consequence of this similarity, those DNA sequences were proposed to have been obtained
by lateral transfer.101 The genome of Clostridium acetobutylicum contains genes missing
in B. subtilis. These genes have a number of different phylogenetic relationships. For ex-
ample, 49 genes reveal an immediate relationship between C. acetobutylicum and eukary-
otes, and another 195 are most closely related to several noneubacterial extremophiles.102
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The cyanobacterium Synechocystis PCC6803 is another bacterium whose genome
supports extensive HGT among prokaryotes. The genome of Synechocystis contains a
number of insertion sequences, termed IS elements. The DNA around the IS elements
displays features of E. coli DNA, indicative of horizontal genetic acquisitions.103 It is
also interesting to note that some genes from Synechocystis have representatives only
in eukaryotes, such as humans. Because the cyanobacteria are thought to be the endo-
symbionts that gave rise to the chloroplast, Synechocystis has many genes that are most
closely related to plants.88

Although HGT Is Rampant, It Is Not Random:
The Complexity Hypothesis

In a subsequent phylogenetic analysis, our lab examined the frequency of lateral transfer
of operational genes among six prokaryotic proteomes, E. coli, Synechocystis PCC6803,
B. subtilis, A. aeolicus, M. jannaschii, and A. fulgidus.86,88,90,92,98,100 We performed three
tree topology tests on orthologs of the six prokaryotes to measure the extent of HGT.
All the tests significantly showed that operational genes have been continually laterally
transferred among prokaryotes since the last common ancestor of life. Moreover, to
explain why operational genes undergo HGT more frequently than informational genes,
we proposed the complexity hypothesis, which posits that informational genes are not
as likely to undergo horizontal transfer because they are members of large complexes.
Operational genes, however, are generally not parts of large complexes and, thus, are
more readily transferred.104

HGT Accelerates Genome Innovation and Evolution

It is becoming clear that HGT has had a major effect on the evolution of life on Earth.
It is a major agent, perhaps the major agent, responsible for spreading genetic diversity
by moving genes across species boundaries.105 By rapidly introducing newly evolved
genes into existing genomes, HGT circumvents the slow step of ab initio gene creation
and thereby accelerates genome innovation, but HGT can only affect organisms that
readily exchange genes (exchange communities). An analysis of approximately twenty
thousand genes contained in eight free-living prokaryotic genomes indicated that HGT
preferentially occurs among organisms that have similar environmental and genomic
factors in common. These include genome size, genome G/C composition, carbon uti-
lization, and oxygen tolerance.105 On the basis of the numbers of prokaryotic species
within exchange groups, that study estimated that HGT has accelerated the introduc-
tion of new genes into species by a factor of ten thousand. Indeed, HGT may be respon-
sible for a remarkable increase in genome innovation that greatly exceeds anything that
could have been accomplished by clonal evolution alone.

HGT Greatly Complicates Reconstructing
the Universal Tree of Life

W. Ford Doolittle has recently reviewed the state of “Phylogenetic Classification and
the Universal Tree” and asks, “What if phylogenetic classification is just let go?”8 It is
a bold question, and an appealing one given what is being learned about HGT. Further-
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more, the difficulties run deeper than just HGT. Those include additional obstacles that
must be overcome to accurately reconstruct microbial phylogenies. Although Doolittle’s
observations are for the most part on the mark, our lab’s outlook is much more optimis-
tic. We think these are just temporary obstacles that can, and will, be overcome. Our
working hypotheses are that future fundamental improvements in molecular phylog-
eny reconstruction techniques and other new theoretical advances will make it possible
to hurdle these barriers in the near future.

It would be disingenuous to pretend that the difficulties are not sizable. They are not
only enormous, but there are many of them. However, they are not necessarily insur-
mountable. In fact, the only way to discover whether they could destroy Darwin’s dream
is to assume that they are not insurmountable and to use every effort to solve them. Some
of barriers to reconstructing the tree of life are described below.

The rRNA Tree of Life Wanes

Consider what has happened to the once-ebullient field of ribosomal RNA phylogenies.
For years, phylogenies based on ribosomal RNAs had been the holy grail of microbial
phylogenetics. To be sure, ribosomal RNA-based phylogenies have been responsible
for many successes including both the demonstrations that the mitochondrion and chlo-
roplast are endosymbionts and the new animal phylogeny.9,10,25,30,106,107 However, pro-
karyotic phylogenies are another story. One only has to read the latest Bergey’s Manual
or to read the chapter by Schleifer and Ludwig in this volume to realize that the tree of
prokaryotic life is fuzzy and unresolved.108 So much so, in fact, that rRNA-based trees,
although capable of identifying to which phylum a prokaryote belongs, are incapable
of determining how the phyla relate to each other.

Another seldom-mentioned barrier to reconstructing trees accurately is the finite
length of genomes. Given our current fascination with completely sequencing ever-longer
genomes, it is hard to appreciate that genomes are of finite length. However, unfortu-
nately, they are, and this length limits the feasible time resolution within trees. Thus,
there has never been a possibility that we could reconstruct perfect trees, so perhaps the
question we should be asking is, How much information can one obtain?

While asking whether we should just let go of phylogenies, Doolittle8 has pointed
out the specific challenges to classification that HGT presents as follows: “If, however,
different genes give different trees, and there is no fair way to suppress this disagree-
ment, then a species (or phylum) can ‘belong’ to many genera (or kingdoms) at the same
time: There really can be no universal phylogenetic tree of organisms based on such a
reduction to genes.” In other words, Doolittle suggests that the gene mixing resulting
from HGT is so extensive that it precludes one from reconstructing the tree of life.

Although he may be correct, we subscribe to an alternative view. Yes, HGT is exten-
sive, and yes it imposes limits to phylogenetic reconstruction, but we view the difficul-
ties of HGT as just another temporary setback on the search for Darwin’s goal.

Phylogeny and Classification
are Inextricably Linked?

Doolittle implicitly assumes that classification must be phylogenetic, and most scien-
tists—but not all—implicitly concur. Hence, it is useful to consider the alternatives. Ernst
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Mayr, for example, has made a strong and passionate case that classifications can in-
clude a number of factors such as rates of evolution and overall similarity.109 As an ar-
ticulate counter to this, E.O. Wiley has argued that phylogenetics is the only basis for
classification, and most evolutionists support this view.110 In phylogenetic classifica-
tion, the only allowable groups are those that include all descendents of, and only de-
scendents of, the most recent common ancestor of the group. It has been shown that any
other rules for grouping organisms must produce nonphylogenetic classifications. These
acceptable phylogenetic groups are named monophyletic groups because they contain
a complete clade. In contrast, groups which either do not contain all the descendents, or
which contain members not derived from the most recent common ancestor are para-
phyletic groups. For example, assuming for the moment that informational genes are
useful for following cell lineages, if the archaea (euryarchaea + eocytes) are monophyl-
etic then archaea would be the acceptable phylogenetic classification. On the other hand
if eocytes and eukaryotes are monophyletic, then the only proper group would be the
karyota.35 The beauty of phylogenetic classifications is that the seemingly arbitrary nature
of naming the branches of the tree of life, becomes instead a question of phylogeny,
which is testable. Obviously classification will also be complicated by endosymbiotic
events, but first we need to know the history of events.

How Does HGT Affect our Ability to Know
the Tree of Life?

To determine phylogenies accurately, one needs to know how extensive HGT has been
and its overall affect on phylogenetic reconstructions. If no HGT, or very little, has
occurred, then current methods of analysis will allow one to reconstruct the clonal tree
of life. At the other extreme, if all genes undergo HGT once a year, then all gene trees
will be undecipherable. In between these extremes lies a continuum of results. In prac-
tice, one hopes to find a common thread of similarity between all the gene trees within
a set of genomes, to deconvolute the phylogeny of the genomes from the corrupting
HGT. In any such deconvolution one’s success will necessarily depend on the extent of
the corrupting process. If HGT is sufficiently large, then it will effectively preclude
phylogenetic reconstruction. Hence, predictions about its severity depend on obtaining
accurate estimates of the extent of HGT.

An example serves to give one an idea of how HGT affects phylogenies. Jain et al.
studied six complete prokaryotic genomes from diverse prokaryotes with the goal of
determining whether, and how, HGT was changing with time.104 The genomes were from
four eubacteria and two euryarchaea; Aquifex aeolicus (an eubacterial extremophile),
B. subtilis, E. coli, Synechocystis 6801 (a cyanobacterium), M. jannaschii (a metha-
nogen), and Archaeoglobus fulgidus (a methanogen relative), respectively. They iden-
tified 312 sets of orthologous genes of known function that were present in all six
genomes, aligned them, and calculated phylogenetic trees. These genes included 203
operational (higher-HGT) and 109 information (lower-HGT) genes. Plotted on each
internal branch of the reference tree in figure 9.6 are two numbers representing the local
deviations of informational and operational gene trees from the reference EF-1 alpha
topology. For example, the average percentage of support for the clade of Escherichia
+ Synechocystis is better for informational genes (40%) than for operational genes (31%).
Because there are three alternative topologies possible for each internal branch, the 31%
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figure is not statistically different from random (331/3%), indicating that HGT between
E. coli and Synechocystis is extensive for operational genes. In contrast, the 40% figure
observed for informational genes across this branch indicates that a phylogenetic signal
exists for informational genes, although it is small.

As one moves down the tree, the percentage of trees that match the reference tree
increases, indicating that there is less mixing by HGT between the groups at the higher
taxonomic levels. For example, the next internal branch of the tree shows 65% agree-
ment for informational genes and 45% agreement for operational genes. Note, however,
that the informational genes consistently have higher percentage scores; that is, fewer
deviations from the reference trees.

Our schematic interpretation of these results is shown in figure 6b. The ability of
informational genes to resolve groups is shown by two contours. The informational genes
are indicated by the shaded contours, and the operational genes are indicated by the
outermost contour. The vertical axis represents a very approximate measure of time,
such that present day is located at the top and the most distant times at the bottom. The
contour lines are drawn in such a way that a horizontal line drawn across the figure at a
given time approximately indicates what can and can not be resolved. For example, at
present there has been sufficient HGT that the average operational gene tree can resolve
Aquifex from the remainder of the eubacteria, but it probably can not resolve E. coli, B.
subtilis, and Synechocystis from each other. In contrast, the average informational gene
can separate both Aquifex and Bacillus from the remainder of the eubacteria. Obviously
the informational genes that are least subject to HGT can do considerably better. Notice
that the separation between the eubacteria and the euryarchaea is routine for both infor-
mational and operational genes. However, if we were to go back in time, say to time b,
then the average informational genes could perform that separation but the average

Figure 9.6. A comparison of the inferred amount of horizontal transfer of operational and in-
formational genes in different regions of a reference (zero HGT) tree. Details are provided in the
text. In panel b, this figure is interpreted as representing platypatric speciation, and should be
compared with figure 9.7.
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operational gene could not. Furthermore if an observer had been present at time a, nei-
ther gene type could separate the groups. Thus, we see can start to see the nature of the
confounding effect of HGT. At a sufficiently late time, one can observe the separation
of groups as distinct entities, but as long as recently divergent groups are still members
of the same exchange group105 (i.e., still rapidly conducting HGT, then it will be ex-
tremely difficult to pick apart their phylogenetic relationships).

Platypatric Speciation

The mechanisms of animal speciation have been extensively studied.111 Speciation can
be determined by geography (allopatric speciation), ecological niches within the nor-
mal range of the parental population (sympatric speciation), and additional mechanisms
(e.g., founder effect, parapatric speciation, heterochrony, etc.). For example, figure 9.7
illustrates a hypothetic species evolving, perhaps through a combination of allopatric
and sympatric speciation. In this figure, the range of the original parental species is shown
as a shaded area. As the group evolves in time and space, ultimately the two terminal
groups are unable to exchange genes.

Similarly, HGT can cause the evolution of new species that is based on the ability of
genes to be horizontally transferred (platypatric speciation; see the Glossary for a com-
plete definition). As for animals, the platypatric speciation shown in figure 9.6b can be
the result of interactions between environmental, genetic, ecological, or other factors
with HGT.105 Also note that the two contour levels in figure 9.6b represent the two groups

Figure 9.7. A representative example of allopatric
and sympatric speciation, to be compared with the
platypatric (HGT) speciation shown in figure 9.6.
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of genes that could potentially exchange information by HGT: the informational (shaded)
and operational (not shaded) genes. It is becoming apparent that HGT may be a signifi-
cant factor in prokaryotic species evolution, mimicking speciation effects in animal
evolution.

The challenge, then, is to understand phylogenetic relationships in sufficient detail
that we can relate the tree of life to the evolution of life on earth. Then we can truly
probe major questions about the evolution of life on our planet: What were environ-
mental conditions like early in the evolution of life on Earth? Did life start in a hot en-
vironment? What was the role of HGT during these times? Did carbon heterotrophy
evolve before autotrophy, or vice versa?

HGT should not be viewed as a negative participant in evolution. It is becoming clear
that it has played a major role in the evolution of prokaryotic life on earth by spreading
genes across species boundaries, thereby accelerating genome innovation and evolu-
tion to an extent that greatly exceeds anything that could have been accomplished by
clonal evolution alone. It is noteworthy that William Thomson (later Lord Kelvin) criti-
cized Darwin’s theory because it required a longer time to evolve life than his calcula-
tions dated the age of the earth, at least according to his preradioactivity estimations.
The discovery of radioactivity dramatically lengthened the estimates of the age of the
earth and removed this criticism of Darwin’s work. Now a remarkable new mechanism
for change, HGT, appears to have again effectively extended the time available for
prokaryotic evolution.

Glossary of Specialized Terms Related
to Horizontal Transfer

Given the enormous interest in, and recognition of the importance of, horizontal gene
transfer there is a pressing need to specifically and accurately refer to individual steps
in the acquisition and spread of genes by horizontal transfer. The following list defines
common terms, as well as several new ones, used throughout this chapter. We hope that
this glossary will improve the precision of scientific communication within this emerg-
ing scientific discipline.

Acquisition. The capture of genes from exogenous sources by an organism. Acquired
genes are not necessarily in a form in which the genes may be clonally passed on to
descendants. May be used in combinations with horizontal gene transfer as in “Hori-
zontal Gene Acquisition” or “Horizontal Acquisition.”

Clonal Inheritance. The generational transfer of genetic information from parents
to descendants.

Exchange Groups. A group of organisms that may actively share genetic informa-
tion via horizontal transfer. The individuals within a group are not necessarily within
physical proximity, as exchange groups may have global distributions. In addition,
physically proximate organisms are not necessarily members of the same exchange
group.

Gene Dissemination. The spread of a gene within an exchange group through a
combination of horizontal transfer, incorporations, subsequent selection, and perhaps
other methods. Dissemination is to horizontal gene transfer what fixation is to clonal
evolution.
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Genome Innovation. The creation of a novel gene that may subsequently be acquired,
incorporated, and shared by members of an exchange group.

Horizontal Gene Transfer. The acquisition and incorporation of complete genes
from exogenous sources into the host genome in a form in which they may be clonally
inherited. Also called lateral gene transfer.

Horizontal Transfer. The acquisition and incorporation of genetic information from
exogenous sources in a form in which it will be clonally inherited. The information may
consist of parts of genes, regulatory regions, or noncoding DNA and may be as small as
a single nucleotide. Also called lateral transfer.

Incorporation. The incorporation of genes acquired from exogenous sources into
the host genome in a form in which they may be clonally passed on to descendants.
May be used in combinations with horizontal gene transfer as in “Horizontal Gene In-
corporation” or “Horizontal Incorporation.”

Platypatric speciation. Evolution of new species based on the ability of genes to be
horizontally transferred. Platypatric speciation can result from the effect of geographi-
cal, genetic, environmental, or other factors on horizontal gene transfer. Because dif-
ferent genes have different probabilities of horizontal transfer, at any given time some
genes may define species, wheareas other more readily transferred genes may still freely
exchange among higher taxonomic groups. Platypatric speciation may occur in concert
with clonal speciation mechanisms.
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Paradigm Lost

C.G. KURLAND

In a refreshingly candid note, M. Syvanen summarizes attempts to detect facile gene
transfers to bacteria from transgenic plants that had been modified with antibiotic resis-
tance markers. In this chapter, the ease of transfer of such markers from DNA to bacte-
ria in pure culture is contrasted with the repeated failure to detect the expected transfer
from plants in the field. Syvanen concludes his comments by saying, “If horizontal trans-
fer of genes from plants to bacteria is found to occur naturally, perhaps the most signifi-
cant outcome would be the reshaping of our evolutionary paradigms.”1 Here, I will
attempt to explain why it would be very difficult to identify such transfers in nature.
Furthermore, I will suggest that even though it may be easy to demonstrate horizontal
transfer under other well-defined circumstances, its persistence at low frequencies as
well as its limited range within natural populations do not necessitate a reshaping of our
evolutionary paradigms.

In addition, I suggest that the purported conflict between HGT and Darwinian evo-
lution in modern organisms is a misunderstanding, very like the one that characterized
an earlier unproductive dispute concerning the effect of neutral molecular evolution.2

Though often more elaborate than neutral mutations, gene transfers, like neutral se-
quences, are simply another expression of the play of mutations on genomes. Unless
mutant sequences, alien or domestic, improve the fitness of genomes, their ultimate fate
is extinction.3 Furthermore, as will be discussed below, modern cells erect selective
barriers to HGT in the form of structural and functional constraints on the compatibility
of novel sequences within highly tuned physiological systems.4–7 For these reasons it is
a priori unlikely that Global HGT could be a formidable disruptive force for the phy-
logeny of modern organisms. Most important, hard data indicate that the evolution of
contemporary organisms is unambiguously Darwinian.

207
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Finally, I will suggest that current views of the origins of eukaryotic genomes as fusion
products of archaeal and bacterial genomes have been based on the uncritical applica-
tion of inadequate phylogenetic methods. More robust data indicate that eukaryotes like
archaea and bacteria are independent lineages that diverged from a common ancient
ancestor.8–13

Horizontalism

What is nowadays called horizontal gene transfer (HGT) has been under study for roughly
half a century. Indeed, the discoveries of the different modes of gene transfer in bacte-
ria represent the very origins of molecular genetics. The reinvention of gene transfer as
the “essence of the phylogenetic process” was a remarkable social event.14 More than
once during a recent EMBO workshop participants were reminded that “Lateral gene
transfer is the only new thing in evolution since Darwin.” So much for the population
biology of the twentieth century.

The obsession with gene transfer during the previous decade arose in a context that
was unusually amenable to hyperbole. It was early days for genomics, and that meant
that sequence data was accumulating at unmanageable rates, extravagant promises were
being made to patrons of the sciences, and presumptuous editorial policy was in the
ascendance at the most prestigious journals. Lead articles in Science, Nature, and else-
where advertised nothing less than a paradigm shift for evolution.14–16 In one such screed
W.F. Doolittle foretold the demise of the Darwinian view and dubbed its successor, HGT
“the essence of the phylogenetic process.”14 Indeed, the very language used points to
an unusual social context. One can only guess the nature of the post-Kuhnian trauma
that would move a working scientist to announce that he or she had discovered a new
paradigm.

The most remarkable aspect of the horizontal view of evolution is the virtual absence
of supporting evidence. A recent Science paper illustrates this gap. This exemplary
paper17 describes an attempt to reconstruct a coherent phylogeny from a subset of cod-
ing sequences selected from five cyanobacterial genomes. In fact, Raymond et al.17are
unable to construct a unique tree that resolves all the selected proteins from the five
genomes. This failure is attributed to the inroads of rampant HGT, but there are no at-
tempts to identify HGT as such in that study. This is remarkable given the fact that in-
coherent phylogenetic reconstructions also may result from problems as diverse as biased
sequence composition, segregating paralogs, or inadequate clade selection.18–27 Never-
theless, the bottom line of this study is the claim that phylogeny based on rRNA is un-
reliable.17 An agnostic will certainly have trouble with this conclusion. However, a
reassuring editorial preface reports that W.F. Doolittle was “excited” by the observa-
tions of Raymond et al.28 This is as realistic as the horizontal paradigm gets.

More leisurely criticism of the horizontal paradigm can be found elsewhere.7,18 Here,
we need to say that HGT occurs and that it has had important evolutionary consequences,
some of which will be discussed here. Nevertheless, for modern organisms, those we
call archaea, bacteria, and eukaryotes, the transfer of alien sequences is limited in its
frequencies, in its persistence, and in its range.3,7,18 Like other mutations, alien transfers
may be frequent, but their residence times are often negligible on an evolutionary time
scale. Furthermore, persistent alien transfers are found most often in small subpopula-



PARADIGM LOST 209

tions (patches) of microorganisms such as the antibiotic resistant patches found in bac-
terial populations.3,7,18,29–33

Estimates of the frequencies for different phylogenetic anomalies based on reconstruc-
tions with circa fifty thousand microbial coding sequences identify HGT as a minor player.34

This catalog indicates that gene loss, gene duplication, and the segregation of paralogs, as
well as the generation of open reading frame (ORF) sequences provide much more fre-
quent challenges to genome phylogeny than does HGT. Because the calculations were
not corrected for the influence of eccentric mutation rates, the maximum estimate of 15%
of all such anomalies is probably an overestimate for the incidence of HGT.34 The data
are persuasive: Vertical lineages dominate the phylogeny of modern organisms.

This conclusion is strongly supported by whole-genome phylogenies reconstructed
from the protein-coding sequences of completely sequenced genomes that are remark-
ably similar to those obtained with rRNA.34–38 In one such study of fifty genomes, a
simple distance measures is derived from the orthologous matches of all individual pro-
teins in one genome tested against all the proteins in the other genomes.38 These data
are pooled for each genome and then used in a Neighbor-Joining algorithm to generate
genome phylogeny. There is a striking coherence between such protein-based phylog-
eny for the fifty genomes and phylogeny based on rRNA from the same genomes. Such
coherence strongly indicates that Darwinian descent is the dominant mode of genome
evolution for these fifty genomes.34

Gogarten et al.39 have responded to these data by presenting a model predicated on
an intense coordinate transfer of both rRNA and protein domains in organisms that share
a common niche. Here, coherence between rRNA and proteins is maintained by sequence
transfer for both rRNA and proteins so intense that it generates a common sequence
mosaic for the genomes resident in any particular environmental niche. Two sorts of
observations are offered as empirical support for this model. One is the finding that two
partial transfers for rRNA are known among thousands of examples of organisms for
which rRNA sequences are available.40,41 The other is that transgenic bacteria contain-
ing rRNA operons from very closely related organisms grow at rates that are circa 91%
as fast as the reconstructed bacteria with native rRNA.42 On the basis of these observa-
tions, Gogarten et al.39 suggest that transfer of rRNA as well as proteins is facile.

In contrast, a quick calculation (see below) shows that the loss of 9% of the growth
rate for a transgenic bacterium is a lethal defect that would eliminate it from a small
population of “native” bacteria in a matter of days.7 Likewise, the absence of any known
example of complete replacement of rRNA operons in one organism by those of an-
other indicates that such transfer is rare or nonexistent in nature.7,18 Much more could
be said about the absence of evidence for a mechanism to couple the transfer of rRNA
and protein domains as well as the absence of evidence that communal organisms share
mosaics of rRNA as well as protein domains.7 All in all, it would seem that coordinate
transfer of rRNA and protein domains is not a believable starting point for evolutionary
models. On the contrary, it seems clear that rRNA-based phylogeny is quite robust.

The Progenote

The view developed here begins with the recognition that HGT is just one among many
different sorts of mutational events that affect genomes.18 We might expect that the
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frequencies of HGT events would tend to follow the overall intensity of mutation. How-
ever, all mutations are not automatically retained or fixed within a population of ge-
nomes. Simple mutations or complex novel sequences must be advantageous to
organisms to persist under the unrelenting flux of random mutation. If novel sequences
are disadvantageous or functionally neutral, they eventually will be destroyed by ran-
dom mutations.2,3,18 Accordingly, a functional sequence acquired by HGT or by sequence
evolution will persist in a global population or in a subpopulation (patch) only as long
as it contributes to the fitness of that population or patch.3,18

Woese has reasoned that the tempo of sequence evolution will be particularly high
when the basic architectures of cells are emergent.9–12 Then, the cellular machinery
evolves by continually sifting mutant variants. Replication, like much else in primor-
dial cells, will function with less coherence than in modern cells. Thus, mutation rates
will be particularly high, and mutants relatively often will be selected in this early phase
of evolution, when the population of genomes is referred to as a collective, the progenote.
The reason we view the progenote as a collective is precisely because the correlates of
intensive novel sequence acquisition, namely, intensive HGT as well as freely segre-
gating paralogs coupled with gene loss, preclude phylogenetic delineation of genomes.
Here, we might truly speak of a reticulate network of genomes rather than the treelike
lineages that are most often presented as phylogeny.

In time, the cellular systems of the progenote evolve a radically slower tempo of novel
sequence acquisition. Thus, global mutation rates decrease as the accuracy of evolving
replication systems improves. More important, the efficiencies of individual proteins
as well as the coherence of their interactions within integrated physiological systems
improve with time. Accordingly, the tempo of sequence evolution throttles down and
subcellular pathways as well as integrated cell systems become less accommodating
recipients of novel sequences.9–12 As this loss of tempo proceeds, the effect of the HGT
mode must decline because variant structures are less likely to improve fitness. Indeed,
at some point in the evolution of mutation rates, the likelihood that random mutations
will improve the design and the fitness of a cell becomes exceedingly small. At this point
a system will pass the Darwinian Border and will be locked into a trajectory of evolu-
tion through vertical lineages.11,12 Here, persistent HGT will be rare unless there are
exceptional conditions, as discussed below.

Regrettably, we do not have access to genome samples from the progenote; so much
of this scenario is conjecture. However, it is reasonable conjecture because it is based
on an eminently reasonable premise: that the highly efficient, exquisitely precise, and
delicately regulated biochemical systems that are characteristic of modern cells could
not have appeared initially in their present forms. They must have been rather clumsy,
inefficient, and unregulated when they made their first appearances in biological sys-
tems. Accordingly, the evolution of such clumsy entities would entail replacement by
mutant variants or alien transfers with progressively more efficient functions. Such
variants would be retained when they confer a selective advantage on genomes; other-
wise, they would be purged by mutation. Thus, this initially intense period of HGT is
an expression of the relatively high probability with which mutant variants may improve
the fitness of systems. As this probability to enhance the fitness shrinks, the probability
of HGT as well as adaptive sequence evolution also shrinks. In other words, “selection
of the fittest” eventually culminates in evolution by linear descent.
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The notion of the progenote provides a coherent interpretation of global phylogenies
for universal sequences such as rRNA, as well as for the ubiquity of the genetic code
along with its translation system.9,10 Indeed, recent data indicate that there are other,
more mundane, coding sequences that yield global phylogeny very like that of rRNA.
We will return to these in our discussion of eukaryotic origins, but before that, we need
to shift our perspective away from the distinctive properties of the progenote.

Transient Patches of HGT

We can begin this shift with an observation. HGT enthusiasts seem to think of the trans-
port of alien gene transfers between modern cells as a facilitated process, like an infec-
tion. No doubt they have infectious vehicles such as plasmids and transducing viruses
in mind. Nevertheless, it is well established that viruses and plasmids are most often
deleterious to their host cells in the absence of strong selection.43–46 This means that
they are not very infective. In addition, the enormous size of biological populations,
particularly among microorganisms, is itself a formidable barrier to the fixation of alien
sequences in global populations.

The most direct demonstration of the ways population size and random mutation
influence the acquisition of alien genes is provided by the dynamics of neutral sequence
diffusion. There are two instances of neutral diffusion that are particularly relevant to
HGT. One situation is the diffusion of a novel neutral sequence through a large popula-
tion. The other is the diffusion of a novel sequence through a large population that con-
tains initially a functionally equivalent homologue indigenous to that population. The
first case concerns the probability of global fixation by diffusion, and the other case
concerns the probability of global replacement by a novel sequence.

An example of the first case would be the diffusion of a novel sequence encoding a
resistance factor for some toxic agent. Here, the sequence is strictly neutral with respect
to the fitness of an organism except in the presence of the toxic agent, where it is se-
lected. In the absence of the toxin, the probability of the global fixation of the resis-
tance factor is 1/N where N is the size of the population.2 This variable is estimated to
be as large as 1020 for some bacteria,47 so the probability of fixation is, to say the least,
very small. However, it gets worse. The more realistic description of this case would
take into account the effect of destructive mutations. Here, destructive mutations that
inactivate coding sequence would randomly affect the population. If the effective mu-
tation rate (uNe), which is determined by the mutation rate per gene (u) and the effec-
tive population size (Ne), is larger than 1, the approximate probability of global fixation
is reduced to (1/N)uNe.3 Because for microorganisms the effective mutation rate is at least
10, inactivating mutations combined with large population size provides a virtually im-
penetrable barrier to the neutral diffusion of novel coding sequences, whether or not
they are alien transfers.3

In the second case, we are interested in the probability of an alien sequence replac-
ing a domestic gene that is otherwise required for the organism’s survival. Here, the
complication is that one or the other version of the gene must be retained for viability,
so in this case, selection to maintain at least one copy opposes, in part, mutational attri-
tion. Here, the probability for global fixation of the alien sequence in place of the domestic
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one is 1/2N,3,48 which, though better than for the nonreplacement case, is still close to
zero probability for large populations such as those of microorganisms.

Obviously, an alien sequence that reduces the fitness of its new host will have a lower
probability of fixation than a neutral sequence, and it will be purged from a population
faster than a neutral sequence. However, the important point is that any sequence that is
not strongly selected, including ones that modestly improve the fitness of an organism,
will be excluded from global fixation in large populations.3 In addition, global sequences
that become modestly selective because of environmental variability along with neutral
and counter-selected sequences will be purged from populations by random mutation.3

This important conclusion is a departure from conventional thinking about neutral evo-
lution, which has been focused for the most part on single site polymorphisms in small
populations in the absence of destructive mutation.2 The implication of these more gen-
eral results is that without strong selection, coding sequences will be purged from popu-
lations by mutation. In short, without strong selection novel sequences in general, and
HGT in particular, are neither infective nor persistent.

In addition, strong selection for a coding sequence most often is not expressed through-
out the whole range of a microorganism.3,18 Selection is more often limited to a small
part of the range of an organism—a patch. In this case, a native or alien novel sequence
will be retained where the selection is strong and purged by mutation from the rest of
the population. Because strong selection is likely to be patchy, HGT is likely to be dis-
tributed in patches.3,18 Antibiotic resistance is an excellent example of strong selection
in patches, but there are other well-studied examples.18,30,31,33,49,50–51

Another source of transient patchy HGT is provided by alien sequences that, although
not driven by strong selection, may be able to passively diffuse or hitchhike into small
patches in which they will persist for times determined by the effective mutation rates
for those patches.2,3 Though it may not have any adaptive consequences, such HGT will
also contribute to the sequence turnover of genomes.3,18 Thus, microbial genomes as
well as microbial populations are patchy in the sense that they contain many transient
neutral sequences in various states of mutational decay that are in turn distributed in
patches of the global population.18,29–33

The patchy genomes in patchy populations pattern is well documented in bacte-
ria.15,29–33 Up to 17% and a median of 6% of fully sequenced prokaryotic genomes have
been identified on the basis of eccentric composition with this category of transient alien
sequence.15 Calculations indicate that a sequence in this fraction has a lifetime much
less than 1 million years.3 Indeed, there is a growing conviction that such transient ge-
nomic debris may be the origin of at least some of the so-called ORFan sequences found
in all genomes.52–54 Finally, the patchy distribution of transient novel sequences may
account for the variability of genome size in populations of bacteria. Thus, the transient
patch dynamic will support genome sizes in a quasi-steady state.3 Here, occasional large
fluctuation as in the strain O157 may generate genome size fluctuations approaching
one million base pairs or more.33 Clearly, the presence in genomes of a substantial frac-
tion of transient, mostly neutral, novel sequence may provide phylogeneticists with some
frustrating moments. Nevertheless, as Snell, Huynen, and others have shown, genome
phylogeny is robust.34–38,55 The reason that all this transient debris within the global
population has little influence on genome phylogeny is that it is so heterogeneous that
it cannot produce a coherent phylogenetic signal.
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Syntony versus HGT

The focus in the previous section on neutral HGT highlights the ways that large popu-
lation size and random mutations impede HGT. Another sort of barrier to HGT arises
from the evolution of the integrated biochemical networks characteristic of modern cells.

As noted above, the selection of mutant variants in the progenote should eventually
enhance not only the performance of individual components but also the coherence of
their cooperative interactions within integrated molecular systems.11,12 The vagaries of
random mutation would ensure that this tendency toward an optimal harmony between
components of physiological networks would be expressed in distinctly divergent ways
in different cell lineages. As a consequence, the components of any physiological net-
work from one organism may not be fully exchangeable with counterparts from another
organism. Accordingly, as the networks evolve, alien transfer becomes increasingly
uncommon. Woese has described the evolution from a cellular network that is amenable
to HGT to one that is not as a transition through a Darwinian barrier.11,12

By studying transgenic cells it is possible to learn much about the physiological con-
sequences of HGT in modern cells. It is useful in this connection to recall that the bio-
chemical or physiological analogue of a Darwinian network has been described previously
as a kinetically optimized system.4,5 Examples of such systems are the biochemical net-
works responsible for any and all cellular activities ranging from stress responses to cel-
lular differentiation. The overall performance of a cell in any given environment will depend
on integrating different physiological systems so that the cellular performance as a whole
is optimized. I refer to this integrative or tuning aspect of evolution as syntony. The mi-
crobial translation apparatus provides a well-studied example of syntonic evolution. A
population of bacteria growing in a supportive environment is made up of cells multiply-
ing at characteristic rates. Here, individual cells are competing with each other, with the
fastest ones eventually dominating the growing population.4,5 Maximum growth rates are
demonstrably dependent on optimization of the translation system. Such optimizations
involve tuning the concentrations of translation components and their binding interactions,
as well their catalytic rates, so that an optimal efficiency of protein synthesis is expressed
under different growth (nutrient) conditions.4–6

Given this highly tuned pattern of optimization, it is not surprising that mutations
that alter subtle details of the kinetic performance characteristics of individual compo-
nents in the translation apparatus reduce growth rates.5 This is important, because it shows
that selection, in this case for maximal growth rate, is very sensitive to small structural
changes in individual components. It is worth adding that this should be completely
general. Fitness will also be sensitive to small structural changes even in, for example,
the chemotaxis apparatus of bacteria. Rao and Varshney provide an exceptionally use-
ful example of how alien transfers affect the translation system of syntonic cells.56 They
have studied in vivo the functions of a ribosome release factor from Mycobacterium
tuberculosis in the translation cycle of Escherichia coli. They find that, alone, the re-
lease factor from M. tuberculosis will not rescue E. coli with defective factor, but if
elongation factor G and release factor from M. tuberculosis are introduced together, the
defective E. coli can be rescued. Other rescue experiments with different transgenic
release factors show that deletion of a five–amino acid sequence normally found at the
C terminus of the factor from Thermus thermophilus is required for it to rescue the
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defective E. coli mutant.57 Not surprisingly, alien factors that may rescue defective
E. coli at one expression level will kill its new host at another level.57 Evidently, both
dissonant molecular interactions as well as inappropriate expression levels limit the com-
patibility of transferred sequences in transgenic cells.

Gogarten et al.39 have reasoned that because rRNA evolves more slowly than protein-
coding genes, the consequences of exchanging closely related rRNA sequences would
be negligible for the growth optimizations of bacteria. Indeed, exacting genetic recon-
structions of E. coli with rRNA from its very close relative Salmonella typhimurium
indicate that the transgenic bacteria can grow at rates that are similar to those of the
homologous reconstruction (i.e., at doubling times of 52.6 vs. 47.9 min in broth, re-
spectively).42 Again, the growth rate differences between the homologous and the trans-
genic reconstructions increase as the phylogenetic distance between the donor and
recipient increases.42 These results have been touted as evidence that rRNA transfer is
facile,39 but is that really what these experiments say?

It is no exaggeration to suggest that a 9% loss of growth rate is catastrophic and that
in nature it would most certainly lead to the rapid extinction of a transgenic bacterium.
Calculations show that the takeover probability in the steady state is less than 10–40 for
a single transgenic bacterium with a 9% growth disadvantage that appears in a miniscule
population of a mere one thousand native E. coli cells.7 Obviously, for more realistic
population sizes, the takeover probability is even closer to zero. Furthermore, one single
bacterium would outgrow and displace in 10 days a population of 108 transgenic bacte-
ria with a 9% slower growth rate.7 By extension, a fraction of a 1% difference in growth
rate is a definitive handicap from an evolutionary perspective. These observed growth
rate defects of bacteria with transgenic ribosomes42 go a long way to explain the rarity
of rRNA transfers observed in nature.

Those few rRNA transfers detected so far are found in genomes containing both the
native rRNA of the host and the alien rRNA sequences.40,41 The rRNA operons from
many organisms have been sequenced, and thousands of 16S rRNA as well as hundreds
of 23S rRNA sequences have been recorded in the databases. Comparison of these fig-
ures with the two anomalous ones40,41 probably gives a reliable measure of the frequency
with which rRNA is partially transferred between different microorganisms. However,
more important is the fact that there still are no examples of complete replacements of
native rRNA by alien homologs.18

Such studies of transgenic bacteria are informative about the overall constraints on
HGT. In particular, they show that it is not permissible to infer from experiments dem-
onstrating transfer of rRNA domains between very closely related organisms that more
distant alien rRNA transfer is also facile.39,58 It seems appropriate at this point to insist
that despite all the rhetoric to the contrary,14,17,39,58 the data indicate that rRNA operons
are robust phylogenetic markers.18

Other results from the analyses of transgenic bacteria, as well as from studies of mutant
variants stabilized by strong contingent selection (e.g., antibiotic-resistant variants), point
to additional barriers to HGT of protein-encoding sequences.5,18,31–33,42–46,50, 51 Thus, alien
proteins are often functionally incompatible with the networks of their syntonic hosts.
This means that in the absence of strong contingent selection, cells lacking the alien
gene product may outgrow transgenic cells. The incompatibility of alien gene products
in syntonic cells in the absence of strong selection reinforces the patchy distribution
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expected for HGT. Obviously, HGT limited to small patches within a microbial popu-
lation has little probability of influencing global phylogeny. Conversely, the detection
of an alien sequence in an isolate from a global population cannot be properly inter-
preted until it is determined whether or not the alien sequence is resident in a patch or
globally. To my knowledge, there are no instances of phylogenetic uncertainty result-
ing from the identification of an alien antibiotic resistance marker in a bacterial isolate.
The tendency of HGT to be distributed in patches does not preclude global fixation of
alien sequences. What is precluded in modern cells is persistent global fixation of alien
sequences that are not driven by strong global selective forces. Examples of the latter
will be taken up below.

Eukaryotes Are Not Prokaryotes in Drag

We would not expect the fusion of a pair of distantly related syntonic cells or their ge-
nomes to produce viable chimeras. Rather, the interactions between thousands of dif-
ferent proteins from each cell lineage ought to produce many, perhaps hundreds, of
debilitating interactions. For this reason, it seems to me that any scenario involving simple
mosaics of bacterial and archaeal genomes49 is a priori an unrealistic way to think about
the origins of eukaryotes.

Beginning in the 1990s, BLAST searches were used to identify the most similar
homologs in pairwise comparisons of archaeal, bacterial, and eukaryotic sequences.59–65

The most closely related pairs in the different domains were identified then as members
of orthologous lineages. The results of BLAST searches for enzymes of intermediary
metabolism were considered anomalous in the sense that eukaryotic enzymes were most
often identified as more closely related to bacterial homologs than to archaeal ones. Such
results were interpreted as evidence for systematic HGT between archaea and bacteria,
through which the first eukaryotic genomes arose as mosaics of ancestral prokaryotic
sequences.59–64 Amazingly, this is the sole basis for the interpretation that eukaryotes
are genomic descendents of archaeal and bacterial mosaics.49,66,67 In contrast, inspec-
tion of an unrooted rRNA tree simply does not support such speculation. Therefore, the
best-match BLAST protocol deserves a closer scrutiny.

According to the most naive interpretations of the BLAST protocol, intensive HGT
between archaeal and bacterial genomes is indicated, particularly among the thermo-
philes.63,64 In contrast, the two domains are unambiguously resolved in the reconstruc-
tions of Snel, Huynen, and their colleagues, so that even thermophilic archaea and
bacteria are well resolved in their reconstructions.34,38,55 In addition, Snel et al. 34,38,55

observe that a majority of the phylogenetic anomalies in fifty fully sequenced genomes
including thermophiles are not caused by HGT. To this it may be worth noting that the
genomes of archaeal and bacterial thermophiles may contain sequences that are con-
vergent in the sense that they have been selected for the same strong compositional bi-
ases. All such phylogenetic diversions are easily confused with HGT, but they are not
distinguishable by the best match BLAST protocol. Accordingly, annotations for the
genomes of thermophylic prokaryotes ought to be redone properly.

More recently, the BLAST protocol has been used to identify hundreds of putative
bacterial transfers to the human genome.65 Not surprisingly, it was subsequently found
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that most of these transfers were homologous to counterparts in invertebrate ances-
tors of vertebrates.27,68 It seems that most of these human sequences are, in fact, ver-
tically inherited though the lineages and were initially obscured by gene loss. In other
words, the initial cohort was too small. Further analysis is required to determine
whether the residues of forty to eighty putative gene transfers are genuine examples
of HGT or whether they are caused by other phylogenetic anomalies, such as segre-
gating paralogs.

The point of recounting these examples is that the best-match BLAST protocol is an
inadequate method for reconstructing phylogeny. It does not distinguish a variety of
phylogenetic anomalies from HGT events. Similarly, a recent HGT event is indistin-
guishable in this protocol from sequence affinity between homologs that are both de-
scendents of an ancient common ancestor. Thus, we have every reason to be suspicious
of speculations about the origins of eukaryotes that are based on results from this inade-
quate methodology.

Indeed, a more rigorous phylogenetic study of a large cohort of enzymes of interme-
diary metabolisms yields a very different interpretation of the origins of these proteins.13

This cohort consists of the Embden-Meyerhof and of the Entner-Doudoroff pathways
from eukaryotes, bacteria, and the few archaea that use recognizable versions of these
glycolytic enzymes. Several of the enzymes studied had either no eukaryotic homologs
at all or too few of them in public databases to be useful. A few yielded complex phy-
logenies that proved to be composites of two or three paralogous lineages. The recon-
structions of the remaining six enzymes were relatively straightforward. Eukaryotic
clades and bacterial clades are separate and clustered. In no case are the eukaryotic clades
rooted in any of the canonical bacterial phyla.

The clusters representing the two domains are on separate branches that emerge from
a common ancestral node very much as observed in the unrooted rRNA tree.8 For the
few glycolytic enzymes that are represented in the domain of the archaea as well as in
bacteria and eukaryotes, a three-domain cluster pattern is obtained that is very like the
unrooted rRNA tree. Because the clades from the archaea can serve as outgroups for
clades in the other two domains, these few reconstructions with archaeal clades provide
rigorous evidence that those bacterial and eukaryotic glycolytic enzymes are descen-
dents of a common ancient ancestor.13

These data contradict the speculations that glycolytic as well as other enzymes of
intermediary metabolism were transferred en masse to an archaeal ancestor of eukary-
otes when the a-proteobacterial endosymbiont seeded the mitochondrial lineages.66,67

The common rooting in an ancient node, taken together with their evident homology,
make it difficult not to conclude that the bacterial and eukaryotic glycolytic enzymes
shared the exchange mode of progenote sequence evolution.13

The notion that after their emergence from a common progenote ancestor the ge-
nome lineages of archaea, eukaryotes, and bacteria evolved in an essentially vertical
mode is supported by other data. These include the discovery of nearly one thousand
protein-encoding sequences in the genomes of archaea, eukaryotes, and bacteria that
are unique to one of these domains.71,72 Unfortunately, we cannot yet fix the ages of
these signature lineages. This failure limits the value of the signature sequences as links
with the progenote ancestor. Nevertheless, such domain-specific signature sequences
indicate that vertical inheritance has been a common motif rather than the exception
since the emergence of three modern domains from a common progenote ancestor.8
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Mitochondria

Of course, the provocative exceptions to the theme of linear descent are provided by
the organelles of eukaryotes. Indeed, the systematic transfer of coding sequences from
a canonical a-proteobacterial ancestor to eukaryotic nuclear genomes provides the bench-
mark phylogenetic pattern for the identification of sequence transfers from a well-
defined bacterial group to the genomes of eukaryotes.13,69,72,73 It would seem that the
classical theory of the endosymbiotic origin of mitochondria in a eukaryotic host74,75 is
correct, but with two provocative twists. There is agreement that the genomes of mito-
chondria are the descendents of an endosymbiotic a-proteobacterium.76,77

On the basis of the discussion in the previous section, we tentatively identify the host
as a primitive eukaryote. For this reason, we might be concerned that the initial intrac-
ellular association between syntonic host and endosymbiont would generate a nonvi-
able cellular chimera. Thus, thousands of mixed protein–protein interactions between
the two syntonic proteomes are almost certain to produce more that one lethal incom-
patibility. However, two aspects of an endosymbiotic association would tend to miti-
gate such a problem. One is that the association would have been stabilized by strong
selection (i.e., survival in the presence of mounting oxygen tensions). The other is that
the bacterial membranes initially would provide perfectly adequate barriers to the mix-
ing of proteins from the two syntonic cell systems. Nevertheless, extensive exchange
has characterized the evolution of the proteomes of both the mitochondrion and its host
on two levels.69,72,73

Thus, the evolution from the endosymbiont to the organelle has been accompanied
by a profound reduction of the original bacterial genome. Initially, such an endosym-
biont would be expected to encode perhaps as many as 1,600 proteins.73 Genomes of
modern mitochondria encode between two and 67 proteins.76 This means that nearly all
of the endosymbiont’s coding sequences have been lost from the organelle’s genome.
Most of these seem to have simply disappeared.69,72 In yeast there are nearly fifty
a-proteobacterial genes that undoubtedly have been transferred to the nucleus.69 An-
other 150 or so that also may be bacterial descendants are nuclear companions. Such
nucleus-encoded descendents of the endosymbiont provide the first twist in the classi-
cal endosymbiotic scenario.

The second twist is that the largest group of nuclear genes encoding members of the
mitochondrial proteome, at least two hundred in yeast, contains eukaryotic signature
proteins (i.e., proteins with no alignments with archaeal or bacterial sequences).69 The
latter are evidently products of eukaryotic evolution that have transformed the symbiont
into an organelle. It is likely that at least some of these sequences are derived from an-
cient eukaryotic gene families that originally had other functions.69,72 The novelty here
is that proteins originating in eukaryotic nuclear genomes are synthesized in the cyto-
plasm and then transported to the mitochondria for service in the organelle. It is diffi-
cult not to interpret this cohort of proteins as the one that has converted the endosymbiont
into an organelle.

Thus, the overwhelming majority of mitochondrial proteins are synthesized in the
cytoplasm of the host and then transported into the organelle. How are toxic interac-
tions between bacterial/mitochondrial and cellular proteins avoided? Clearly, during the
hundreds of million of years during which the mitochondrial proteome was evolving,
there was adequate time for the selection of some mutually compatible sequences. Here
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it should be recalled that initially the protein networks responsible for oxidative respi-
ration and the Krebs cycle of the endosymbiont/mitochondria were limited to the or-
ganelle. For this reason there may not have been many opportunities for such proteins
to disrupt networks of the host. In addition, it has been observed in baker’s yeast that
mitochondrial proteins of a-proteobacterial descent tend to be synthesized on polysomes
that are attached to the mitochondrial outer membrane.78 Accordingly, while they are
nascent, potentially toxic proteins, though cytoplasmic in origin, are tethered to mito-
chondria, out of harm’s way. It remains to be seen how general this mechanism is.

Thorsness, Fox, and their colleagueshave studied experimentally the exchange of coding
sequences between yeast mitochondria and yeast nuclei.79–83 Briefly, they find that it oc-
curs at a measurable rate from organelle to nucleus but at an undetectable rate in the op-
posite direction. They conclude that there is at least a 105 bias in favor of transfer to the
nucleus. On the basis of observations of peroxisome turnover in eukaryotic cells, the au-
thors suggest that the ubiquitous phagolysosomes may consume defective mitochondria
and release DNA fragments that transform the nuclear genome. Given the enormous bias
of the transfer process, it can be shown that any mitochondrial coding sequence not re-
quired in the organelle genome will eventually be transferred to the nucleus.72,84

Could the Thorsness and Fox mechanism79–83 provide a pathway for other sorts of
HGT? Many pathogenic bacteria live in phagolysosomes, and it is conceivable that they
could transfer coding sequences to nuclear genomes by this mechanism. However, there
is a big gap between a required mitochondrial coding sequence that is transferred by
chance to the nucleus and a bacterial one for which there is no selective requirement
(see above). The first may very well be fixed in the global population, particularly if
mutation purges the organelle’s copy. However, the bacterial sequence has virtually no
chance of survival in the cellular population unless it can meet some specific need of
the host cells.

The evolutionary success of the endosymbiont and its mitochondrial descendents may
be attributed to the fact that they provided a novel function that was globally selected in
unidentified primitive eukaryotic hosts and their modern descendents. Thus, oxidative
respiration coupled with Krebs cycle metabolism may have provided the initial func-
tion of detoxification in an environment becoming increasingly toxic to anaerobic eu-
karyotes.69,72 Later, ATP production may have been nurtured with the aid of unique
eukaryotic proteins that transformed the endosymbiont into an organelle.69,72 The point
is that at all times it may be assumed that selection was driving the evolution of the
endosymbiont’s as well as the host’s exchanges of coding sequences and proteins.

Concluding Remarks

Much has been made lately about the difficulties of identifying HGT.58 This is puzzling.
The HGT associated with the evolution of mitochondria from an ancestral a-proteobacterium
sticks out like a sore thumb.13,69,72,73,77 All that was needed to identify it was a large cohort
of the relevant clades and reasonable phylogenetic routines. Of course, there is a prob-
lem for those who expect to find hordes of alien genes lurking in genomes, but the prob-
lem is not a methodological one. The reality is that careful studies of more than fifty
fully sequenced genomes34–38 do not uncover hordes of alien genes. HGT is identified
in these genomes as a minor fraction of the anomalies, and the overwhelming majority
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of sequences seem to be evolving vertically with the occasional vertical hiccup. The
real problem seems to be unrealistic expectations.

These unrealistic expectations may arise from naive reliance on inadequate phylo-
genetic methods, repeated observations of vertical phylogenetic anomalies that may be
confused with HGT, and what seems to be a total disregard for a basic fact of popula-
tion genetics. Alien sequences like any novel sequences will be fixed in populations if
and only if they improve the fitness of genomes.3 That requirement is not easy to meet
because in modern organisms novel sequences in general, and alien sequences in par-
ticular, tend to be neutral or deleterious to their hosts.2,3,5,42–46,56,57,85 For these reasons,
the novel sequences that persist do so in patches of global populations in which they are
stabilized by local contingent selection.3,18,32,33,43–46,85

Indeed, the work of Ochman and others on bacterial HGT indicates that most HGT
consists of transient sequences circulating through subpopulations (patches) in progres-
sive states of mutational decay.15,29–33 The limited range and persistence expected of HGT3,18

does not lend credence to speculations about rampant HGT in modern cells.14,15,16,39,58 To
put it most succinctly, the data indicate that there are no icebergs “waiting to sink the ship
of genome-based phylogeny,” as it has been so piquantly put,58 and it is not those who
have stuck to this ship who ought to be taking to the lifeboats.

Gene families in one modern domain reveal their origins in the ancestral progenote
population by their orthologous relationship to those in another modern domain.8,10,11,13

This signature of ancient ancestry is as clearly reflected in the global phylogeny of glyco-
lytic enzymes13 as it is in the phylogenies of ribosomal RNA. Because of reliance on
inadequate phylogenetic methods, these relationships have been systematically mis-
represented. Thus, homology between coding sequences in eukaryotes with those in
prokaryotes has been mistakenly identified as a signature of modern interdomain gene
transfer.18,13,7, 27,68,14,59–62,66,67 The available data, in fact, are consistent with the interpre-
tation that homologous sequences shared by the archaea, bacteria, and eukaryotes are
descendents of an ancestral progenote population that has diverged into three predomi-
nantly vertical lineages.8–12

Furthermore, the connection between adaptive HGT and the divergence of global
populations (speciation) is probably an occasional one3 rather than the tight relation-
ship suggested by HGT enthusiasts.15,16 The isolation of a patch from its global popula-
tion is a prerequisite for a speciation (divergence) event. However, gene loss together
with adaptive sequence evolution (not necessarily HGT) is more effective than novel
sequence acquisition alone to generate the requisite isolation.3 Indeed, sequence loss
has been identified as a contributing factor in the divergence of Yersinia pestis from
Yersinia pseudotuberculosis.50

The assertion that HGT provides a unique avenue for rapid response to environmen-
tal challenge and for the divergence of lineages14–16,39 is not supported by observation:
It is ideology. Most novel sequence evolution seems to be vertical.34–38 In contrast, the
capacity to use lactate has been paraded as an example of HGT that facilitated the di-
vergence of E. coli from S. enterica.15 The alternative interpretation that the loss of lac-
tate metabolism facilitated the divergence of S. enterica from E. coli is never discussed
in the horizontal literature. However, as we have seen, gene loss has been a rich source
of mistaken identities in the HGT game.27,68

Finally, it is something of a mystery that the horizontal view, or as one of its propo-
nents likes to refer to it, the paradigm shift, could have had such currency. No data
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indicate that HGT is rampant. The lists of HGT offered by its boosters are too short to
qualify the phenomenon as anything more than a minor nuisance.39 The most rigorous
speculations about HGT tend to fall into the “what if” category,14,39,58 and yet, there are
these enthusiastic lead articles in Science, Nature, and other journals. What is going on?

My own take on this social phenomenon is that it is a product of the breakdown of
the referee system, particularly in the offices of the most widely read journals. The in-
terpretation that journalistic excess has promoted HGT to its current prominence is not
new.18 Indeed, one may wonder what sort of objective editorial policy would allow a
sub-editor to publish a series of notes with opinions critical of the universal rRNA
tree28,86,87 without encouraging the publication of a single defense. This is a particularly
relevant question in light of the demonstrably shoddy support upon which these edito-
rial opinions rest (see above).
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11

Contemporary Issues
in Mitochondrial Origins
and Evolution

MICHAEL W. GRAY

In the several decades since the modern revival of the endosymbiont theory, the mito-
chondrial genome has served as a key indicator of the evolutionary ancestry of the
organelle in which it resides.1–3 As the remnant genome of a eubacterial symbiont, mito-
chondrial DNA (mtDNA) has proven to be a rich source of phylogenetic information.4–6

Initially, mitochondrial gene sequences argued strongly in favor of a xenogenous (“from
outside”) rather than an autogenous (“from within”) origin for the mitochondrion, with
mitochondrial genome data subsequently permitting a precise identification of the or-
ganismal group that gave rise to mitochondria.2,3,5,6 More recently, with recognition that
only a small part of the mitochondrial proteome (the collection of enzymes and structural,
regulatory, and other proteins that make up the functional organelle) can be shown to have
the same origin as the mitochondrial genome itself, the evolutionary perspective has shifted
from one predominantly focused on mtDNA to one that includes nuclear data as well.7–10

In this essay, I pose a number of questions that have stimulated workers in this field
over the last 30 years. Some of these questions have, for the most part, been answered:
In these cases, I comment only briefly on the underlying issues and the insights that
have emerged, referring the reader to published articles that offer greater depth together
with the supporting evidence. The remaining questions, the ones with which we are still
grappling, provide a road map for continuing investigations of mitochondrial evolution.

Question 1: What is the Evolutionary Source
of Mitochondria in Eukaryotic Cells?

The simple answer, a eubacterial (specifically a-proteobacterial) symbiont, is almost
certainly correct as far as the mitochondrial genome itself is concerned. Much biochemi-
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cal, molecular, and other sorts of data have been marshalled in support of this conclu-
sion.2,3 Comparison between the most mitochondria-like eubacterial genomes, such as
that of Rickettsia prowazekii,11 and the most eubacteria-like mitochondrial genomes,
such as that of the flagellate, Reclinomonas americana,12 testify strongly to an origin of
mtDNA from within the a-Proteobacteria, with the Rickettsiales, an order of obligate
intracellular parasites, representing the closest extant eubacterial relatives of mitochon-
dria.4–6 Moreover, available information overwhelmingly points to the same origin for
all of the genes in any given mtDNA (i.e., there is no evidence of an origin of the mito-
chondrial genome from multiple eubacterial sources).6 Incorporation of foreign genetic
information (other than mobile introns13,14) into the mitochondrial genome in the course
of its evolution seems to have been an extremely rare event, a notable exception being
angiosperm mtDNA, which has clearly received both chloroplast and nuclear DNA via
interorganellar gene transfer.15

For the mitochondrial proteome, a rather different picture is emerging. Here, the
various proteins that comprise the mitochondrion are seen to have diverse evolutionary
origins.7–10 Hence, when one poses questions about the origin of mitochondria, the an-
swers may well be different, depending on the molecular data set (mitochondrial ge-
nome vs. mitochondrial proteome) used in the analysis.

Question 2: When Did the Mitochondrion Originate?

More specifically, did mitochondria originate at the very earliest stages of eukaryotic
cell evolution, or some time later? The answer, according to classical serial endosymbiont
theory, is “later”: sometime after the emergence of a eukaryotic (nucleus-containing)
“eating cell” capable of ingesting bacteria.16,17 Initially, a group of putatively early-
diverging eukaryotes devoid of mitochondria (“Archezoa”) was offered as a modern-
day example of the sort of amitochondriate cell that might originally have served as
host to an endosymbiotic progenitor of mitochondria.18,19 More recently, the Archezoa
concept has been challenged (see following).

An alternative view of eukaryotic cell evolution proposes that the essence of the
mitochondrion originated at the same time as the elements of the nucleus, through a
fusion of two different types of prokaryotic cell (a-proteobacterium and archaeon
[archaebacterium]).20 Implicit in this alternative scenario is the assumption that there
was no transitional, amitochondriate stage in the evolution of the eukaryotic cell, lead-
ing to the prediction that primitively amitochondriate eukaryotes should not exist—which
prompts the next question.

Question 3: Can We Identify Any Modern Eukaryotes
Whose Ancestors Diverged Away from the Main
Line of Eukaryotic Evolution Before the Advent
of Mitochondria (That Is, Early Diverging Eukaryotes
That Are “Primitively Amitochondriate”)?

This possibility seems increasingly remote, based on several lines of evidence.21,22 First,
certain protists, initially thought to have diverged early within the domain Eucarya,
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are now recognized as highly modified members of later-diverging, mitochondria-
containing clades (e.g., microsporidia are now considered to be degenerate fungi).23

Second, genes encoding proteins that are normally localized to and function in mito-
chondria, and that affiliate with the same subdivision of a-Proteobacteria from which
mitochondria are descended, have been identified in the nuclear genome of many of the
amitochondriate lineages originally grouped in the Archezoa.24 Finally, several protists
initially thought to lack mitochondria have now been shown to contain remnant
organelles devoid of DNA but thought to be derived from mitochondria. These organelles
include hydrogenosomes in a variety of protists,25,26 the mitosome27 (crypton28) in Enta-
moeba histolytica, and a small double membrane–bounded structure in the micro-
sporidian Trachipleistophora hominis.29 The fact that “mitochondrial” proteins, such
as the chaperonins Hsp60 and Hsp70, are targeted to these organelles strengthens the
argument that these proteins are evolutionarily related to, and perhaps derived from,
mitochondrial proteins.25

The intermingling of mitochondria-containing and amitochondriate lineages within
monophyletic assemblages is most straightforwardly explained by secondary loss of
mitochondria. Indeed, reversion to an anaerobic mode of metabolism, typical of the
hydrogenosome, may reflect a primitive evolutionary state in which the potential for
anaerobic and aerobic metabolism was simultaneously present in the ancestral eukary-
otic cell.30 Such a thesis is an implicit, if not explicit, postulate of the hydrogen hypoth-
esis, in which the progenitor of the mitochondrion is proposed to be a facultatively
anaerobic a-proteobacterium.20

In my opinion, we cannot yet answer with compelling conviction the question of
whether the mitochondrion originated under anaerobic30 or aerobic31 conditions, and
whether it emerged simultaneously with or subsequent to other defining elements of
the eukaryotic cell, such as the nucleus. What we can say is that fewer and fewer protist
lineages remain as possible representatives of a primitively amitochondriate condition,
and hence as exemplars of a premitochondriate evolutionary state in eukaryotic cell
evolution.32,33

A few cautionary comments are in order. First, we have likely examined, let alone
identified, only a very small proportion of extant protist lineages. Hence, we are cur-
rently extrapolating from a relatively small information base, albeit one that is increas-
ingly representative of protist diversity. Second, none of the typical “mitochondrial”
genes so far identified in amitochondriate protists has been found in any of the mtDNAs
characterized to date. The usual assumption is that nuclear genes encoding such
mitochondrial proteins (e.g., chaperonins) were transferred from the mitochondrial
to the nuclear genome at an early stage in eukaryotic cell evolution. An inference of
mitochondrion-to-nucleus transfer is compelling in cases in which a given mitochon-
drial protein is encoded by mtDNA in some organisms but by nuclear DNA in others,
and in which it can be shown that the homologous proteins form a clade, regardless of
which genome their genes inhabit.34 Where only nuclear copies of a mitochondrial pro-
tein gene exist, one can invoke other evolutionary mechanisms to account for a nuclear
location, such as direct a-proteobacterium-to-nucleus transfer of a gene as a result of a
transient, cryptic endosymbiosis35 or routine ingestion of food bacteria.36 In contrast,
we can point to clear and compelling examples of mitochondrial proteins (e.g., cyto-
chrome c) that are exclusively encoded by nuclear genes but that almost certainly origi-
nated from the mitochondrial ancestor, based on their intimate structural and functional
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association with mtDNA-encoded components of the mitochondrial respiratory chain
and translation system, in addition to their phylogenetic placement.

Question 4: What Was the Nature
of the Proto-Mitochondrial Genome,
and How Do We Go About
Answering This Question?

The most gene-rich mitochondrial genomes contain at least an order of magnitude fewer
genes than do the most gene-poor eubacterial genomes.5,6 Accordingly, we infer that at
an early stage in the transition from endosymbiont to organelle, massive loss/transfer
of genes from the genome of the eubacterial ancestor of mitochondria must have oc-
curred. What, then, can we say about the residual (“proto-mitochondrial”) genome in
terms of gene content, organization, and mode of expression?

Early work (up to the early 1990s) on animal, fungal, plant, and protist mtDNAs not
only revealed a bewildering structural and organizational diversity but also highlighted
the fact that none of these mitochondrial genomes looked particularly bacterial (i.e., these
initially sampled mtDNAs appeared to have diverged, in some cases radically so, not
only from one another but also away from an ancestral, eubacteria-like pattern, evidently
by very different evolutionary pathways and mechanisms). These observations raised
questions about the nature of the proto-mitochondrial genome and how one might go
about inferring the ancestral pattern. The answer was that we needed much more data;
specifically, a comprehensive database of complete mitochondrial genome sequences
from which one might hope to make robust evolutionary deductions. Over the last de-
cade, such a database has been created through a systematic, comparative-genomics
approach focused on the mtDNA of protists (mostly unicellular eukaryotes).37

Sequencing protist mitochondrial genomes was (and still is) attractive for a number
of reasons. Even today, the database of complete mtDNA sequences is highly skewed
and nonrepresentative and still overwhelmingly dominated by animal sequences (which
constitute >80% of the total number of complete mtDNA sequences in the public do-
main). Yet most of the evolutionary (and a preponderance of the biochemical) diversity
of the eukaryotic lineage resides within protists.38 To acquire an appropriate perspec-
tive of mitochondrial genome evolution, we need much additional information about
mtDNA from the breadth and depth of the protist radiation, at least some of whose lin-
eages likely represent early divergences within the eukaryotes. Compared with animal,
fungal, and plant mtDNAs, protist mitochondrial genomes in general might be expected
to more closely resemble the eubacterial, proto-mitochondrial genome to which con-
temporary mtDNAs trace their descent. Finally, we posit that multicellular eukaryotic
groups must have evolved from unicellular eukaryotic ancestors. A comparative mito-
chondrial genomics approach could help to identify extant unicellular protist taxa that
are specifically allied with multicellular, later-evolving lineages.

In this regard, the Organelle Genome Megasequencing Program (OGMP; http://
megasun.bch.umontreal.ca/ogmpproj.html) has been particularly successful in exploring
mitochondrial genome organization and diversity. A decade ago, this multi-institution
Canadian consortium undertook comprehensive sequencing of protist mtDNAs; to date,
the initiative has determined some three dozen complete protist mitochondrial genome

http://megasun.bch.umontreal.ca/ogmpproj.html
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sequences encompassing more than 2.5 million base pairs of annotated sequence. Al-
though this output appears rather modest compared with bacterial and eukaryotic nuclear
genome sequencing projects, the most challenging and, ultimately, rate-limiting step in
this program turned out to be the culture of diverse protists and isolation of sufficient
amounts of pure mtDNA for sequencing by a shotgun approach. In contrast, provision
of DNA starting material is relatively trivial in the case of bacterial and nuclear genome
sequencing projects.

Over the last decade, the work of the OGMP and other groups has expanded our
appreciation of the structural and organizational diversity of mtDNA. Most (but not all39)
mitochondrial genomes consist of a single molecule. Some mtDNAs are linear, but the
majority map as circles (although circular-mapping genomes may not actually exist as
such in vivo40). Characterized mitochondrial genomes range in size from a low of only
6 kbp in apicomplexa such as the malaria parasite, Plasmodium falciparum,41 to more
than 2400 bp—the size of a typical bacterial genome—in some flowering plants (an-
giosperms).42 The large plant mtDNAs are not, however, the most gene rich: That dis-
tinction goes to the mitochondrial genomes of a relatively recently described and little
investigated group of protists known as the core jakobids. The mtDNA of one of these
protists, Reclinomonas americana, contains ~100 identified genes,12 the largest gene
complement described so far among mitochondrial genomes. In fact, R. americana
mtDNA carries 18 protein-coding genes that at the time of its characterization12 had not
previously been found in mtDNA.

The comparative data generated by the OGMP and other groups allow us to catego-
rize mitochondrial genomes into one of three basic organizational types: ancestral, re-
duced, or expanded. Ancestral mtDNAs, exemplified particularly by that of R. americana
but also (to varying extents) by those of many other protists, tend to be compact genomes
ranging in size from about 30 to 100 kbp and consisting mostly of coding sequence;
they specify eubacteria-like 23S, 16S, and 5S rRNAs and a complete or almost com-
plete set of tRNAs having conventional secondary structures; in general, they harbor
few introns, they often retain eubacteria-like gene clusters, and they tend to use the
standard genetic code. Reduced mtDNAs are characterized by extensive gene loss
(protein-coding, tRNA, and 5S rRNA); nonconventional, often truncated rRNA and
tRNA secondary structures that typically lack otherwise characteristic helical domains;
split rRNA genes whose subgenic modules are frequently rearranged and interspersed
with other genes at the genome level; an accelerated rate of sequence divergence in both
protein-coding and rRNA genes; a highly biased pattern of codon usage, with certain
codons entirely absent; and a nonstandard genetic code, the most common deviation
being the use of TGA to specify tryptophan rather than termination. Reduced mitochon-
drial genomes, which by definition are more or less highly derived, are found particu-
larly in animals, in chlorophycean green algae (e.g., Chlamydomonas reinhardtii), and
in apicomplexa such as Plasmodium. Expanded mtDNAs mostly comprise the large
mitochondrial genomes of land plants: Here, gene content approximates that of ances-
tral mtDNAs, and many features of the ancestral pattern are retained, including the pres-
ence of a 5S rRNA gene, conventional eubacteria-like rRNA and tRNA secondary
structures, and a standard genetic code. However, the genome is greatly enlarged in size,
so that it is substantially or even mostly noncoding. This expansion is attributed in large
part to a pronounced increase in the content of noncoding spacer sequence as well as
the appearance of a large number of repeats, introns, and intron ORFs.
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In all likelihood, the proto-mitochondrial genome had an organizational pattern most
closely resembling that of contemporary ancestral mtDNAs, particularly that of
R. americana. Is it possible there are mtDNAs even more gene rich and more eubacteria-
like than the Reclinomonas example that might exemplify an earlier evolutionary phase
in the transition from a bona fide a-proteobacterial to a reduced organellar genome? So
far, mitochondrial genome exploration has failed to uncover a mtDNA more ancestral than
that of Reclinomonas. Although this does not exclude the possibility that a “transitional”
mitochondrial genome may yet be discovered (there being no good way to select for such
a genome among the vast assemblage of poorly sampled protists), it seems increasingly
likely that Reclinomonas mtDNA will retain its title as the least derived of extant mtDNAs.

Question 5: Did Mitochondria Arise Only Once,
or More Than Once?

Insofar as the mitochondrial genome constitutes the evolutionary essence of the mito-
chondrion, we may confidently assert that this organelle arose only once in evolution.
Several lines of evidence support this contention.5,6,43

First, in any given mitochondrial genome, the genes encoding proteins (of assigned
function) and rRNAs are a subset of those found in the Reclinomonas mitochondrial
genome. If we accept that this genome is the substantially reduced product of a much-
larger progenitor (eubacterial) genome, then it is highly unlikely that independent sym-
bioses followed by independent events of mass reduction would have yielded basically
the same small set of respiratory and translation genes in the resulting mtDNAs.

Second, although few traces of ancestral gene linkage remain in mtDNA, examples
of clustered ribosomal protein genes have been found in both plant and protist mito-
chondrial genomes. These ribosomal protein gene clusters are colinear with their counter-
parts in eubacterial genomes, except that the mitochondrial clusters lack several of the
ribosomal protein genes that are contained in the eubacterial clusters (either because
these “missing” genes have been relocated elsewhere on the mitochondrial genome or
were lost from it altogether). Importantly, these gene losses represent mitochondrion-
specific characters: features shared by mitochondrial genomes to the exclusion of
eubacterial genomes. As an example, in Escherichia coli and R. prowazekii (both
proteobacteria), the contiguous S10–spc operons harbor the ribosomal protein gene
assemblage –L2–S19–L22–S3–L16–L29–S17–L14–L24–L5– (“L” and “S” standing
for “large subunit” and “small subunit,” respectively). The same gene clustering is
seen in several plant and protist mtDNAs, except that the mitochondrial clusters uni-
formly lack L22, L29, S17, and L24. It is highly unlikely that these missing genes re-
flect independent events of gene loss leading to the same pattern of gene linkage via
convergent evolution. Indeed, this possibility becomes ever more remote as the mito-
chondrion-specific pattern continues to be reinforced by additional examples from newly
sequenced plant and protist mtDNAs. The most parsimonious explanation of these data
is that the mitochondrion-specific deletions were already present in the common ances-
tor of all mitochondrial genomes in which clustering of ribosomal protein genes is re-
tained (i.e., these diverse mitochondrial genomes are monophyletic).

Third, in phylogenetic reconstructions based on concatenated mtDNA-encoded pro-
tein sequences, mitochondria form a statistically robust clade, to the exclusion of the
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a-Proteobacteria and other eubacteria, again testifying to a monophyletic origin of the
mitochondrial genome. Because the same result is not seen in phylogenetic analyses
based on rRNA sequences,4,44 we can confidently ascribe this discrepancy to exception-
ally variable rates of nucleotide sequence divergence in the homologous rRNA species
of different mitochondrial lineages, leading in single-gene trees to a long-branch attrac-
tion artifact that incorrectly groups the most rapidly diverging mitochondrial sequences
together with the outgroup (eubacteria, in this case).

Question 6: How Have Mitochondrial Genomes
Evolved in the Different Eukaryotic Lineages?

Even in land plants, where the mitochondrial genome has expanded in size, gene loss or
gene transfer have played major roles in the evolutionary reshaping of mtDNA. Com-
plete sequencing of mitochondrial genomes provides us with complete gene invento-
ries. By mapping these gene sets to robust phylogenetic trees, we can begin to infer what
genes must have been present at each stage in the evolutionary diversification of a given
set of organisms. For example, 12 protein-coding genes must have been lost in going
from R. americana mtDNA to the common ancestor of red and green algae, with an
additional 11 genes subsequently being shed in going to the common ancestor of two
red algae, Porphyra purpurea and Cyanidoschyzon merolae.43 In these sorts of com-
parisons, we see clearly that the same gene has been lost, independently, multiple times
during mtDNA evolution. For example, within a small assemblage consisting of two
red algae, two green algae, and two land plants, we can infer three independent losses
each of the respiratory gene nad10 and the ribosomal protein gene rpl14.43 Multiple
independent losses of both ribosomal protein and respiratory chain genes have been well
documented in the case of angiosperm mtDNA.45

Although it is reasonable to suppose that some of the genes that have been lost from
mtDNA have been transferred to the nuclear genome, from which they are now expressed
(there are, in fact, clear examples of this type), it is important to appreciate that another
mechanism for providing an essential mitochondrial activity is functional replacement.
A striking case in point involves two ribosomal proteins in plant mitochondria.46 In one
instance (in rosids), the gene encoding mitochondrial ribosomal protein S13 has been
deleted from mtDNA and functionally replaced by a divergent nuclear copy of the same
gene of chloroplast origin (i.e., the original nuclear S13 gene represents a gene transfer
from chloroplast DNA). In a second example (in angiosperms and gymnosperms), the
mtDNA lacks a gene specifying mitochondrial ribosomal protein S8, whose function is
instead provided by a divergent copy of another nuclear gene, this one encoding ribo-
somal protein S15A, the cytosolic counterpart of mitochondrial S8.

Question 7: Which Protist Groups
Are Specifically Affiliated with
the Multicellular Eukaryotic Lineages?

Because there is little evidence of evolutionary gene transfer into mtDNA, save the special
case of promiscuous chloroplast DNA in the angiosperm mitochondrial genome, we can
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safely assume strict vertical inheritance for mtDNA and the genes it encodes. Complete
sequencing of mtDNA effectively provides a set of coinherited genomic characters and
protein-coding sequences that offer an alternative means of establishing eukaryotic
phylogenetic relationships that have proven elusive by other approaches.5,6 In this re-
gard, a key goal in eukaryotic phylogeny is to define which extant unicellular groups
are the closest relatives of the (primarily) multicellular kingdoms of animals, plants and
fungi.

A number of organismal groupings that only a few years ago were considered to be
protists (protoctists47) are now firmly imbedded within the multicellular kingdoms
Plantae, Fungi, or Animalia, in part as a consequence of mitochondrial genome analy-
ses. For example, the charophyte algae are now placed together with land plants in the
clade Streptophyta, a sister group to the Chlorophyta, which comprises all other green
algae.48 The overall structure and organization of the mitochondrial genome of a charo-
phyte alga, Klebsormidium flaccidum, provides strong molecular support for this place-
ment (OGMP, unpublished results). Chytridiomycetes (chytrids), long noted as having
some fungus-like feeding and biochemical characteristics, are now established as a
basally radiating group within the monophyletic Fungi.49

Two unicellular groups have been proposed as nearest relatives of animals, one
(Choanoflagellata) having been suggested over a hundred years ago,50 the other (Ichthyo-
sporea) only recently.51 Complete sequencing of representative choanoflagellate and
ichthyosporean mtDNAs has revealed strikingly different patterns of genome and gene
organization, with neither mtDNA resembling the prototypical compact animal mito-
chondrial genome.52 However, in phylogenetic reconstructions that include mtDNA-
encoded choanoflagellate and ichthyosporean protein sequences, these two groups
robustly cluster with metazoan animals, to the exclusion of fungi, in a monophyletic
assemblage christened “Holozoa”.53 In this assemblage, Ichythyosporea diverges ba-
sally, with Choanoflagellata constituting the sister group to Metazoa, a relationship that
could not be discerned confidently from other types of molecular data. These observa-
tions indicate that the last common ancestor of multicellular animals and their closest
unicellular relatives possessed a gene-rich mtDNA, indicating that the evolutionary ap-
pearance of the compact metazoan mitochondrial genome coincided with the emergence
of a multicellular body plan.

Question 8: What is the Evolutionary Origin
of the Mitochondrial Proteome?

Because genes encoded by mtDNA account for only a small fraction of the mitochon-
drial proteome, the focus in studies of mitochondrial evolution has begun to shift to those
nuclear genes that encode most of the organellar proteins. Clearly, we need in-depth
and comprehensive information about nuclear DNA–encoded mitochondrial proteins
to fully understand the origin and evolution of the mitochondrion as a whole, as well as
the process of mitochondrial biogenesis.

This question is being approached in several ways. First, determination of complete
nuclear genome sequences provides a necessary information base for eventual identifi-
cation of all of the protein components of the mitochondrial proteome. Computer-
assisted algorithms designed to recognize organellar targeting signals or to predict
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subcellular location offer the means to recover a substantial proportion of nucleus-
encoded mitochondrial protein sequences from genomic information. In yeast (Saccha-
romyces cerevisiae), some 423 proteins (393 of which are specified by the nuclear
genome) have been annotated as putatively encoding mitochondrial proteins.54 Using a
computational approach55 to infer subcellular localization, Marcotte et al.9 deduced that
there are about 630 mitochondrial proteins in yeast (representing ~10% of the organism’s
coding capacity). In a more direct analysis using high-throughout immunolocalization
of epitope-tagged proteins, Kumar et al. recently estimated that ~13% of the yeast
proteome, or some 800 proteins, are mitochondrial.56 The numbers thus obtained from
independent approaches are roughly comparable, but the limitations of the computa-
tional methods employed in these studies almost certainly means that some portion of
the mitochondrial proteome will remain unidentified. Of course, another limitation of
the whole-genome approach is that it is applicable only to those relatively few nuclear
genomes whose sequences have been or are being determined; as in the case of mito-
chondrial genomes, protist genomes are relatively poorly represented among current
nuclear genome sequencing projects.

A comprehensive expressed sequence tag (EST) approach offers the prospect of being
able to identify mitochondrial proteins across a wide range of eukaryotes. However, this
approach is limited in depth of coverage, and for the most part generates partial rather
than complete protein sequences. Moreover, even with high coverage of normalized
libraries, organism-specific EST databases are likely to be biased toward sequences
encoding highly expressed proteins. For these reasons, the EST approach may be par-
ticularly useful for obtaining a phylogenetically comprehensive look at the evolution
of a selection of relatively highly expressed mitochondrial protein sequences.

A third route to investigating the composition and evolution of the mitochondrial
proteome is direct analysis. Here, purified mitochondrial or submitochondrial fractions
are resolved by methods such as two-dimensional gel electrophoresis followed by mass
spectrometry.57 A proteomics approach yields a large amount of peptide sequence data;
however, full utilization of this information depends heavily on the availability of ex-
tensive EST or complete genome sequence information. Combined with such data,
proteome analysis offers a powerful means of identifying the protein components of
the mitochondrial proteome, particularly those components of currently unknown func-
tion or those without obvious organellar targeting information. This methodology has
been applied to isolated mitochondria from several eukaryotes, including Homo (human
heart58), Arabidopsis,59,60 and Oryza61 (rice), as well as to submitochondrial fractions
and isolated mitochondrial complexes, such as mitochondrial ribosomes.62–64 So far, there
have been no comparable proteomics analyses in protists.

In the case of yeast, where we have the most information, what can we say about the
evolution of the mitochondrial proteome? Notably, only a small proportion of mitochon-
drial proteins (38 in the study of Karlberg et al.7) can confidently be identified as origi-
nating from the a-proteobacterial symbiont that contributed the mitochondrial genome.
The largest proportion of the yeast mitochondrial proteome is actually encoded by
“prokaryote-like” genes: genes that have matching sequences in Bacteria (but not spe-
cifically a-Proteobacteria) or Archaea. Many of the these prokaryote-like genes have
homologs in other eukaryotes and therefore may have been present in the last common
ancestor of the three domains; conceivably, genes in this category were already extant
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in the “host” genome at the time of the symbiotic event that led to the eventual emer-
gence of the mitochondrion.

Another substantial fraction of the yeast mitochondrial proteome consists of genes
having homologs only in other eukaryotes, with no eubacterial or archaeal matches;
presumably, these proteins are eukaryote-specific inventions, recruited to function in
the evolving organelle. Finally, a smaller proportion of the mitochondrial proteome is
represented by unique nuclear sequences, without any database matches. Either these
genes encode yeast-specific mitochondrial proteins, or they are genes whose primary
structure evolves so rapidly that homologs in other eukaryotes are not readily recogniz-
able. Overall, these observations lead to the conclusion that diverse genomic sources
have contributed to the yeast mitochondrial proteome in the course of its evolution.

Summary and Future Prospects

Comparative mitochondrial genomics, an approach involving systematic and compre-
hensive determination, analysis, and comparison of complete mtDNA sequences, has
revealed much about mitochondrial genome form, size, organization, gene content,
patterns of gene expression, and evolution. This approach has led to the discovery of
gene-rich mtDNAs retaining considerable ancestral, eubacteria-like character, thereby
giving us new insights into the nature of the primitive proto-mitochondrial genome.
Mitochondrial genomic characters yield valuable information about the timing of evo-
lutionary events and about evolutionary affiliations. Phylogenetic reconstructions based
on concatenated mtDNA-encoded protein sequences are proving a particularly valuable
adjunct to nuclear genomic/genetic data in helping to decipher evolutionary relation-
ships between and among eukaryotic lineages. Complete mtDNA sequences provide
inventories of the encoded genes, allowing one to make inferences about the number
and timing of gene losses during mitochondrial genome evolution.

Because such a small proportion of the mitochondrial proteome is actually specified
by mtDNA, attention is increasingly being directed to nucleus-encoded mitochondrial
proteins and their genes. Analyses in yeast clearly point to a dual (or even multiple) evo-
lutionary origin of the mitochondrial proteome, in contrast to a single (monophyletic) origin
of the mitochondrial genome itself. This intriguing conclusion raises the question of how
similar the mitochondrial proteome is in different eukaryotes. Can we identify a core of
conserved mitochondrial proteins that dates to the very earliest stages of mitochondrial
evolution? If so, has this core been supplemented by additional proteins in a kingdom-,
phylum-, or even organism-specific fashion? How similar is the protein composition of
submitochondrial complexes, such as mitochondrial ribosomes, throughout the range of
eukaryotes? Answering these questions will provide much of the focus for continuing
investigations of how mitochondria originated and how they have evolved. Once again, a
comparative genomics/proteomics survey, this time centered on the nuclear genome, will
lead the way, and once again, protists will loom large in such a survey.
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On the Origin and Evolution
of Plastids

JOHN M. ARCHIBALD

PATRICK J. KEELING

It is difficult to overstate the role of endosymbiosis in the evolution of eukaryotic cells.
The endosymbiosis that gave rise to plastids (chloroplasts), the light-harvesting organelles
of plants and algae, had an enormous effect on the course of eukaryotic evolution and,
consequently, the evolution of the Earth’s biosphere. The great majority of the planet’s
primary producers are not prokaryotic photosynthesizers but are eukaryotic phototrophs,
organisms that owe their photosynthetic capabilities to an ancient endosymbiosis be-
tween a heterotrophic eukaryote and a photosynthetic cyanobacterium. It is widely be-
lieved that this process, known as “primary endosymbiosis,” occurred only once, and
that all plastids descend from a single common ancestor.

As important as the primary endosymbiosis was to the evolution of eukaryotes, the
evolutionary history of plastids has proven to be exceedingly complex, much more so
than can be accounted for by a single endosymbiotic event. Photosynthesis has also spread
horizontally among unrelated eukaryotic groups by endosymbioses involving two eu-
karyotic cells. This process, referred to as “secondary endosymbiosis,” has produced
some of the most complex cells known, with an elaborate internal membrane structure
surrounding the endosymbiont compartment, a sophisticated protein targeting machin-
ery, and four distinct genomes (two nuclear genomes [host and endosymbiont], a mito-
chondrial genome, and a plastid genome). Yet another layer of complexity has been
revealed with the discovery that some algae have replaced their ancestral secondary
plastids with that of an unrelated alga. These so-called “tertiary” endosymbioses have
occurred numerous times between dinoflagellate algae and a variety of secondary plastid-
containing endosymbionts.

Primary, secondary, and tertiary plastid-containing organisms inhabit a wide range
of aquatic and terrestrial ecosystems. Many are macroscopic, such as the trees and plants
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that inhabit dry land and the giant kelps that cling to the sea floor. Many more are benthic
or planktonic microorganisms that exhibit a bewildering array of molecular, biochemi-
cal, and cell biological diversity. In large part, it is this diversity that has made the task
of understanding the evolutionary history of photosynthetic eukaryotes and their plas-
tids so difficult. The realization that secondary endosymbiosis has been responsible for
the spread of primary plastids across the eukaryotic tree has greatly improved our under-
standing of plastid evolution; however, it has also generated as many questions as it has
answered. How many times has secondary endosymbiosis occurred during the evolu-
tion of eukaryotes? What was the nature of the host and endosymbiont involved in these
mergers? To what extent has tertiary endosymbiosis played a role in the evolution of
plastids? In this chapter we discuss the origin and evolution of primary, secondary, and
tertiary plastids, focusing on what has been established as fact, what remains contro-
versial, and the kinds of data necessary to resolve some of the more contentious issues
in this fast-paced field.

Primary Endosymbiosis

Ultimately, all plastids trace back to an endosymbiotic event with a cyanobacterium: The
evidence for this is so diverse and so strong that it is now undisputed. In addition to their
shared and unique form of photosynthesis that uses two photosystems and cleaves water
to generate oxygen, plastids and cyanobacteria share a wealth of features at practically all
levels of organization. Indeed, the gross similarities observed between cyanobacteria and
chloroplasts led to the first theories of an endosymbiotic origin for the organelle in the
early twentieth century.1,2 Today, evidence from drug sensitivities, biochemistry, and,
perhaps most powerfully, molecular biology and phylogeny have demonstrated beyond
any doubt that plastids are derived from cyanobacteria by endosymbiosis.

This process is thought to have taken place as depicted in figure 12.1. A free-living
cyanobacterium was engulfed by a phagotrophic eukaryote (fig. 12.1a) and, rather than
being digested as food, was retained in the cytoplasm. If a eukaryote engulfed a gram-
negative cyanobacterium by phagocytosis, the resulting structure would be bound by
three membranes, but modern primary plastids possess only two membranes, so it has
been proposed that the phagosomal membrane surrounding the plastid was lost. It is
most likely that this endosymbiosis did not occur quickly but, rather, was a gradual
coadaptation, where a eukaryote repeatedly engulfed and transiently retained endosym-
bionts, perhaps for progressively longer periods. In any case, once established inside
the host, the endosymbiont was increasingly reduced so that most of its genome was
lost, and many genes were transferred to the host nucleus. These genes were expressed
by the host transcription and translation apparatus, and their protein products targeted
back to the organelle using a transit peptide, a short amino-terminal leader that is rec-
ognized by the plastid and used to direct proteins across the two plastid membranes.3

Such plastids, derived directly from endosymbiosis with a cyanobacterium, are called
“primary plastids” (fig. 12.1b) and are found in three lineages: glaucophytes, red algae,
and green algae along with their land plant relatives. Although this simplified scheme
is thought to represent the origin of these plastids in a general way, a number of impor-
tant aspects of this process and its history remain debated. We will discuss four of these:
the kind of cyanobacterium that was engulfed, the number of times plastids originated,
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the relationships among primary plastid-bearing eukaryotes, and the extent of the pri-
mary endosymbiont’s contribution to the host cell at the molecular level.

The strongest evidence for a cyanobacterial origin for plastids comes from molecu-
lar phylogenetic analyses of plastid-encoded genes, which consistently show a relation-
ship between plastid and cyanobacterial homologues, typically with high statistical
support. Curiously, however, this approach has failed to identify a single kind of cyano-
bacterium that is more like plastids than others. Cyanobacteria are a very diverse group
of prokaryotes at the morphological and molecular level.4,5 Several large studies based
on the molecular phylogeny of cyanobacterial small-subunit ribosomal RNA (SSU
rRNA) genes have identified a number of major subdivisions within the group, but these
typically only partly coincide with the divisions expected based on morphology or pig-
mentation.4,6 More interestingly still, although plastids form a strongly supported lin-
eage within the cyanobacteria in these studies, their position within the group is totally
undefined, and no particular cyanobacterium has been observed to be particularly closely
related to plastids.4,6,7 Accordingly, at this time it is impossible to say what kind of
cyanobacterium gave rise to plastids. It is possible that the current sampling of cyano-
bacteria, although very broad, has missed the key lineage that is closely related to the
progenitor of plastids. Alternatively, plastids may have originated very soon after the
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origin of cyanobacteria, and the major cyanobacterial lineages diverged at about the same
time, making the phylogeny difficult to resolve, or sampling additional genes may re-
veal the true cyanobacterial sister group of plastids. Either way, the exact nature of the
plastid progenitor remains elusive.

Although the position of the plastids within cyanobacterial SSU rRNA phylogeny
remains unresolved, plastid sequences do form a unified group, indicating that all plas-
tids are the product of a single common endosymbiosis. 4,6,7 Plastid genomes also share
a variety of characters, including their characteristic rRNA operon-encoding inverted
repeat structure and other unique gene orders.8,9 In addition, all photosynthetic plas-
tids use members of a particular family of light-harvesting antenna proteins that are
unique to plastids and not found in cyanobacteria.10,11 Nevertheless, there has been
some dissent against the common view that all primary plastids are derived from a
single endosymbiosis, and these come from phylogenetic trees inferred from nucleus-
encoded genes.

Though phylogenies based on plastid genes typically show a very strong plastid clade,
nuclear genes often do not. The first genes characterized from the nuclei of red, green,
and glaucophyte algae were SSU rRNA and the cytoskeletal proteins actin, alpha-tubulin,
and beta-tubulin. Analyses of these genes showed the three primary plastid-containing
groups branching in (sometimes) three different places in the eukaryotic tree, although
not with any support.12–14 This raised some doubts about the monophyly of plastids,12

but it could also be interpreted as nothing more than a lack of phylogenetic resolution.
The true dissent came from analysis of the largest subunit of RNA polymerase II (RPB1),
which showed a relatively strong separation between red and green algae (no glaucophyte
gene has been characterized).15,16

To account for this phylogeny and the apparent close relationship between all plas-
tids in phylogenies of plastid-encoded genes, it was proposed that the red and green
algae were not, in fact, closely related, but that one of the two lineages had acquired its
plastid by primary endosymbiosis and subsequently passed it to the other.15 However,
analysis of other nucleus-encoded genes showed either weak (enolase, heat shock pro-
tein 90) or strong (elongation factor-2 [EF2]) relationships between red and green
algae,17–19 indicating that the RPB1 phylogeny might be misleading. Subsequent analy-
sis of RPB1 also showed that support for separating red and green algae was relatively
weak19 and that, in some analyses, they even branched together, as expected if there
were a single origin of primary plastids (D. Longet, J.M. Archibald, P.J. Keeling, and
J. Pawlowski, unpublished data). Other nucleus-encoded genes do not show a specific
relationship between glaucophytes, red algae, and green algae; in many instances, this
likely reflects a lack of sampling or insufficient information present in the molecule to
adequately reconstruct such ancient events.

The number of characters shared by plastids, together with the strong support for the
monophyly of plastid-encoded genes and the weaker but growing support for the mono-
phyly of their host lineages, all support the simple explanation that a single endosymbi-
otic event led to all primary plastids. There are several qualifications to this, however,
including the lack of data from glaucophytes, the possibility that plastids are derived
from multiple independent endosymbioses involving closely related cyanobacteria,4 and
the possibility that plastids have been passed from one eukaryote to another without
detection. However, without data specifically supporting such a complex story, the simple
hypothesis that plastids originated once must be favored.
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If the plastids of glaucophytes, red algae, and green algae all originated from a single
primary endosymbiotic event, it is important to determine the relationship between these
three lineages. This will allow the reconstruction of several aspects of plastid evolu-
tion, as well as overall tendencies, such as patterns of gene transfer and loss. However,
there is currently so little molecular data available from glaucophytes that this question
has remained somewhat controversial. Glaucophytes are a small group of algae, con-
sisting of only three recognized genera that are not particularly common in nature.20

Their chief claims to fame are that they are one of the three lineages of primary plastid-
containing algae and that they alone have retained the peptidoglycan wall of the gram-
negative cyanobacterial endosymbiont (fig. 12.1). For this reason, it has been suggested
that glaucophytes may have been the first of the three primary lineages to diverge.21

However, all possible alternative relationships between the three groups have been pro-
posed at one time or another, based on different kinds of evidence.22–26

The paucity of molecular data from glaucophytes, together with the problem that
several of the first gene trees examined failed to recover a distinct primary algal lin-
eage, has meant that molecular phylogenetic analyses have led to no strong conclusion.
Nuclear actin, tubulin, and SSU rRNA trees fail to unite the primary algae,12–14 whereas
plastid-encoded elongation factor-Tu trees show glaucophytes branching within the red
algae.23 In phylogenies of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO),
red algae possess one type of enzyme and glaucophytes and green algae possess an-
other.26,27 Plastid-encoded SSU rRNA is the gene most often used to analyze these rela-
tionships, and in these phylogenies the glaucophytes are typically found to be the most
basal of the primary algal lineages, although sometimes with poor statistical support.6,7

Recently, large-scale analyses of plastid-encoded protein genes were conducted, and in
these trees, the glaucophytes are also the most basal of the three lineages, although once
again alternative topologies could not be confidently rejected.25,28 The data thus far appear
to be converging on this topology for the tree of primary algae, but a firm conclusion
awaits further analysis and more data.

One last issue surrounding the origin of primary plastids concerns a fundamental
aspect of endosymbiont and host coevolution: What is the extent of gene transfer from
the cyanobacterial endosymbiont to the host genome? Even the largest plastid genomes
are mere shadows of their cyanobacterial progenitors and encode only a fraction of the
proteins needed for plastid function. Most of the genes for plastid proteins have moved
to the host nuclear genome. This special case of lateral gene transfer was hypothesized
long ago, and current molecular data strongly support its occurrence, but was this the
only molecular contribution of the endosymbiont? A few studies29 have suggested that
endosymbiont genes could have invaded the host genome and taken over the function
of resident host genes in a process called “endosymbiotic gene replacement.” Although
several examples of this phenomenon have been well documented, they are relatively
rare. However, recent analysis of the complete genome sequence of the flowering plant
Arabidopsis thaliana has indicated that the endosymbiont contributed a great deal more.

A comparison of all conserved Arabidopsis proteins with those encoded in other fin-
ished genomes revealed that a large proportion (18%) were more similar to cyanobacterial
homologs than to any other known sequences.28 Extrapolating to the genome as a whole
suggested that ~4,500 Arabidopsis nuclear genes are derived from the endosymbiont,
more than reside in many modern-day cyanobacterial genomes. Surprisingly, a large
fraction of the proteins encoded by these genes are not predicted to be targeted to the
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plastid, indicating that they have assumed some function in the host cell.28 This is not to
say that each and every one of these endosymbiont genes is derived from a unique
cyanobacterial homolog: Many are certainly members of gene families that multiplied
and diversified after their transfer to the nuclear genome. It does, however, indicate that
the effect of primary endosymbiosis on the evolution of the host cell was more pro-
found than previously considered.28,30

Second-Hand Plastids

A dramatic twist in the story of plastid evolution has come with the realization that al-
though all plastids share a common ancestor, the same cannot be said for their hosts.
Plastids have moved horizontally between unrelated eukaryotic lineages in a process
called “secondary endosymbiosis” (fig. 12.1c). This involves the uptake and retention
of a primary plastid-containing alga by a nonphotosynthetic, heterotrophic eukaryote.

The basic structure and cell biology of secondary plastids (fig. 12.1d) is distinguished
from primary plastids in two important and related respects. First, compared to their
primary counterparts, secondary plastids are surrounded by one or more additional
membranes. This is a natural consequence of eukaryotic phagocytosis and means that
unlike primary plastids, which reside in the cytosol of the host cell (fig. 12.1b), second-
ary plastids exist in the lumen of the endomembrane system (fig. 12.1d). As in primary
plastids, the inner two plastid membranes appear to be derived from the inner and outer
membranes of the cyanobacterial endosymbiont, and the third (if present) and fourth
(outermost) membranes correspond to the primary host’s plasma membrane and phago-
somal membrane, respectively.3 Second, the mechanism of targeting proteins to sec-
ondary plastids is more complex than for primary plastids. As mentioned above, most
plastid proteins are nucleus encoded, translated on cytosolic ribosomes, and postrans-
lationally targeted to the organelle with the use of an amino-terminal transit peptide.
Although this is true of both primary and secondary plastids, the extra membranes sur-
rounding secondary plastids means that an extra step in the targeting pathway is required.
Secondary plastid-containing algae take advantage of the host cell’s signal peptide se-
cretion system and use bipartite amino-terminal leaders on their plastid proteins. In
addition to the amino-terminal transit peptide, proteins targeted to secondary plastids
contain signal peptides that direct them to the endomembrane system of the host. From
here, proteins are localized to the plastid (by an as yet unidentified mechanism) and sent
across the inner two plastid membranes by their transit peptides, as occurs in primary
plastid-containing algae.3

By virtue of their size, trees and plants, which are descendents of primary plastid-
containing green algae, are perhaps the most obvious and well-known eukaryotic
photosynthesizers. However, in terms of sheer variety and abundance, secondary
plastid-containing algae constitute a far greater fraction of the Earth’s photosynthetic
diversity. These organisms can be divided into two groups: those with plastids derived
from green algae, and those with red algal plastids. Two distinct eukaryotic lineages,
the euglenids and chlorarachniophytes, possess green algal secondary plastids. The
euglenids are an abundant and speciose group of unicellular marine and freshwater
flagellates that include a variety of photosynthetic and nonphotosynthetic genera.
Chlorarachniophytes are a comparatively rare group of marine pseudopod-forming
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amoeboflagellates and flagellates, composed of only a handful of recognized genera.
In the context of secondary endosymbiosis, the chlorarachniophytes are of particular
interest: Chlorarachniophytes and cryptomonads (below) are the only two groups of
secondary algae that have retained the nucleus of their secondary endosymbiont. This
nucleus is referred to as the “nucleomorph” and resides between the second and third
plastid membranes (fig. 12.1d). The chlorarachniophyte nucleomorph was first identi-
fied in the 1980s31,32 and has since been shown to contain a bona fide eukaryotic nuclear
genome, composed of a small number of AT-rich genes partitioned among three short
chromosomes.33–35

The evidence for the green algal origin of the euglenid and chlorarachniophyte plas-
tids is strong. Preliminary examinations revealed that although their plastids are bound
by three and four membranes, respectively, both possess a combination of photosyn-
thetic pigments characteristic of plants and green algae, chlorophylls a and b.31,36 Mo-
lecular phylogenies inferred from plastid- and (in the case of chlorarachniophytes)
nucleomorph-encoded genes have since confirmed that both plastids are green algal in
nature.10,37–41 Pinpointing the exact source of the euglenid and chlorarachniophyte plas-
tids within the green algal/plant lineage has, however, proven difficult.

Early molecular phylogenies of plastid-encoded SSU rRNA and the large subunit
of RuBisCO placed the chlorarachniophytes as a sister group to the green algae (chlo-
rophytes) and land plants (streptophytes).39 In contrast, nucleomorph-encoded SSU
rRNA phylogenies suggested that the endosymbiont was derived from within the
chlorophyte green algae, possibly from a trebouxiophyte41 or an ulvophyte38 green
alga. Nucleomorph-encoded genes tend to be AT rich and divergent17,35 and are, thus,
difficult to place accurately on phylogenetic trees, so these results should be interpreted
with caution. Nevertheless, analyses of plastid-encoded elongation factor Tu (EF-Tu)
are also in line with an ulvophyte origin for the endosymbiont.37 The situation has
recently become even more confusing, as a nucleus-encoded enolase gene with sig-
nificant similarity to streptophyte enolases has been characterized in chlorarachnio-
phytes.18 With respect to the precise origin of the euglenid plastid, molecular data has
been similarly ambiguous. Although the plastid genome of Euglena gracilis42 shares
many features with other green algal genomes, phylogenetic analyses have been largely
uninformative. They have, however, singled out the chlorophyte green algae as a pos-
sible source of the euglenid endosymbiont.40

A much greater array of eukaryotes possess secondary plastids derived from red
algae. Three prominent groups with secondary red algal plastids are the heterokonts,
haptophytes, and cryptomonads. The heterokonts (or stramenopiles) are a diverse and
abundant group of algae that, in addition to having large numbers of unicellular forms,
also include the giant kelps that carpet the coastlines of many marine habitats. The
haptophytes are an equally abundant and ecologically significant algal lineage, known
for the calcarious tests possessed by many of its members. Such tests are the major com-
ponent of chalk sediments worldwide, including the white cliffs of Dover. Finally, the
cryptomonads are a relatively common algal group, best known because, together with
the chlorarachniophytes, they have retained a nucleomorph. The nucleomorph genome
of the cryptomonad Guillardia theta has recently been completely sequenced43 and has
shed considerable light on the process of genome and endosymbiont reduction.35,43 The
plastids of heterokonts, haptophytes, and cryptomonads are all surrounded by four
membranes and contain chlorophylls a and c. They are also unusual in that the outer-
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most membrane of their plastid is continuous with the outer membrane of the host nuclear
envelope and endoplasmic reticulum.44

As was the case for the green algal plastids of chlorarachniophytes and euglenids, a
red algal origin for the heterokont, haptophyte, and cryptomonad plastids has been proven
convincingly through consideration of molecular data. Plastid genomes have been com-
pletely sequenced from heterokonts and cryptomonads,45,46 and both possess many fea-
tures in common with red algal plastid genomes. All three groups have also been shown
to possess a highly unusual proteobacterial form of RuBisCO, similar to that found in
red algae, that appears to have been acquired by lateral gene transfer. This is in contrast
to the cyanobacterial-type RuBisCO found in glaucophytes, green algae, euglenids, and
chlorarachniophytes.27,47 Furthermore, molecular phylogenies of a variety of plastid-
and nucleomorph-encoded genes reveal a close relationship between heterokont, hapto-
phyte, and cryptomonad sequences and those of red algae.17,48–51

In addition to the heterokonts, haptophytes, and cryptomonads, two other eukaryotic
groups, the dinoflagellate algae and apicomplexan parasites, possess red algal secondary
plastids. However, as we shall see, the history of their plastids is much less straightfor-
ward and is, in fact, extremely controversial. The dinoflagellates are an abundant, diverse
and ecologically important algal group, best known as the causative agents of “red tides”
and toxic shellfish poisoning. Most dinoflagellates possess three-membrane plastids con-
taining chlorophylls a and c, as well as peridinin. The story of the origin or origins of the
dinoflagellate plastid is intimately tied to that of the plastid in apicomplexans, a highly
derived group of nonphotosynthetic intracellular parasites that, not surprisingly, have tra-
ditionally figured little in discussions of plastid origins. Apicomplexa and dinoflagellates
are closely related and, together with ciliates, form a monophyletic group referred to as
alveolates.52 Virtually all apicomplexa are obligate intracellular parasites, so the discov-
ery of a relict plastid in apicomplexans53,54 came as a shock, and the origin and evolution
of the organelle has been extraordinarily difficult to elucidate.

Although the plastid is clearly of secondary endosymbiotic origin, some lines of
evidence appear to support a green origin for it, whereas others are more in line with a
red origin (discussed in detail below). Dinoflagellate plastids contain chlorophyll c, which
is otherwise only found in the red secondary plastids of heterokonts, haptophytes, and
cryptomonads (as well as a few cyanobacteria55). This is consistent with the view that
the dinoflagellate plastid is derived from a red alga and is perhaps related to these other,
secondary plastids. Support for this idea has come from recent analyses of dinoflagel-
late plastid genes56,57 which, curiously, reside on small single-gene minicircles.57 These
analyses not only indicated a red algal origin for the dinoflagellate plastid56,57 but also
hinted at a specific relationship between the dinoflagellate and apicomplexan plastids.58

The interpretation of this data, however, is hindered by the fact that both the dinoflagel-
late and apicomplexan plastid-encoded genes are AT rich and extremely fast evolving—
it is possible that their affinity for one another in plastid phylogenies is a result of
methodological artifact rather than common ancestry.

How Many Secondary Endosymbioses?

Chlorarachniophyte and euglenid plastids are obviously derived from green algae,
whereas the dinoflagellate, heterokont, haptophyte, and cryptomonad plastids clearly
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evolved from a red alga. Accordingly, at least two secondary endosymbiotic events are
necessary to account for this diversity.22,59,60 However, several authors have argued for
many more events, in some cases suggesting that each secondary plastid-containing lin-
eage acquired its plastid in a separate endosymbiosis.61,62 The huge diversity of plastid
types and the even greater diversity of the host cells in which they reside have made for
a lengthy and engaging debate. Fortunately, recent molecular phylogenetic data has gone
a long way toward settling some of the major questions.

With respect to the chlorarachniophytes and euglenids, there are (basically) two evo-
lutionary scenarios that could explain the presence of photosynthesis in both groups.
Either their plastids are the result of separate secondary endosymbiotic events involv-
ing two different hosts and two different green algae, or they are the products of a single
endosymbiosis in their common ancestor. Distinguishing between these two possibili-
ties requires one not only to examine the origins of the chlorarachniophyte and euglenid
endosymbionts but also to consider the evolutionary affinities of their respective hosts.
The host component of euglenids belongs to the Euglenozoa, a large, predominantly
nonphotosynthetic protist assemblage that, in addition to euglenids, includes the diplo-
nemids and kinetoplastids. The chlorarachniophytes, in contrast, are members of the
Cercozoa. This morphologically diverse collection of amoeboid, amoeboflagellate, and
flagellated eukaryotes has only recently been recognized as a monophyletic group on the
basis of molecular data.12,63–67 Significantly, broad-scale phylogenetic analyses of eukary-
otic nuclear genes have failed to show a specific relationship between the Euglenozoa and
Cercozoa (e.g., Bhattacharya et al. and Keeling12,67). In addition, chlorarachniophyte and
euglenid plastid sequences, although clearly green algal in nature, appear unrelated to one
another in molecular phylogenies.37,39 Together with a distinct lack of morphological simi-
larity shared between the chlorarachniophyte and euglenid hosts,31 these facts have led to
the widely held belief that their plastids are of independent endosymbiotic origin.47,62,68

Although the consensus view in the field is that the chlorarachniophyte and euglenid
plastids evolved separately, not everyone agrees. Cavalier-Smith, who has argued strongly
that secondary endosymbiosis is extremely difficult and should be invoked sparingly, has
proposed a single origin of green secondary plastids.59,60 One apparent drawback of this
idea is that both the Cercozoa and Euglenozoa are composed almost entirely of non-
photosynthetic members and that, within Euglenozoa, phylogenetic analyses place the pho-
tosynthetic euglenids as a highly derived lineage, nested within nonphotosynthetic,
heterotrophic groups (e.g., Preisfeld et al., and Leander et al.69–71). A single, ancient origin
for the chlorarachniophyte and euglenid plastids demands extensive secondary loss of
plastids within Euglenozoa, Cercozoa, and other eukaryotic lineages. This is at odds
with the general observation that plastids have never been observed in nonphotosynthetic
members of Euglenozoa or Cercozoa (except in a few instances where nonphotosynthetic
plastids are known to exist). Moreover, analysis of cytoskeletal data indicated that
phototrophy evolved relatively recently within the evolution of euglenids.70,71 That said,
several “plant-like” metabolic enzymes have recently been characterized from two
nonphotosynthetic kinetoplastids, Trypanosoma and Leishmania.72 Although the taxo-
nomic sampling necessary to convincingly demonstrate the algal origin of these genes
is unavailable at this time, if they can be proven to be plastid derived, then the Euglenozoa
may have evolved from a photosynthetic, plastid-bearing ancestor.72,73 Whether this also
applies to the common ancestor of Cercozoa and Euglenozoa remains to be seen. On
balance, current data provide little support for the idea.
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The question of single or multiple origins for the red algal plastids of heterokonts,
haptophytes, cryptomonads, and dinoflagellates has been an even thornier issue. Be-
fore the availability of molecular sequences, a variety of morphological and biochemi-
cal data were brought to bear on the question. As mentioned above, the topology of the
membranes surrounding the plastids of heterokonts, haptophytes, and cryptomonads is
highly unusual. The outermost plastid membrane in these organisms is fused to the outer
membrane of the nuclear envelope and endomembrane system,44 and as a result, their
photosynthetic machinery resides within the lumen of the host endoplasmic reticulum.
The possibility that this situation evolved more than once seems unlikely, and the plas-
tids present in the three groups have thus been suggested to be derived from a single
endosymbiosis in their common ancestor.22,74,75 A variety of other cellular and biochemi-
cal features are also consistent with a single origin. In addition to their shared presence
of chlorophyll c, both heterokonts and cryptomonads possess flagella with unusual tu-
bular hairs called mastigonemes,75 and haptophytes and heterokonts also share fucox-
anthin and chrysolaminaran as well as three thylakoids per stack in their plastids.

If the heterokont, haptophyte, and cryptomonad plastids do share a common evolu-
tionary origin, plastid and nuclear gene sequences from the three groups should form a
monophyletic group in molecular trees. Surprisingly, preliminary analyses did not
show this to be the case. In plastid SSU rRNA and RuBisCO phylogenies, heterokont,
haptophyte, and cryptomonad sequences branched as separate lineages within the red
algae,48,76–78 and nuclear SSU rRNA trees also failed to unite the three groups.79 Although
these initial results were interpreted as evidence that these plastids were acquired from
different red algae in three separate secondary endosymbioses, a more comprehensive
recent analysis of a multigene plastid dataset paints a different picture that is more in
line with the biochemical and ultrastructural data. In phylogenetic trees constructed from
concatenated psaA, psbA, tufA, rbcL, and SSU rRNA coding sequences, heterokonts,
haptophytes, and cryptomonads form a well-supported monophyletic group.51 This re-
sult indicates that rather than three separate endosymbioses, a single endosymbiotic event
occurred in the common ancestor of the three groups.

Recent analyses of the metabolic enzyme glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) have lent further support to the notion of a common evolutionary origin
for the heterokont, haptophyte, and cryptomonad plastids and, importantly, has brought
the dinoflagellates and apicomplexans firmly into the mix. Plants and algae possess both
cytosolic and plastidic isoforms of GAPDH, both of which are nucleus encoded. In red
and green algae and euglenids, the plastid-targeted GAPDH homolog is, as expected,
closely related to GAPDH in cyanobacteria. However, in apicomplexa, dinoflagellates,
heterokonts, and cryptomonads, the plastid-targeted GAPDH is not cyanobacterial but
is, instead, derived from the eukaryotic cytosolic isoform.80

This has now also been confirmed for haptophytes,81 the only other group with a red
secondary plastid. At some point during the early evolution of these organisms, the
cytosolic GAPDH gene was duplicated and one of the duplicates acquired signal and
transit peptide coding information. As a consequence, its protein product was targeted
to the plastid and took over the role of plastid GAPDH, replacing the cyanobacterial-
derived protein. This is an example of “reverse endosymbiotic gene replacement,” the
opposite of the situation discussed earlier in regard to the extent to which eukaryotic
nuclear genes have been replaced by cyanobacterial homologs.82 The picture is compli-
cated by the fact that, in addition to possessing the cytosolic-derived plastid GAPDH,
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at least one dinoflagellate (Pyrocystis) also possesses a cyanobacterial-like plastid ho-
molog that is closely related to that of Euglena.83 The origin of this gene is unclear.
Nevertheless, taken as a whole, the data indicate that the GAPDH endosymbiotic re-
placement took place only once, in the common ancestor of heterokonts, haptophytes,
cryptomonads, dinoflagellates, and apicomplexa,80 and that their plastids are the prod-
uct of a single secondary endosymbiosis.

Independent corroborating evidence for this idea is emerging from phylogenies of
the host lineages. Analyses of nucleus-encoded rRNA genes have revealed that the
alveolates (dinoflagellates, apicomplexans, and ciliates) and heterokonts appear to rep-
resent a monophyletic group on the global tree of eukaryotes,49,84 and concatenated
protein-coding genes also support this conclusion.85 Although haptophyte and crypto-
monad nuclear sequences are presently scarce, if one considers the nuclear rRNA and
concatenated protein phylogenies in conjunction with the GAPDH data and the results
of recent plastid gene trees,51 all five of the putative secondary red algal–containing
groups are accounted for. This adds up to what appears to be a single, ancient origin for
the alveolate, haptophyte, heterokont, and cryptomonad plastids. Together, these organ-
isms make up a eukaryotic “supergroup” referred to as the chromalveolates.59

Alveolate Plastids: In One Vacuole, out the Other?

A global scheme for the evolution of plastids by primary and secondary endosymbiosis
is presented in figure 12.2. Following a single endosymbiosis between a eukaryote and
a cyanobacterium, three distinct primary plastid-containing lineages evolved: glauco-
phytes, red algae, and green algae. The latter two groups were subsequently involved in
additional mergers: Two secondary endosymbiotic events gave rise to the green algal
plastids of chlorarachniophytes and euglenids, and the plastids of chromalveolates are
derived from a single secondary endosymbiosis with a red alga. This scenario repre-
sents a consensus view of the broad strokes of plastid evolution, but at a fine scale the
situation is much more complex. For example, although the common ancestor of all
alveolates appears to have had a red algal plastid (fig. 12.2), the dinoflagellates are known
to have repeatedly “swapped” their ancestral organelle for plastids derived from other
algae. As well, recent molecular data has renewed the debate over whether the apicom-
plexan plastid is truly red algal–derived. The twists and turns in our understanding of
alveolate plastid evolution provides an excellent example of how our hypotheses have
continued to evolve in response to new data and how absence of evidence should not be
taken as evidence of absence.

The dinoflagellates are, without a doubt, the algal masters at plastid acquisition and
exchange. Approximately half of known dinoflagellate species are photosynthetic,86 and
of those that are, most possess a three-membrane plastid containing chlorophyll a+c
and peridinin. However, this plastid is by no means ubiquitous: Several lineages have
substituted their peridinin-containing plastid with that of another alga by “tertiary en-
dosymbiosis” or “serial secondary endosymbiosis.” The extent to which these “replace-
ment” endosymbionts and plastids have integrated with their dinoflagellate hosts varies
greatly, ranging from transient endosymbioses87,88 to fully integrated, heritable or-
ganelles.47,89 Perhaps the best-documented examples of true tertiary endosymbiosis are
in the dinoflagellates: Karlodinium micrum, Karenia brevis, and Karenia mikimotoi.90,91
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These species have been shown to possess a red algal plastid derived from a hapto-
phyte.47,92 Other examples are members of the genus Dinophysis that have cryptomonad
plastids93 and Durinskia (Peridinium) balticum and Krypoperidinium (Peridinium)
foliacium, which harbor relatively unreduced diatom (heterokont) endosymbionts.94

In each of these instances, the dinoflagellate host has replaced its ancestral, secondary
red algal plastid with another secondary red algal plastid, which, according to the scenario
outlined in figure 12.2, is ultimately derived from the same secondary endosymbiotic

Figure 12.2. A possible scheme for the evolutionary history of photosynthetic eukaryotes and
their plastids. (Top) A single primary endosymbiosis between a nonphotosynthetic, heterotrophic
eukaryote and a photosynthetic cyanobacterium led to three groups of primary plastid-containing
algae, glaucophytes, red algae, and green algae (and their land plant relatives). (Bottom) After
the three groups diversified, a single secondary endosymbiosis between a eukaryotic heterotroph
and a primary plastid-containing red alga, produced a lineage that ultimately gave rise to the
cryptomonads, heterokonts, and haptophytes, as well as the alveolates (ciliates, apicomplexans,
and dinoflagellates), collectively referred to as chromalveolates. In addition, two separate sec-
ondary endosymbioses involving different eukaryotic hosts and different green algae gave rise
to the secondary plastids found in euglenids and chlorarachniophytes. Ciliates, apicomplexans,
and many dinoflagellates have lost photosynthesis, and numerous dinoflagellates have replaced
their ancestral plastids with ones derived from green algae, cryptomonads, heterokonts, and
haptophytes (see text). The possible presence of a cryptic plastid in ciliates is indicated by a (?).
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event. However, not all plastids stolen by dinoflagellates are of chromalveolate origin.
Lepidodinium viride, for example, has been shown to possess a chlorophyll a+b-con-
taining plastid derived from a green alga.95 Because green algae have primary plastids,
this is not a tertiary endosymbiosis but rather a serial secondary endosymbiosis.

The reasons why dinoflagellates so readily exchange their ancestral plastids for new
ones are not entirely clear. It may have to do with the fact that they are mixotrophic
organisms; that is, they are both heterotrophs and phototrophs.96 Mixotrophy provides
an alternate energy source during periods when photosynthesis is insufficient or nutri-
ents are not available from the plastid, but it also provides a constant source of potential
replacement plastids from algal prey taken from the environment. This dual mode of
nutrition also explains why dinoflagellates appear to loose plastids—or at least photo-
synthesis—as quickly as they gain them. A recent comprehensive analysis of rRNA
sequences allowed at least eight independent losses of photosynthesis to be inferred.89

Regardless of the reasons for the comings and goings of dinoflagellate plastids, ter-
tiary endosymbiosis has potentially significant effects on dinoflagellate molecular
biology, and in particular, on the array of nucleus-encoded, plastid-targeted proteins.
During the integration of a tertiary endosymbiont, each and every one of the nucleus-
encoded genes for plastid-targeted proteins has the potential to be replaced by its
corresponding homolog from the incoming tertiary endosymbiont nucleus. Alternatively,
plastid-targeted proteins that serviced the ancestral peridinin plastid can simply be re-
cycled and imported into the newly acquired organelle. Unfortunately, almost none
of these genes have been studied. In the one interesting exception, the gene encoding
the thylakoid lumen protein PsbO has been characterized in the haptophyte plastid-
containing dinoflagellate Karenia brevis. Here, the original nuclear-encoded PsbO
from the peridinin-type plastid has been replaced by a version that came in with its ter-
tiary haptophyte endosymbiont.97 Whether this represents the exception or the rule is
presently unknown, but it is possible that the complement of proteins in tertiary plastids
is a mixture cobbled together from both old and new plastids.

If the dinoflagellates are promiscuous with respect to plastid uptake and replacement,
then what can be said of their close relatives, the apicomplexa? The discovery of a cryptic
plastid in these unusual organisms was arguably the biggest surprise in plastid research
in the last two decades. This is because apicomplexa are a group composed almost en-
tirely of obligate intracellular parasites. Many apicomplexa cause serious disease in
humans and other animals, the most notorious being the opportunistic pathogen Toxo-
plasma, the common gastrointestinal pathogen Cryptosporidium, and the malaria parasite
Plasmodium. As intracellular parasites, apicomplexa are obviously not photosynthetic
and have never been thought to contain a plastid. However, in the mid-1970s an elec-
tron microscopical examination of extrachromosomal DNA in Plasmodium revealed a
circular molecule of about 35 Kbp with a cruciform structure, characteristic of an in-
verted repeat.98 Although at first assumed to be the mitochondrial genome,99 when gene
sequences from this element were characterized, they were clearly bacterial and re-
sembled plastid homologs as much as they did mitochondrial ones.100,101 Eventually,
the characterization of several sequences led Iain Wilson and colleagues to make the
bold claim that this element was a plastid genome.102–104

At about the same time, a second extrachromosomal element was discovered in Plas-
modium. This 6-Kbp linear element was found to encode coxI, coxIII, cob, and fragments
of rRNA, all related to mitochondrial homologues.105,106 This element cofractionated with
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the mitochondrion,107 providing further support for the nonmitochondrial nature of the
35-Kb circular DNA. Eventually, the complete sequence of the 35-Kb circle from Plas-
modium and Toxoplasma demonstrated beyond any doubt that this was a plastid ge-
nome,54,108 and the organelle was identified by in situ hybridization.53

Even with the complete genome sequence, the function of a plastid in Plasmodium
was not obvious, although knocking out plastid gene expression was shown to prevent
the parasite from completing its life cycle.109,110 Clearly the plastid is not photosynthetic,
so why is it maintained? The answer lies in the metabolic diversity of plastids. Although
plastids are typically thought of in the context of photosynthesis and the biosynthesis of
various compounds related to photosynthesis such as chlorophyll, they are also respon-
sible for several other important metabolic functions in plants and algae. In particular,
the biosynthesis of fatty acids, isopentyl diphosphate (the primary substrate for isoprenoid
synthesis), heme, and aeromatic amino acids are all carried out in plastids.111–113 In plants
and other algae in which it has been examined (which is not many), the enzymes that
make up these pathways are derived from the cyanobacterial endosymbiont. However,
the genes encoding these enzymes are among the many that have been transferred to
the nuclear genome and express proteins that are postranslationally targeted back to the
organelle.

The secret of the function of the apicomplexan plastid, therefore, lay in the nucleus.
It has now been shown that enzymes for the biosynthesis of fatty acids, isopentyl diphos-
phate, and heme are all encoded in the Plasmodium nuclear genome,114–118 and they
possess bipartite leaders that direct them to the plastid.118–120 In contrast, Plasmodium
does not possess plastid-derived enzymes for the biosynthesis of aromatic amino acids:
This pathway does exist in Plasmodium and other apicomplexa,121 but it is cytosolic,122

and the enzymes are not derived from the plastid.123

The unexpected discovery of a plastid in these important parasites immediately
sparked a debate over their origins. The plastids are certainly a product of secondary
endosymbiosis, but whether from a red or green alga has been hotly debated. The first
indications from the characteristics of several genes, the gene content, and the order of
certain genes in the Plasmodium plastid genome were that the plastid was red and not
green. However, the phylogeny of the plastid EF-Tu indicated that it was green and not
red,108 although this result was extremely weakly supported. The discovery of the plas-
tid GAPDH gene replacement (see earlier) tipped the scales decisively in favor of a red
algal origin for the apicomplexan plastid by demonstrating that the organelle originated
long before the apicomplexa, in the ancestor of all chromalveolates.80 Nevertheless, some
recent data have revived the debate over the nature of the apicomplexan plastid and its
relationship to the plastids of other chromalveolates.

In virtually all eukaryotes, the mitochondrial protein CoxII is the product of a single
open reading frame encoded in the mitochondrial genome. However, in certain green
algae the gene has been split roughly in half and transferred to the nucleus, so that these
organisms target two subunits of CoxII to their mitochondria.124,125 It has now been shown
that Plasmodium and Toxoplasma share this rare characteristic, and this has been argued
to indicate that the plastid is derived from a green alga.126 These data are not consistent
with the GAPDH data, which indicate that all the chromalveolates shared a single com-
mon secondary endosymbiosis with a red alga. To explain both genes, it has been sug-
gested that the apicomplexa ancestrally contained a chromalveolate-like red algal plastid,
but that this plastid was lost and replaced with a second plastid of green algal origin.127
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Such replacements have taken place repeatedly in dinoflagellates (see above), and
this would explain both CoxII (which would have come in with the new plastid) and
GAPDH (which would have been retained from the original plastid and retargeted to
the new one). In either case, the CoxII data demand a remarkable lateral transfer of two
subunits from different chromosomes. If this did in fact take place, one would expect
the Plasmodium genome to be chock-a-block with green algal genes, but it is not.114

More to the point, the CoxII analysis that led to this conclusion did not consider the
CoxII proteins of ciliates, which are critical, as ciliates are closely related to apicom-
plexa.126 When the phylogeny was reanalyzed with ciliates included, the apicomplexa
and ciliates formed a clade, as expected, if no lateral gene transfer took place.128 More
interestingly still, ciliate CoxII proteins contain a very large (300 amino acid) insertion
in exactly the position where the split took place.129 This could be regarded as a prelude
to the split, or at least as evidence that this region of the protein in alveolates is suscep-
tible to change. Considering both the phylogeny and the characteristics of the CoxII
proteins, it appears more likely that the split took place twice independently in green
algae and apicomplexa. It does not likely represent a lateral gene transfer but, instead,
could be a solution to the problem of targeting CoxII: By splitting the protein in two,
the hydrophobicity is reduced, allowing the proteins to be successfully translocated across
the mitochondrial membranes. At present, no dinoflagellate CoxII has been character-
ized, but we would predict that they may also be nucleus encoded, and if so, they are
likely also split. Altogether, the CoxII data is interesting, but it does little to challenge
the red algal ancestry of apicomplexan plastids.9,80,104,130

Interestingly, another recent study has also proposed that the apicomplexan and di-
noflagellate plastids are not directly related, but in this case it is suggested that the an-
cestral dinoflagellate plastid was replaced.131 This hypothesis is based on phylogenies
of two photosystem proteins, PsbA and PsaA, which showed the dinoflagellates with
“typical” peridinin plastids to be sisters to those that have replaced their plastid with a
haptophyte plastid (see above). Together, these two lineages branched as sisters to the
haptophytes themselves. The authors suggested that the peridinin plastid was ultimately
derived from a haptophyte by a plastid replacement that took place early in the history
of dinoflagellates.131 Once again, the prediction for plastid replacements in dinoflagel-
lates certainly supports this as a possibility, but more evidence will be needed to sup-
port such a remarkable conclusion. Indeed, the PsbA/PsaA phylogeny itself does not
quite match this scenario, as the dinoflagellate grouping does not branch from within
the haptophytes, as one would expect, but as a distant sister to the entire lineage, in-
cluding Pavlova, which is widely recognized as the deepest known lineage among
haptophytes.132 In addition, the divergent nature of both the peridinin- and haptophyte-
type dinoflagellate sequences makes accurate phylogenetic inferences difficult.

Prospectus

The last decade has seen extraordinary advances in our understanding of the evolution-
ary history of plastids. With these advances, however, has come the realization that both
the tempo and mode of plastid evolution are far more complex than previously imag-
ined. As in most fields of molecular evolution, the cry from workers in the field is “more
data!” What is needed most is nuclear gene sequence data from a wide range of pri-
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mary, secondary, and tertiary plastid-containing organisms, such that the evolutionary
affinities of their respective host cells can better understood and the origin of their
nucleus-encoded, plastid-targeted proteins elucidated. Fortunately, in the era of com-
plete genome sequencing, a much more comprehensive understanding of plastid his-
tory may now be within reach.

One of the serious challenges that must be faced in coming years is developing a
better understanding of the process of plastid loss. Most current models of plastid evo-
lution support the notion that the loss of photosynthesis is a much more pervasive phe-
nomenon than previously believed. For example, if the common ancestor of alveolates,
haptophytes, heterokonts, and cryptomonads had a plastid, then the ciliates, an entirely
nonphotosynthetic alveolate lineage, must have evolved from a plastid-containing an-
cestor. It will be important to determine which nonphotosynthetic lineages are truly
descended from algal ancestors and to better understand the process by which they have
discarded photosynthesis. In particular, it is generally not clear whether plastids are ever
actually lost, or whether they are always retained in a cryptic form. Until the process of
plastid “loss” is better understood, a full understanding of plastid origins will remain
elusive.
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The Karyomastigont Model
of Eukaryosis

HANNAH MELNITSKY

FREDERICK A. RAINEY

LYNN MARGULIS

“Eukaryosis” refers to the origin of eukaryotic cells: The evolution of the first organ-
isms with membrane-bounded nuclei and, presumably, associated cytoskeleton for stor-
age and distribution of genetic material. Eukaryotes, as acritarchs and Ediacarans, abound
in the late Proterozoic Eon between 1,000 and 542 mya,1 and other fossils document
eukaryosis even before 1,200 mya.2 Molecular evidence indicates that the earliest pro-
tists may have appeared as long as 2,700 mya.3 The status for the search of the first
eukaryotes in the pre-Phanerozoic fossil record was accessibly reviewed.4

The origin of mitosis and of other aspects of the microtubule-based cytoskeleton
remains a mystery. The two universal components of eukaryotes, the nucleus and the
cytoskeletal-based motility system for segregation of nuclear DNA, irreducibly co-
evolved. Universally associated with nuclear division (karyokinesis) is a paradesmose
or other form of mitotic spindle. The ubiquitous cytoskeleton, of which the mitotic ap-
paratus is a part, is composed of hundreds of proteins: Its development requires a large,
complex genome. Analogous data to those that established the origin of mitochondria
and plastids from bacteria by symbiogenesis (cortical inheritance in ciliates, behavior
of symbiotic bacteria) led us to the concept of the symbiogenetic origin of the nucleated
cell with its internal motility system.5–7

The Karyomastigont Model

The organellar system essential to our evolutionary scheme for the origin of the nucleus
was first described in 1915 by Polish parasitologist C. Janicki. The karyomastigont
organellar system8 that he described is conspicuous in many cells (fig. 13.1). Minimally,
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the system consists of the nucleus, the undulipodium (cilium or “eukaryotic flagellum”)
with its microtubular axoneme that invariably develops from a centriole-kinetosome
(“basal body”), and a proteinaceous connector, also called a rhizoplast, that joins them.

The karyomastigont represents to us a relic of the earliest nucleated cell morphol-
ogy. Karyomastigonts are widespread in many protist taxa: Archaeprotista (amito-
chondriate protists), Chlorophyta (green algae), Chytridiomycota (i.e., Blastocladiella),
Cryptomonadida, Dinomastigota (both biundulipodiate algae and heterotrophs), Zoo-
mastigota (motile, mitochondriate protists), and Granuloreticulosa (in the motile fora-
miniferan cells).9,10 In our view, in several lineages the tethered nucleus was released
from the rest of the karyomastigont to generate both the akaryomastigonts of parabasalids
such as Calonympha and Snyderella and solitary nuclei of plant, fungal, and animal
cells—protoctists such as plasmodial slime molds, amoebae, and ciliates.11,12

We hypothesize that the eukaryotic cell evolved from a symbiotic consortium of
Spirochaeta-like eubacteria with archaebacteria that resembled extant Thermoplasma
(fig. 13.2).13 The spirochetes presumably swam in search of nutrients in habitats remi-
niscent of intestinal fluids of extant xylophagous dictyopterans (wood-ingesting roaches
and termites): sulifidic, viscous, and replete with organic compounds. Comparable
modern environments support syntrophic consortia of prokaryotes analogous to those
hypothesized in our model for eukaryosis. In “Thiodendron” sulfur mats, for instance,
sulfidogenic bacteria Dethiosulfovibrio14 join spirochetes of the genus Spirochaeta15,16

Figure 13.1. The karyomastigont.
Generalized drawing of a

karyomastigont in a heterokont cell,
based on electron micrographs of

Proteromonas (Phylum Zoomasti-
gina, Class Proteromonadida), with

the cell shape of a zoospore of
Ophiocytium (a xanthophyte). Note
the anterior undulipodium (a und)

is longer than the posterior
undulipodium (p und). The

rhizoplast (or nuclear connector; rh)
connects the kinetosomes (k) to the

nuclear membrane (nm) of the
nucleus (nuc). cm, cell membrane;

g, Golgi; m, mitochondrion; rer,
rough endoplasmic reticulum.
Drawing by Kathryn Delisle.
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in stable associations, visible to the unaided eye in geochemical hot springs and marine
intertidal habitats as white mats (fig. 13.3).

The 16S rRNA genes of the putative spirochete partner of three “Thiodendron” con-
sortia organisms, isolated separately by Galina Dubinina and her colleagues, were se-
quenced by previously described methods.17 These data indicate that although spirochetes
are diverse with respect to habitat, optimal temperature, and pH for growth and range
of substrate use, they represent a phylogenetically unified group. They form a distinct
lineage at the phylum level within the prokaryotes.18 The phylogenetic placement of
these strains originating from the “Thiodendron” mat within the spirochete lineage of
the bacteria and their close relationship to members of the genus Spirochaeta confirms
the morphological observations (fig. 13.4).15 Furthermore, the differences in 16S rRNA
genes of the three “Thiodendron” isolates indicate independently evolved consortia in
at least three of the six geographically isolated consortia.16

We hypothesize that spirochetes in syntrophic consortia attached themselves to
sulfidogens comparable to Dethiosulfovibrio or Thermoplasma, on whose exudates they
fed. Spirochete attachment structures evolved then as they have many times in contem-
porary organisms. Some spirochetes aggressively and permanently penetrated their
archaebacterial consorts. Syntrophy, growth, and regulated reproduction rates were
selected for as members of the consortia became progressively more integrated. Motil-
ity was retained as integration led to metabolic chimeras.5,6 The ligation structure, at
first a “spirochete attachment site,”6 was selected to become an organellar system that
ensured synchronous DNA inheritance and segregation in now-fused partners. This
organellar system is still detectable in many organisms—cells and animals such as the
choanoflagellate cells of sponges and the choanomastigotes.9 Syntrophy, catabolism,

Figure 13.2. The karyomastigont model of eukaryosis. Left to right as a function of time from
4.0 until 2.0 × 109 years ago. Examples of modern codescendant genera in italics. Events de-
picted before origin of mitochondria and chloroplasts. See text and Margulis and Schwartz9 for
details. Drawing by Kathryn Delisle.
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and eventual anabolic-metabolic pathway fusion led to composite individuals in which
protruding surface spirochetes emerged as undulipodia. The underlying kinetosomes
became mitotic centrioles in response to selection pressure for equal distribution of in-
dispensable DNA from both the archae- and the eubacterial member of the consortium.
The kinetosomes, which had evolved directly from the complex spirochete attachment
structures, dedifferentiated to become centrioles that were passively distributed to the
consortia offspring. As the mitotic spindle evolved in numerous lineages, the former
attachment sites became kinetosome-centrioles. Their evolution slowed as they became
what they are still today: nucleating loci for the maturation of the organelles of motil-
ity, the undulipodia (“eukaryotic flagella”), in the next generation (fig. 13.5).

The proliferation of membrane and of cytoskeletal elements with nuclear and cyto-
plasmic, including spindle microtubules we trace to the archaebacterial-eubacterial fu-
sion. Microtubule-based cytoplasmic organization is specifically of spirochaetal origin6;
therefore, modern cytoplasmic-tubule bearing spirochetes (e.g., Diplocalyx, Hollandina,
and other small pillotinas)19 should be more closely related to the fused eubacterial
endobiont than are other bacteria. Examples of the spirochete legacy include vertebrate
sensory cilia of rods, cones, and auditory kinocilia; mitotic spindle fibers; Microtubule
Organizational Centers (MTOCs) including fungal and plant spindle pole bodies, para-
basalid atractophores, oxymonad axostyles, foraminiferal reticulopods, and actinopod
axonemes; egg centrosomes; and sperm tail axonemes. The tubule proteins in Azoto-
bacter or in those of the cell wall in the cyanobacterium Synechococcus)20 should be
less homologous to eukaryotic tubules than those in tubule-bearing spirochetes.

Thermoplasma remains the best candidate codescendant for the ancestral sulfidogenic
archaebacterial component of the eukaryotic cell for several reasons outlined by Dennis
Searcy. These include its histone- and actin-like proteins, tolerance of acid and heat,
lack of a cell wall, and H2S [sulfide] production.6,13,21,22 We endorse Searcy’s “sulfur
hypothesis” and agree entirely with him that “the ancestor of the cytoplasm reduced
S0 [elemental sulfur] to H2S and premitochondrial symbionts oxidized it back to ele-
mental sulfur.”22 However, we maintain one major caveat: we identify the “premito-

Figure 13.3.  “Thiodendron.” The brown alga Fucus and the white sulfur mat containing
“Thiodendron” in the intertidal zone (left). The composition of the “Thiodendron” mat, viewed
with phase contrast light microscopy (right). White globules are intracellular sulfur deposits. Small
black bodies (arrow) are Dethiosulfovibrio cells (Surkov et al.14). Under strict anoxic conditions
these filaments revert to the typical Spirochaeta morphology. Bar = 5 mm. Photos courtesy of
Galina Dubinina.
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chondrial symbionts” in Searcy’s model not as a-proteobacterial oxygen respirers but
as the spirochete members of the consortium that preceded mitochondria by millions
of years. The sulfide-sulfur oxidoreduction cycle evolved before mitochondrial ac-
quisition and therefore is expected to be present in amitochondriates incapable of
further mitochondrial oxidation of S0 to sulfate or thiosulfate. Eventually, in a subse-
quent symbiotic event, the acquisition of the a-proteobacterial oxygen-respirers led
to mitochondria. Mitochondrial integration accelerated sulfur metabolism and ensured
that intracellular oxygen became the sulfide oxidizing agent. We suggest, with Searcy,
that the original archaebacterial–eubacterial association was a sulfur syntrophy and
involved endogenous sulfide production (by the archaebacterium), which has been
measured by Searcy in dramatic experiments in selected organisms from all major

Figure 13.4. 16S rRNA gene sequence–based tree showing the relationship of the spirochetes
isolated from “Thiodendron” to other members of the spirochete lineage. Almost complete 16S
rRNA gene sequences comprising between 1428 and 1479 nucleotides were determined for strains
P, M6, and B. The phylogenetic dendrogram was constructed using the neighbor-joining meth-
ods from distance matrices. These strains were found to cluster within the genus Spirochaeta,
where they showed the highest similarity to S. litoralis and S. isovalerica. Strain B shows 96%
16S rRNA gene sequence similarity to S. litoralis.The other two, P and M6, with 99.6 sequence
similarity to each other, because they have less than 90% sequence similarity to any other mem-
ber of this genus, can be considered strains of a novel branch within the genus Spirochaeta. These
uncharacterized strains require further study and description. The 16S rRNA gene sequences of
strains P, M6, and B have been deposited in GenBank under the accession numbers AY337318,
AY337319, and AY337320.
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eukaryotic lineages. Although he hypothesizes that the original sulfide oxidation was
performed by the early mitochondrion, an a-proteobacerium, we believe that the first
sulfur syntrophy involved sulfide oxidation to elemental sulfur by the spirochete that
became the undulipodium.

The oxidizing agent was ambient O2 in variable supply—ultimately, of course, a
product of cyanobacterial oxygenic photosynthesis. Our hypothesis is analogous
to the sulfur syntrophy discovered in the spirochete–Thiodendron consortium by
Dubinina and her colleagues.16–18 After the much later integration, of the premito-
chondrion, the Thermoplasma (archaebacterial-derived) hydrogen sulfide was rou-
tinely and thoroughly oxidized not only to S0 (an ability of the spirochete) but all the
way to thiosulfate (HSO4

–) or sulfate (SO4
–), an exclusive metabolic virtuosity of the

oxygen-respiring mitochondrial symbiont.
Our testable karyomastigont model offers a parsimonious explanation for the origin

of interdependent eukaryotic organelles: the nucleus, endoplasmic reticulum (ER), Golgi,
and cytoskeleton. Protists interpretable as representatives of intermediate states in the
evolution of the plant–animal–fungus mitotic apparatus and cell organization have been
observed.6,10 Some termite hindgut protist species have a single nucleus, others have
hundreds; in some cells the nuclei are exclusively associated with karyomastigonts, and
in others akaryomastigonts abound. Still other protists have both akaryomastigonts and
karyomastigonts.23

Studies of Staurojoenina assimilis24,25 and Mixotricha paradoxa,26 hindgut parabasalid
protists, are especially relevant as modern examples of processes we propose. Cell
membranes in these archaeprotists are sites of bacterial attachment.27 Most notably, the
surface of Mixotricha, each cell of which harbors 250,000 treponeme spirochetes, 200
larger Canaleparolina darwiniensis spirochetes,28 and a Borrelia-like spirochete in the
ingestive zone, is an excellent analog system to understand integration of free-living

Figure 13.5. The structure of the undulipodium. A [9(2)+2] transverse axoneme section of the
protist Hexamita sp. undulipodium showing a,b-tubulin dimers that make up walls of A, B tubules.
Bar = 50 nm. Transmission electron micrograph by the late David Chase.
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microbes in the origin of complex individuality on the cell level (fig. 13.6). The attached
surface spirochetes provide motility for Mixotricha.26 The spirochetes absorb protist
waste products as food products of cellulose digestion.28 Some termite spirochetes fix
nitrogen, and many catabolize cellobiose to produce acetate, which flows through the
intestinal chitin layers to animal mitochondria.29 The microbial community therefore
provides a major source of nutrition for the insect.30

Wood-ingesting roaches and termites harbor complex, predictably present com-
munities of anaerobic protists that tend to form associations like those we hypothesize
were important in the origin of nucleated cells.31 The hindgut of Cryptotermes cavifrons
was used in the studies reported here. Some of the most conspicuous of which are
the devescovinids Foaina reflexa and Caduceia versatilis,32 the monocercomonad Tri-
cercomitus divergens, and the calonymphids Snyderella tabogae and Stephanonympha
sp.33,34 The hindguts of Reticulitermes flavipes and R. tibialis house similar protists,
most notably the oxymonads Pyrsonympha and Dinenympha and the parabasalid
Trichonympha.34 These microbial community protists were used in studies described
here. Many types of prokaryotes, over 50% of which are spirochetes,29 also live in the
intestines of these termites. The frequency of heterotrophic motility and syntrophic as-
sociations in anoxic carbon-rich environments permit identification of extant processes
that represent each stage hypothesized in our karyomastigont model of eukaryosis.11,35

Microbial symbioses analogous to those in our model have been videographed in live
material.36

Figure 13.6. Mixotricha paradoxa. Protist’s anterior cortex studded with about 250,000
Treponema-like spirochetes before division that extend to the posterior smooth ingestive zone
(Iz), which sports irregularly dispersed rod bacteria and is lined with Borrelia-like spirochetes
(b; left). M. paradoxa moves by the synchronous undulations of the treponemes, arranged regu-
larly along its cortex, each of which is associated with a rod-shaped bacterium. The protist, a
hypertrophied trichomonad, has four undulipodia (u; one forward, three trailing) that are located
at the anterior tip of the cell. Together they act as a rudder: they control the direction of cell
movement. M. paradoxa cortical rod bacteria (cb) are attached to a “bracket,” a raised portion of
the protist cortex where a treponeme spirochete (t) is inserted on the opposite side (right). The
treponeme attachment site (arrow) shows that both protist and spirochete are modified. Left, scan-
ning electron micrograph, bar = 50mm. Right, transmission electron micrograph, bar = 1.0mm.
Transmission electron micrograph courtesy of A.V. Grimstone.
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Alternative Models of Eukaryosis

The Hydrogen Hypothesis

The hydrogen hypothesis proposed by Martin and Müller posits eukaryosis from syntrophic
bacterial associations that simultaneously produced mitochondriate cells.37 Mitochondria
and hydrogenosomes share a common ancestor: all amitochondriate eukaryotes evolved
by their secondary loss. Accordingly, an anaerobic, hydrogen-dependent, autotrophic
methanogen (an archaebacterium) fused with a respiring, anaerobic, heterotrophic
eubacterium that released hydrogen and carbon dioxide as waste to form the first eukary-
otes. A mitochondriate cell’s eubacterial liposynthetic enzymes produced the nuclear
membrane and the ER, suggests Martin, who rejects an additional endosymbiotic event in
the origin of the nucleus.38 The weakness of Martin’s hypothesis is that it accounts for
neither the ubiquitity of microtubule systems nor the complete absence of methanogenetic
physiology in all eukaryotes. Moreover, the ER’s N-linked protein glycosylation pathway,
nearly invariant in all eukaryotes, actually resembles that of archaebacteria, not eubacteria.
The Golgi membrane synthetic system, however, appears to be of a different, most likely
eubacterial, origin.39 These data are more consistent with our karyomastigont model than
with that of Martin.

The Methanogenic Syntrophy Hypothesis

An alternative syntrophy hypothesis proposed by López-García and Moreira40 depicts
an initial symbiotic association between a d-proteobacterium, which reduced sulfate and
produced hydrogen and carbon dioxide, and a methanogen that consumed these prod-
ucts. Symbiotic associations with a methanotrophic a-proteobacterium would have oc-
curred at the same time or shortly thereafter. Membranous structures and a protonuclear
region containing archaebacterial cytoplasm are proposed to have arisen from this as-
sociation, as methanogens form nucleosome-like structures and contain DNA-binding
proteins homologous to histones and eukaryotic DNA-associated enzymes.40 Accord-
ingly, the eubacterial genes were transferred to the archaebacterial genome, where genes
for metabolism replaced those of the methanogen, and genes encoding the genetic ma-
chinery of the eubacteria were lost. Support for this syntrophy hypothesis comes from
the myriad accounts of symbiotic associations between methanogens and proteobacteria
in nature today. If it is true, one would expect repeated independent origins of eukary-
otic cells, for which there is no evidence.41

The Chimera Hypothesis

On the basis of molecular sequence data, Gupta’s chimera hypothesis proposes that all
eukaryotes evolved from a common ancestor; the thermoacidophilic archaebacteria
(eocytes) are deemed the closest extant relatives to eukaryotes.42 An initial engulfment
of the archaebacterium by an a- or a d-proteobacterium led to formation of the first
eukaryote after full integration of the two genomes.42,43 Although Gupta does not en-
dorse our spirochete hypothesis for the ancestral eubacterial component of eukaryotes,
he does show evidence of an early eubacterial endosymbiont acquisition before the later
eubacteria that then gave rise to mitochondria and plastids. However, except for the ER
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and the nucleus, no hypothesis for the origin of uniquely eukaryotic structures, the cy-
toskeleton including the mitotic apparatus, are proffered. Furthermore, any “engulfment”
implies phagocytosis, which presupposes exactly the intracellular actin–tubulin cyto-
skeletal system, conspicuously absent in prokaryotes, for which the evolutionary sce-
nario must account.

The Chronocyte Hypothesis

In our view, the weakest hypothesis for eukaryosis is that of the “chronocyte,” an imagi-
nary early organism without descendants that contained all eukaryotic proteins devoid
of homology to any known bacterial proteins. Accordingly, the eukaryotic cell would
have originated when a chronocyte engulfed archae- and eubacteria.44 This idea is sup-
ported by “eukaryotic signature proteins,” uniquely eukaryotic proteins with no homol-
ogy to any bacterial proteins. The weakness of this proposal is that no known extant or
fossil organism even remotely resembles the chronocyte.

Hypotheses of the Origin of Centrioles

Although several recent eukaryosis scenarios concur on the relevance of microbial
symbiogenesis and syntrophy to the origin of eukaryotes, ours is the only one in which
the origin of cytoskeletal motility proteins is central. Intracellular motility, and particu-
larly the presence of the mitotic spindle and its connection to the [9(3) + 0] microtubule-
arrayed structure of the centriole-kinetosome, may not be ignored in any analysis of the
origin of nucleated cells.20 That centrioles, kinetosomes, and their cilia (undulipodia)
originated from bacteria by symbiosis was suggested early in the twentieth century by
B.M. Kozo-Polyansky in 1924, and by I.E. Wallin in 1927.5 In seminal work that intro-
duced the MTOC concept, Pickett-Heaps45 also suggested that centrioles and kineto-
somes were of endogenous origin and that, after the evolution of intranuclear mitosis,
MTOCs were externalized as locomotory organelles. However, the fact that undulipodia
are remarkably uniform whereas mitosis varies enormously indicates that the [9(2)+2]
locomotory organelle, already evolutionarily stabilized, was ancestral to the myriad
mitotic descendants. Comparative protist ultrastructure confirms our notion that the
primordial role of the centriole-kinetosome is to organize the undulipodium.45

Our karyomastigont model differs from all endogenous models also in its claim that
bacterial symbiogenesis led to highly motile (swimming) protists before acquisition of
mitochondria and plastids.11 Unlike other models, ours postulates only steps that are
documented biological phenomena in a sequence consistent with the fossil record of
the Proterozoic Eon. No published plausible detailed alternatives that draw directly on
live organisms and the Proterozoic fossil record have come to our attention for the ori-
gin of the motile nucleated cell that divides by mitosis.

Eukaryotic Motility Proteins

Some of the larger pillotinaceous spirochetes bear 24-nm cytoplasmic tubules in their
protoplasmic cylinders,47 including Diplocalyx cryptotermitidis, which lives in the
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hindgut of C. cavifrons,28,47 and Pillotina calotermitidis of Reticulitermes.19 By ultra-
structural analysis, these prokaryote tubules resemble bona fide microtubules, but no tu-
bulin or other chemistry has been reported. Both sequence (for Prosthecobacter) and
morphological data (for another verrucomicrobial eubacterium) do, however, indicate the
existence of a bacterial form of tubulin.48,49 Bacterial tubulins a and b will replace FtsZ as
the best candidates for a prokaryotic homolog to eukaryotic tubulin if lateral gene transfer
from a eukaryote can be definitively ruled out as the source for the genes.48 FtsZ, unlike
the bacterial tubulins, appears to be universal in both eu- and archaebacteria.50 These
discoveries indicate that tubulin genes originated in eubacterial cells. Furthermore, the
bacterial protein MreB is probably homologous to actin, a major component of the cy-
toskeleton.51 Although consistent with the symbiotic theory of the origin of undulipodia,
these findings do not distinguish the various models of eukaryosis.

If the cytoskeleton including mitosis evolved in part from spirochetes, highly con-
served proteins, including the most conserved tubulin, should more resemble spirochete
proteins than those of other prokaryotes. No cultivation in vitro of pillotinaceous spiro-
chetes from termite hindguts has been achieved despite many attempts.29 Failure to iso-
late the relevant spirochetes, those that contain conspicuous 24-nm cytoplasmic tubules,
presents a daunting obstacle to identification of the motility proteins. The inferred
protein sequences of the two fully sequenced spirochetes, Treponema pallidum and
Borrelia burgdorferi, share surprisingly few sequences in common. No homology with
the proteins BUB, cenexin, centrin, dynein, dynactin, kinesin, MAD, NuMA, and
pericentrin was detected in preliminary studies.52

Eukaryotic motility protein candidates for homology studies are listed (table 13.1).
Although our own experiments were limited to well-studied, widely distributed tubulin
proteins (a, b, and g), cenexin, and pericentrin, the number of potential protein candi-
dates for motility sequence comparison exceeds 650.53

The 50-kDa proteins a-tubulin and b-tubulin, among the most highly conserved, make
up the heterodimers of microtubule walls.54 Microtubules, dynamically unstable, break
down and reform in ways that ensure segregation of chromatin during meiosis and mitosis.55

“Motor proteins” like the large ATPases dynein and kinesin travel along microtubules.
Organelle movement, vesicle motility, protein transport, chromosome segregation, pig-
ment dispersal, and much other locomotion in nucleated cells depend on the microtubule-
based cytoskeleton. The formation of the cytoskeleton requires 25-nm-diameter g-tubulin
rings that nucleate microtubule assembly, possibly by transient stabilization of the minus-
end of the standard microtubule.56 Because other microtubule proteins (such as d, e-, x-,
and h-tubulins) are limited to the kinetosome in undulipodiated eukaryotes57 and so many
eukaryotes that have microtubule organizing centers permanently lack kinetosomes, these
minor tubulins are poorer candidates for homology studies.

Pericentrin, ubiquitous in eukaryotes, is a major component of the pericentriolar
material of MTOCs; this “granuloreticular fuzz” often seems, in electron micrographs,
to be the locus of microtubule generation. Pericentrin, therefore, is a good candidate for
homology studies and forms the basis of our research plan. First discovered in patient
scleroderma antisera,58,59 it is known from insects (e.g., Drosophila), amphibians (e.g.,
Xenopus and its acentriolar eggs), and ciliates (Tetrahymena).60 We believe that the
evolutionary importance of pericentrin is underscored by its presence in the amoebal
life history stage of the amoebomastigote Naegleria, when at the electron-microscopic
level all traces of the undulipodium are absent.61
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Table 13.1. Sequenced mitotic and other motility proteins

Molecular
Weight Description References

134 kDa

140–150 kDa

96 kDa

17 kDa

312 kDa

20 kDa

>1,000 kDa

varies

120 kDa
(varies)

160 kDa

25 kDa
240 kDa

220 kDa

50 kDa
50 kDa
50 kDa

51 kDa

Proteins
astrin

BUBa

cenexin

CENP-A

CENP-E

centrin (cyclin-
dependent kinase)

dynein

dynactin

kinesin

kinectin

MADa

NuMA

Pericentrin

Tubulin proteins
a-tubulin
b-tubulin
g-tubulin

d-tubulin

Specific association with mitotic and meiotic
spindles
Activates GTPase; mitotic checkpoint
component
Acquired by immature centriole at G2-M
transition; inner centriole wall component
Involved in mitotic kinetochore assembly,
recruits other centromeric proteins
Requires GTP, assists in kinetochore MT
binding, maintains spindle pole structure,
kinesin-like
Requires Ca2+; recognized by antibodies to
spasmin; localizes to centrosome; involved in
MT organization, centriole replication
Minus-end directed dogbone structure ATPase
involved in mitotic spindle organization; forms
“arms” of axonemes
Binds to dynein; binds membrane, NuMA,
kinetochore
Usually plus-end directed ATPase; particle
transport along MTs; found in axonemes;
involved in anaphase chromosome segregation
Integral kinesin-binding ER membrane
protein; moves endosomes (vesicles)
Mitotic checkpoint component
Involved in vertebrate spindle attachment, MT
organization; similar protein found in yeast
polar bodies
PCM component; lattice in centriole rings of
g-tubulin; centrosome and mitotic spindle
formation and function; MT nucleation

Requires GTP, Ca2+; forms walls of MTs
Requires GTP, Ca2+; forms walls of MTs
Defines MT polarity; nucleating agent for
centriolar/kinetosomal replication
Forms triplet MTs of centrioles and kineto-
somes

72

73, 74

75

76

77

78, 79

81, 81, 82

83, 84

85, 86

87, 88

89, 73
90, 91

58, 92

54
54
56, 69

57

aTension-sensitive proteins
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Preliminary Experimental Results

Methods

Hindguts of Cryptotermes cavifrons, Reticulitermes tibialis, and R. flavipes, removed
using fine forceps, were teased open in a 5-mL drop of termite Ringer’s solution. Cells
were allowed to settle onto 22 × 22 mm coverslips coated with a 1 mg/mL poly-L-lysine
hydrochloric aqueous solution. Each coverslip was dipped in a Columbia jar contain-
ing Streck Tissue Fixative (Streck Laboratories) and then stored for 5 min in a Colum-
bia jar of cytoskeleton buffer (10 mM MES [Sigma], 150 mM NaCl, 5 mM EGTA,
5 mM MgCl2, 5 mM glucose).61 Before storage in CB coverslips designated for treat-
ment with g-tubulin or pericentrin antibodies were dipped for 5–10 s in cold acetone to
perforate the membranes and thus facilitate antibody diffusion.63

Coverslips were inverted onto 15 mL of diluted antibody and incubated 30 min in the
dark in a humidity chamber. Antibodies were diluted with Tris buffer solution (200mM
Tris [Merck], 154 mM NaCl, 20 mM EGTA, 20mM MgCl2, pH 7.5 at room tempera-
ture, diluted 1:9 with water)62 to concentrations indicated (table 13.2). Control mam-
malian PtK cells, grown on coverslips in Dulbecco’s Modified Eagle’s Medium with
nonessential amino acids and Earle’s salts (Gibco), received the same antibody as treated
hindgut cells. Coverslips incubated in antipericentrin antibodies were twice washed with
cytoskeleton buffer and incubated for 30 min in 15 mL TRITC-conjugated secondary
antibody. Coverslips incubated in anti-g-tubulin or cenexin antibodies were, after two
buffer washes, treated with FITC-conjugated secondary antibody. Antibodies to a-tubulin
and b-tubulin were directly conjugated to FITC, thus eliminating the need for a second
incubation period with a fluorophore-labeled secondary antibody. Coverslips were
washed twice with cytoskeleton buffer, mounted on slides, and viewed using fluores-
cence light microscopy.

An Optronix camera mounted on a Nikon Optiphot microscope fitted with fluores-
cence, Nomarski differential interference, and phase contrast microscopy was used for
videomicroscopy of stained material. The video images were stored on three-quarter-
inch Sony U-matic 60-min tapes and confirmed by still photographs taken with 160ASA
35 mm Ektachrome film through the same microscope.

Table 13.2. Antibodies to eukaryotic motility proteins

Antibody Species Antibody
(aliquot) Dilution of Origin Immunogen Subclass Clonality Source

Anti-a-tubulin 1:25 mouse Rat brain tubulin IgG Monoclonal Sigma
Anti-b- tubulin 1:50 mouse Rat brain tubulin IgG Monoclonal Sigma
Anti-g- tubulin 1:10,000 mouse Synthetic peptide IgG Monoclonal Sigma
Anticenexin 1:1,00 mouse Denatured lamb IgM Monoclonal Keith Gull
(CDIB4) thymus centrioles
Antipericentrin 1:400 rabbit Human IgG Polyclonal Stephen
(UM225) centrosomes Doxsey

Antibodies to a-tubulin and b-tubulin were conjugated to FITC, whereas other antibodies required incubation with 15mL of
1:160 diluted secondary antibody conjugated to FITC (Sigma), or TRITC (Sigma) in the case of pericentrin.
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Results and Discussion

Only the a-tubulin antibody gave the expected positive results in all the protists in all
the preparations (several hundred cells in at least five sets of preparations). Given the
highly conserved nature of this protein among eukaryotes54 these observations were
reassuring. The known microtubular structures (axonemes of the undulipodia, centriole-
kinetosomes, bundled axostyles of parabasalids, and single axostyles of devescovinids)
at least were stained (fig. 13.7). Because these protist structures, when treated with FITC-
conjugated anti-a-tubulin, consistently fluoresced bright green, they served as excel-
lent control for the prokaryotes in the same preparations. In one of the slides treated
with the conjugated anti-a-tubulin antibody, unidentified spirochetes of at least the di-
ameter of the undulipodia fluoresced with the same or even greater intensity than the
undulipodia (fig. 13.7). Some unidentifiable rod-shaped bacteria may have also given a
positive signal, but their smaller size makes interpretation difficult (fig. 13.8). We are
acutely aware of the possibility of false positives in immunofluorescent cytological
preparations,64 but this preliminary observation indicates that further work, in principle,
can yield robust results.

The intrinsic fluorescence of wood particles, both inside the protists and free in the
intestine, tend to render interpretation more difficult, yet wood is often distinguishable
from the protein fluorescence because of its dull yellow glow relative to FITC bright
green. Because the only observed fluorescence in the cenexin experiments was caused
by wood, we plan no further work with this protein. Unexpected and unpredictable re-
sults were seen with in the b-tubulin antibody experiments. Microtubular structures of
only about 50% of all of the interpretable large protist cells treated with anti-b-tubulin
fluoresced, and some cells of the same genus lacked any nonwood fluorescence. These
baffling results lead us to plan no further work with this antibody. Because the PtK control
cells, which no doubt contain b-tubulin, showed similar ambiguous patterns, we plan to
seek a more predictable conserved tubulin system in future studies.

About 10% of the hypermastigote cells displayed uniform dots of fluorescence near
the cell surface; whether or not this punctate fluorescent pattern corresponds to the
locations of the surface centriole-kinetosomes needs investigation. Wood staining of
protists tested for pericentrin made observation difficult, but the fact that some cells

Figure 13.7. Alpha-tubulin. Caduceia versatilis from the hindgut of Cryptotermes cavifrons.
Phase contrast image (left). Axostyle (right) visualized by epifluorescence microscopy, fluores-
cence of C. versatilis stained with anti-a-tubulin antibodies conjugated to FITC. Bar = 10mm.
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appeared to have a few very small fluorescent dots encourages us to proceed with
further study.

Caduceia versatilis, another amitochondriate, is the largest parabasalid devescovinid
conspicuous in the gut of Cryptotermes cavifrons. Force is generated for the rotation by
the microtubules of the axostyle.65 When treated with FITC-conjugated anti-g-tubulin,
a distinctive punctate pattern of fluorescence at C. versatilis’ shear zone resulted.63 The
organism is nicknamed “Rubberneckia” because at the shear zone the cell membrane’s
break-and-reform rotation ring enables constant clockwise rotation of the “head.”32

Further positive results with g-tubulin antibodies in these amitochondriate termite
protists have been reported.63 Because the details of the unique rotation of the anterior
of C. versatilis cells are not understood, the reason for specific g-tubulin localization
lacks a satisfactory explanation. Because g-tubulin nucleates the minus end of microtu-
bules and dynein/dynactin retrogradingly transports membrane fragments along mi-
crotubules, perhaps g-tubulin is enriched at the point in the cell at which membrane
reconstruction continuously occurs. About 25% of the termite protists and fewer mam-
malian cells exhibited punctate fluorescence when treated with FITC-conjugated anti-
g-tubulin. The variation was made more difficult to interpret because staining was in
part masked by wood. Yet the fluorescence pattern, although of course inconclusive, is
consistent with g-tubulin antibody binding to centrosomes. These preliminary results
emcourage us to seek the most highly conserved centriole-kinetosome protein domains
in amitochondriate protists and candidate prokaryotes.

No nucleic acids are present inside centrioles, kinetosomes, or undulipodia.33,66 Rather,
the centriole-kinetosome DNA is embedded, at least in Chlamydomonas, in the chrom-
atin of the uni linkage group, chromosome XIX, it lies beneath the nuclear membrane.66

The most likely reason that no ubiquitous eukaryotic motility proteins have been dis-
covered in spirochetes or in any other prokaryotes directly by immunofluorescence is

Figure 13.8. Alpha-tubulin. Cryptotermes cavifrons intestine stained with anti-a-tubulin anti-
bodies conjugated to fluorescein isothiocyanate (FITC). Bar = 10 mm. Arrows to gut spirochetes,
arrowheads to undulipodia of poorly preserved hypermastigotes, ax, axostyle of pyrsonymphid.
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because they have not been properly sought. The banded shear zone labeling with anti-
g-tubulin in C. versatilis establishes a specific intracellular location and perhaps a unique
role for this highly conserved motility protein. Gamma-tubulin has been reported in
membranes of plants68 and of Tetrahymena’s macro- and micronuclei.69 Alpha-tubulin
and b-tubulin are also found in membranes; namely, in those of mitochondria, where
they are associated with voltage-gated ion channels.70 Because of the proliferation and
widespread location of MTOCs and microtubules in nucleated cells, from the cilia of
sense organs to the neurotubules of brain axons and dendrites to proliferating centriole-
kinetosomes of the sperm of the Ginkgo tree we judge that the ancestral motility pro-
teins that originated in the prokaryotic constituents of the karyomastigont underwent a
similar process of redeployment. Probably, motility protein domain shuffling began with
the earliest amitochondriate eukaryotes.

Did any centromeric proteins or their homologs evolve in prokaryotes, or did their
evolution occur after the origin of chromatin, the histone, protein-rich material that
comprises the chromosomes of eukaryotes? The search for BUB, MAD, and other (table
13.1) motility proteins in amitochondriate termite protists and their bacteria should help
constrain their time of evolutionary appearance.

Our major contribution is development of an evolutionary model that is specific
enough to test in detail. Here we show the potential usefulness of the application of the
protein immunofluorescence label techniques to organisms we judge relevant to the
search for the earliest eukaryotes. Amitochondriate protists thrive in the anaerobic natural
habitats they share with prokaryotes such that conserved motility protein domains can
be sought in both groups of organisms simultaneously. Particularly advantageous is the
plethora of spirochetes that naturally abide in these anoxic, organic-rich habitats. Iden-
tification of any motility proteins, such as those in table 13.1, in prokaryotes that con-
tain 24-nm-diameter cytoplasmic tubules would be especially significant. Such results,
in principle, can distinguish between current hypotheses: whether or not spirochetes,
methanogens, chlorobia, a-proteobacteria, other single lineages, or symbiotic consor-
tia of prokaryotes were direct ancestors to the first nucleated cells. We have enhanced
the chances that these questions of microbial evolution can be answered by observation
and direct experiment. We maintain that the karyomastigont hypothesis of the origin of
the mitotic nucleus explains more facts more clearly than the published alternatives.

Because this book deals with microbes, and even their relation to the origins of spe-
cies, and is about evolution, we invited Charles Darwin to have the last word: “Anyone

Figure 13.9. Caduceia versatilis shear zone. C. versatilis (“Rubberneckia”) phase contrast image
(left). The fluorescent image (right) reveals g tubulin at the “neck” where the anterior portion of
the cell rotates 360° relative to the posterior (S=shear zone) and also shows wood fluorescence
(W). Bar=10m.
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whose disposition leads him to attach more weight to unexplained difficulties than to
the explanation of a certain number of facts will certainly reject my theory.”71
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The Missing Piece:
The Microtubule Cytoskeleton
and the Origin of Eukaryotes

MICHAEL F. DOLAN

Eukaryotes are characterized by a membrane-bounded nucleus and, among other at-
tributes, a microtubule cytoskeleton that is used to separate the chromosomes in mito-
sis. The recent molecular- and biochemical-based hypotheses on the origin of eukaryotes
fail to adequately address the evolutionary origin of microtubules. This stems in part
from the replacement of morphological- and organism-based approaches to cell evolu-
tion with molecular- and biochemical-based ones. Morphological, natural historical
approaches look for tubules or tubule-organizing centers in bacteria, or for simplified
microtubule structures in protists, and then consider the biochemical components in-
volved. Proponents of such approaches usually insist that the clues to the earliest lin-
eages can be found among extant taxa. Molecular and biochemical approaches emphasize
gene or amino acid sequences and protein chemistry and consider the organismic biol-
ogy secondarily, as in the case of FtsZ (filament temperature-sensitive protein Z), the
putative bacterial tubulin ancestor or homolog. Advocates of these molecular approaches
are not troubled by premitochondrial eukaryotes, or the premicrotubule-containing eu-
karyotes, which are purported to be evolutionary intermediates but that have left no
descendants. A hypothesis on the origin of microtubules that synthesizes both approaches
is lacking.

The Unexplained

Despite recent advances in molecular phylogenetics, which allow for the better testing
of hypotheses on microbial evolution, there are many aspects of the origin of eukary-
otic cells that remain unexplained. There are many aspects of the eukaryotic cells that
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appear to have no counterparts in bacteria. One of these is the microtubular cytoskele-
ton, which includes the mitotic spindle, the eukaryotic flagellum or undulipodium, and
other persistent cytoskeletal elements. Accounting for the origin of the microtubular
cytoskeleton is a requisite of any theory for the origin of eukaryotes because the mitotic
spindle is used universally in eukaryotes in the separation of the chromosomes in nuclear
division. There are other aspects that require evolutionary explanation: the motor pro-
teins that move along the tubules, the kinetochores that form the junction of the tubules
and the chromosomes, and the spindle pole bodies that nucleate and anchor the tubules.
Here I consider only the microtubules themselves.

Questioning recent hypotheses of eukaryotic evolution from this perspective, I begin
with an overview of the makeup of microtubules, the protein tubulin, and microtubular
dynamics. The different hypotheses of eukaryosis are then perused. I then examine
tubulin’s origin and the bacterial protein FtsZ, which is widely accepted as a homolog
of tubulin. I also point to some confusion in concepts and terminology when comparing
bacterial and eukaryotic cell division, particularly in the areas of growth and motility.
Donna Kubai’s comment on the erroneous finding of mitosis in cyanobacteria rings true
for contemporary theories of eukaryote origins: “Minimization of the significance of
any differences noted in unusual modes of nuclear division could surely lead one to
formulate procrustean analogies with the events of standard mitosis. As an example of
this sort of error, we recall the attempts made to describe the distribution of the bacte-
rial genophore in the terminology of typical mitosis.”1

Tubulin and Microtubules

Microtubules are polymers of the a- and b-tubulin heterodimers. They spontaneously
form polymers, or protofilaments, in the cell, and thirteen of these protofilaments align
in parallel to form a cylinder with an outer diameter of 25 nm, called the microtubule.2

Often these microtubules are anchored at one end, the minus end, at “a microtubule
organizing center” (MTOC), such as the centrosome in animal cells or the spindle pole
body in yeasts.3 The tubules grow at the plus end by the continued addition of dimers.
There is a continuous growth and contraction, a polymerization and breakdown of the
microtubules from the MTOC. This is how the microtubules grow and attach to other
cell components such as the chromosomes at mitosis.

The polymerization of microtubules is associated with the GTPase activity of the
b-tubulin component of the tubulin heterodimer. As tubulin is added to the growing end
of the microtubule, the GTP is hydrolyzed to GDP. A growing microtubule has a “GTP
cap” in which the GTP has not hydrolyzed to GDP. If GTP hydrolysis occurs all the way
to the growing end of the tubule, the microtubule becomes unstable and depolymerizes.2

Microtubules are generally nucleated from certain sites in the cell, for example, the
spindle pole, the nuclear envelope, or the basal body (i.e., the kinetosome at the base of
the flagellum, sometimes referred to as an “undulipodium”). This later structure is a
highly complex organelle, composed of hundreds of proteins. It has no bacterial ho-
molog, and it undoubtedly evolved into its current form after the origin of microtubules.
However, it is a remarkably standardized organelle across diverse eukaryotic taxa, which
indicates that it evolved once in the early evolution of eukaryotes.
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Theories of Eukaryosis

The development of molecular phylogenetics has given rise to several new hypotheses
on the origin of eukaryotes. When examining them from the perspective of the micro-
tubule cytoskeleton, we consider the last 15 years or so (since the widespread accep-
tance of the three domain phylogeny).4,5 Before that, most biologists who were interested
in cell evolution assumed that microtubules evolved endogenously in eukaryotes with
little if any bacterial precursor structures, or ignored the question entirely—as most still
do today. Margulis, representing the morphology-based or natural history approach, had
long hypothesized that the eukaryotic flagellum or undulipodium and the microtubular
cytoskeleton evolved symbiogeneticially from a spirochete.6 However, the initial re-
ports of a tubulin-like protein in Spirocheta bajacaliforniensis7 were not supported by
subsequent study.8

Reports of DNA in centriole-kinetosomes, which might be a residual organellar
genome, analagous to those found in mitochondria and chloroplasts, were also not
supported by subsequent studies.9–11 Although the molecular nature of the centriole/
kinetosome is not fully characterized, there is no evidence for DNA within this struc-
ture. Nor is there any evidence for spirochete genes in the nuclear genome of eukary-
otes (although this aspect has not been systematically studied). Thus, there is simply no
molecular or biochemical evidence to support the spirochete hypothesis. The search for
in vivo tubular, cytoskeletal elements in bacterial cells, an approach based on electron
microscopy, has been supplanted by molecular biological experimentation in recent
years, although there are occasional reports of cytoskeletal structures in bacteria, as with
the fibrocrystalline body of Halobacterium salinarum.12,13 Recent hypotheses for the
origin of eukaryotes are based on compilations of molecular and biochemical evidence
and ignore or gloss over morphological concerns.

In his three-domain scheme, Carl Woese presented a radical new hypothesis for eu-
karyotic origins: that the eukaryotes were as old as eubacteria and archaeabacteria, and
had evolved along a distinct lineage separate from these two domains.5 After the first
complete genomes were published and it was found that the three-domain phylogeny
was not consistent for a variety of genes, Woese revised his hypothesis, emphasizing
widespread lateral gene transfer before the hypothetical genetic “annealing” of life into
three distinct domains.14

In contrast to the long debate over the symbiogenetic origin of mitochondria and plas-
tids, several new models that involve a chimeric origin for the nucleus from two bacterial
lineages have been proposed and quickly added to textbooks. The uniqueness of the three
domains was challenged by Gupta, who also argued that eukaryotes had arisen as a chi-
mera, a fusion of an archaebacterium and a gram-negative eubacterium, before the sym-
biotic origin of mitochondria.15,16 Although Gupta developed a hypothesis to explain the
endomembrane system, he did not consider the microtubule cytoskeleton.

The hydrogen hypothesis of Martin and Müller17 also postulated a chimeric origin of
eukaryotes through the fusion of a methanogen and an alpha proteobacterium. Under
this hypothesis, there were no ancestrally amitochondriate eukaryotes. The hydro-
genosomes found in some anaerobic, amitochondriate protists evolved from the same
alpha proteobacteral symbiont. The syntrophy hypothesis of Moreira and Lopez-Garcia18

similarly postulated a primordial fusion of a methanogen and a proteobacterium, but
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argued that this occurred before the mitochondrial symbiosis. In neither case did the
original hypothesis include a consideration of the microtubule cytoskeleton. Updates
of both hypotheses have attempted to explain the origin of tubulin by the prokaroyotic
protein FtsZ.19,20

The protein FtsZ has become widely accepted as the “ancestor of tubulin.” It was
adopted by Rizzoti in his peduncle hypothesis, as a response to Margulis’s spirochete
origin of microtubules, and by Cavalier-Smith in his latest phagotrophy hypothesis.21,22

To hypothesize that FtsZ is the origin of tubulin, one must explain how this protein,
which is involved in septum formation in dividing prokaryotic cells, became the basis
for structures involved in the movement of chromosomes. As Cavalier-Smith has re-
cently put it, “A key feature of the origin of the eukaryotic cell from a bacterial ancestor,
sadly often ignored, is how bacterial mechanisms for DNA replication and segregation,
cell division, and cell-cycle controls have been converted into eukaryotic ones.”22

FtsZ as the Prokaryotic Homolog of Tubulin

FtsZ is a crucial structural component in bacterial cell division.23 As the name indicates,
mutants lacking the functional protein do not divide but continue to elongate into fila-
ments. The ring of molecules it forms at the cell surface, the Z ring, is part of a complex
structure called variously the “divisome,” the “septalsome,” or the “septator” that forms
across the inner membrane, the periplasm, and cell wall at the site of cell division. The
septator functions to direct the division process in ways that are not clear.

FtsZ has been put forward as the tubulin homolog because it is a GTPase, polymer-
izes like tubulin, has a similar tertiary structure, and is involved with cell division. Pu-
rified FtsZ binds to and hydrolyzes GTP. The purified protein also polymerizes to form
long tubules in a GTP-dependent manner. These structures closely resemble tubulin
protofilaments. FtsZ’s C terminus is not needed for polymerization, as is the case with
tubulin.24 The crystal structures of a- and b-tubulin and FtsZ revealed that FtsZ has the
same type of unusual GTP-binding domain as tubulin.25,26

While Harold Erickson had originally concluded in 1995 that FtsZ was the bacterial
homolog of tubulin, he questioned its structural similarity to tubulin (“The tubular struc-
tures formed by FtsZ seem substantially different from MTs [microtubules], and it is
questionable even whether these FtsZ tubules exist in vivo”).27 Within a year, however,
his views had radically changed: “We conclude that the functional FtsZ polymer in vivo
must be some form of protofilament sheet, probably close to the long, narrow sheets or
bundles (observed in vitro). . . . The geometry of a protein subunit that can assemble
into a protofilament is so complex and precise that this assembly could not exist in vitro
unless it was constantly selected for, and hence functionally important in vivo.”28 He
then endorsed the “FtsZ as ancestor scenario,” “A scenario for the evolution of the FtsZ/
tubulin cytoskeleton should postulate FtsZ as the primordial protein, since it is found in
all bacteria examined. . . . Curiously, eukaryotic cells have replaced the FtsZ system with
the actin-based cytokinetic ring and use microtubules for very different functions,” a
view later echoed by Cavalier-Smith in his revised phagotrophy hypothesis.22

FtsZ has become widely accepted as the molecule from which microtubules evolved.
This conclusion is crucially important because it bears on the classical distinction be-
tween bacteria and eukaryotes as representing the most profound evolutionary leap and
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being structurally worlds apart. Moreover, implicitly, it offers a smooth transition of
eukaryotes from bacteria, one that would not require that eukaryotes were fundamen-
tally chimeric beings resulting from some kind of symbiosis. Thus, Lutkenhaus has re-
marked that the bacterial cytoskeleton has been recognized, “with the confirmation that
bacteria not only have FtsZ, the ancestral homolog of tubulin, but also have MreB and
ParM, which are ancestral homologs of actin, involved in two fundamental aspects of
cell growth—cell shape and chromosome segregation. Thus, one of the criteria often
used by cell biologists to differentiate prokaryotic cells from eukaryotic cells can now
be discarded, along with our naiveté about the simplicity of bacterial cells.”28

Questioning the FtsZ Origin of Tubulin

The three characteristics of classical explanation of cell evolution criticized by Woese
in his paper, “On the Evolution of Cells,”29 are the invocation of fully evolved cells,
rather than protocells, as the earliest ancestors; the evolution of eukaryotes after prokary-
otes; and the difference in character of prokaryotic and eukaryotic evolution.29 Two of
these criticisms can also be applied to the FtsZ–tubulin question. Proponents of FtsZ
invoke proteins that are already fully evolved. FtsZ is regularly referred to as the “an-
cestor” of tubulin, or the “ancestral homolog” of tubulin.28,30 In addition, the eukaryotic
cell, in this case the microtubular cytoskeleton, is seen as evolving after its prokaryotic
counterpart. Hence, FtsZ’s in vitro characteristics are preadaptations for microtubular
structure. However, Woese’s third component of the classical explanation of cell evo-
lution, that prokaryotic and eukaryotic evolution are different in character, is accurate,
stands up to his criticism, and can be applied here to the FtsZ origin of tubulin. Woese
does not appreciate that eukaryotic cells can evolve by engulfing and consuming other
cells and that eukaryotic lineages can evolve through the incorporation of whole ge-
nomes. This has occurred with the symbiotic origin of mitochondria and plastids as well
as with, for example, the whole-cell incorporation of red algal cells in the evolution of
several phyla of algae.

Despite the widespread acceptance of FtsZ as the origin of tubulin, the reasoning
underlying this argument can be criticized from several perspectives. These include using
the contemporary protein as an ancestor of tubulin, ignoring functional differences of
the two proteins, using in vitro data to explain in vivo phenomena, using eukaryotic
terminology to describe prokaryotic phenomena, and ignoring the “wild card” of eu-
karyotic evolution—whole-genome incorporation.

Though evidence from crystal structures and from in vitro biochemical tests indi-
cates that FtsZ and tubulin had a common ancestor protein, this is different from saying
that one contemporary protein is the ancestor of another contemporary protein. Both
proteins have become firmly established in their respective structures, FtsZ in the
Z-ring and tubulin in microtubules. Over billions of years of evolution, they have both
no doubt changed to fit into their respective structures. Because they have very little
gene sequence in common, are functionally different, and presumably diverged from
their common ancestor long ago, a comparison of these two proteins cannot provide
much information on the genetic basis of microtubules. To say that these two proteins
derived from a common gene product provides virtually no insight into the evolution-
ary origin of the microtubules.
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Doubts can be raised about the FtsZ ancestry of tubulin because of the functional
differences in cell division between the two proteins. Microtubules form the mitotic
spindle that runs from pole to pole and pole to chromosome. They are anchored at a
nucleation site and rapidly polymerize and depolymerize. The motor proteins dynein
and kinesin move along the tubules. The Z-ring forms between the poles of a dividing
bacterial cell. FtsZ forms a scaffold for the numerous other proteins that make up the
Z-ring. In early studies, the Z-ring’s role was compared to that of actin because FtsZ
forms a ring in the same position in the cell as does the actin-based cleavage furrow of
animal cells.

To bridge the functional cell biological gap between the two proteins, the results of
in vitro FtsZ studies are often used to explain in vivo phenomena even though FtsZ does
not form structures in the cell as it does when purified. FtsZ does not appear to poly-
merize in vivo. It forms a ring that is bound to the cell membrane, but it does not form
filaments in the normal cell. “Spiral tubules” have been induced in vivo when the pro-
tein is overexpressed, but it is hard to say the structures in this case were tubules be-
cause the study was done using light microscopy.31 There have been no reports using
electron microscopy to show FtsZ structures in cells in contrast to those that reveal the
easily seen tubulin microtubules. FtsZ only displays in vitro the tubulin-like properties
that tubulin displays in vivo.

Analysis of the evolutionary origin of tubulin is further complicated, particularly in
the bacteriological literature, which is supplying the FtsZ data, by imprecise language that
evokes eukaryotic cytoskeletal features and eukaryotic-like motility phenomena for the
Z-ring and other aspects of bacterial cell division. It is crucial to distinguish the two types
of motility involved in this discussion: motion produced by growth, and that produced by
motile proteins. Bacterial cells reproduce very quickly by adding proteins and other com-
pounds to their cell walls, and so “move” across the medium. Motile proteins, such as
myosin or dynein, in contrast, are attached to a structure and undergo a conformational
change that generates motion. After it was shown with immunoelectron microscopy that
the Z-ring is constricted or reduced in diameter as cell division progresses, the Z-ring was
then said to “contract” (i.e., display the attributes of, or be acted upon by) a motor protein.
The ring was then dubbed a “cytokinetic ring,” which again evokes cytokinesis as in ani-
mal cells. However, the Z-ring is attached to the cell wall, so it is hard to see how it could
contract. Furthermore there are no known motor proteins in Escherichia coli.31

It seems more likely that the constriction is caused by growth rather than by motor
proteins. Lutkenhaus tries to get around this problem by writing, “the Z-ring contracts
at the leading edge of the invagination, suggesting it is a dynamic structure that is under-
going remodeling.”28 Contraction (i.e., motor protein-based motility) and remodeling
are two different phenomena. Because it has been found that the Z-ring has a half-life
of less than a minute, it seems likely that the reduction of the ring as the septum is formed
is caused by remodeling (i.e., growth), rather than contraction.33 Although Stricker et al.
admit, “the substructure of the Z-ring is not known,” and others concur that “the physi-
ologically relevant, assembled form of FtsZ in the Z ring is not known,” it is still as-
sumed, based on in vitro studies, that FtsZ forms protofilaments in the cell.34 This
uncorroborated model is then further elaborated to invoke force generation of the
Z-ring based on annealing of the hypothesized protofilaments.35 Neither protofilaments
nor force generation have been observed in cells. The in vitro properties of FtsZ are
often reported without an indication that they are found in vitro not in live cells.36
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The extension of eukaryotic cell division terminology to bacteria has become wide-
spread, sometimes in an apparent effort to bridge the gap between the two groups. Al-
though disagreement over the use of the eukaryotic term “chromosome” in bacteria is
well known, other problematic terms including “bacterial mitosis,” “spindle,” “tubules,”
“contraction,” and “leading edge” are used without noting what we take to be the pro-
found differences between bacterial and eukaryotic cell division. The recent discovery
of active chromosome segregation in prokaryotes has brought forth images of “mitotic-
like machinery” and an “analogue of the eukaryotic spindle.”38 However, these processes
of moving DNA molecules very short distances seem a far cry from “the action of a
spindle apparatus and ‘motor’ proteins.”37 Mitosis is characteristic of eukaryotes. It is
defined as condensed chromosomes moved on a microtubule spindle. It should not be
used synonymously with DNA segregation.

Proponents of the FtsZ origin of tubulin ignore one other crucial factor that should
be considered in questioning the direct filiation, FtsZ-became-tubulin argument: the
eukaryotic cell’s propensity for whole-genome acquisition. Nucleated cells’ ability to
engulf and retain another cell, whether bacterial or eukaryotic, has never been found in
bacteria, which are apparently blocked by their cell walls and lack of motor proteins
from carrying out this process. We know from the cases of mitochondria and chloro-
plasts that genes have been transferred between the organelle and the nucleus and that
enzymes can contain subunits from different organismic sources (e.g., one subunit from
the chloroplast, one from the nucleus). A possible chimeric origin of tubulin has been
put forth by Gupta, who has found that glyceraldehye-3-phosphate dehydrogenase
(GAPDH) shares interesting attributes with tubulin.38 FtsZ slight homology with tubu-
lin could then reflect a chimeric origin of the protein, with sequence derived from two
organismic lineages, rather than by direct filiation from a common FtsZ-tubulin ances-
tor. Thus, the evolutionary origin of microtubules remains unclear. The possibilities
include direct filiation of tubulin from a common ancestor with FtsZ, a fusion product
of the FtsZ ancestor and that of another protein (e.g., GAPDH), an as-yet-to-be described
protein that perhaps forms cytoplasmic tubules, or some combination of these. There is
no molecular or biochemical evidence to support the addition of microtubules to the
eukaryotic nucleocytoplasm from a distinct symbiont. The prospect of concluding
whether tubulin evolved from a direct filiation within the nucleocytoplasm or from a
symbiotic addition to the ancient eukaryotic ancestor rests on our ability to distinguish
symbiont-dervied bacterial genes in eukaryotes from those in the genetic soup of our
genetically not-yet-annealed ancestors.39
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15

Heritable Microorganisms and
Reproductive Parasitism

JOHN H. WERREN

Some of the most important evolutionary transitions of life have involved symbiotic
relationships. For example, evidence is now overwhelming that mitochondria, a vital
eukaryotic organelle, originally evolved from an intracellular bacterium present in a
primitive eukaryote.1–5 The very greening of our planet is the result of a second symbiont–
host relationship; chroloplasts originally evolved from a cyanobacterial symbiont present
in the ancestors of algae and plants.1–3,6 However, symbioses are not just a thing of the
past. Intimate associations between microbial symbionts and eukaryotic hosts are in-
credibly widespread in nature and may be an important force in evolution.7–13

Symbiotic relationships with hosts range from mutualistic to parasitic, and modes of
symbiont transmission range along a continuum from completely horizontal (infectious)
to completely vertical (inherited).14–17 Examples of horizontally transmitted symbionts
include the nitrogen-fixing bacteria of plants, algal-bearing symbionts of corals, and a
variety of pathogenic microorganisms, including some human disease agents. Other
symbionts are transmitted vertically, being passed from hosts to their offspring. Some
“heritable symbionts” reside within the cells of their hosts and are transmitted within
eggs, whereas others are transmitted via the female’s reproductive tract or get passed
from parent to offspring by other mechanisms.8 Some microorganisms employ a mixed
vertical and horizontal transmission strategy.

The mechanism of transmission between hosts is a key feature shaping symbiont
relationships with their hosts.15, 17–20 It is generally recognized that symbionts with hori-
zontal transmission can readily evolve either parasitic or mutualistic host associations.
In contrast, there was a long-held view that heritable symbionts must inevitably evolve
mutualistic associations with their hosts.18–20 The idea is simple: because heritable sym-
bionts are transmitted via the reproduction of their hosts, any harmful effects on their
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hosts should be selected against and beneficial ones favored. However, we now know
that this view is overly simplistic. There is an alternative set of adaptations available to
heritable symbionts that can best be described as “reproductive parasitism.”15,21 Repro-
ductive parasites alter the reproduction of hosts in ways that are advantageous to the
symbiont, but potentially harmful to the host. Evidence is accumulating that microbial
exploitation of host reproduction is widespread and common. Examples of microbial
alterations of host reproduction include male killing, feminization, parthenogenesis
induction (reproduction without mating), and induction of sperm–egg incompatibili-
ties.12,21–27 Reproductive parasites include fungi, bacteria, protozoans, and viruses, and
they have been found infecting all the major animal and plant taxa.12,26 Reproductive
parasitism can involve both vertically and horizontally transmitted microbes, although
the dynamics and adaptations selected for by these two transmission modes differ. For
example, some horizontally transmitted microbes also infect the reproductive tracts of
their hosts and increase their transmission directly via host sexual behavior (e.g., sexual
transmission) or indirectly by reproductive castration of the host.28–31 Attention in this
chapter will be focused on reproductive parasites that are transmitted primarily via a
vertical transmission mode.

Reproductive parasites may be important in shaping the evolution of eukaryotic hosts.
Here, I explore the basic biology of reproductive parasitism. Principles are then illus-
trated with a more detailed discussion of Wolbachia, a widespread group of intracellu-
lar alpha proteobacteria that induce a number of reproductive alterations in hosts. The
generality of these principles to all microorganisms with a vertical transmission pattern
is emphasized.

Reproductive Parasitism as an Adaptive Strategy

Vertically transmitted microorganisms are common in nature, and exclusive or nearly
exclusive vertical transmission has evolved independently many times and by different
microorganisms in different hosts. Examples include the independent evolution of in-
herited g-proteobacterial endosymbionts in different insects, heritable symbioses by some
dinoflagellate associates of coral, eubacteria in deep-sea vent-worms, microsporidia
associated with various arthropods, and parasitic fungi of plants.25–40

The factors that cause microorganisms to evolve from horizontal to predominantly
vertical transmission are still not completely understood, although presumably they arise
from microorganisms with mixed (vertical and horizontal) transmission strategies and
subsequent selection favoring enhancement of the vertical and discouragement of the
horizontal mode. A likely scenario would be a change in ecological circumstances that
reduce the efficiency of horizontal transmission (e.g., a reduction in population den-
sity), thus enhancing the relative value of the heritable transmission mode.41 Once pre-
dominantly vertical transmission has evolved, the adaptive “options” available to these
“inherited” microorganisms become more restricted. For example, killing the infected
host no longer makes adaptive sense, as this would lead to a reduction in transmission
of the parasite. As previously mentioned, this observation led to the widely held belief
that vertically transmitted symbionts evolve only mutualistic associations with their hosts.
However, this is not correct. It is important to also consider the opportunities for ma-
nipulation of host reproduction that are available to inherited microbes.
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The idea is most readily visualized by considering the evolution of sex ratio–distort-
ing microbes. An important feature of vertical transmission, particularly in organisms
with anisogamous gametes (gametes of unequal size such as sperm and eggs or pollen
and ovules), is that vertical transmission is asymmetric. Inherited microorganisms are
transmitted to offspring through eggs, but they typically have low or no transmission
through sperm. This asymmetric inheritance creates a divergence in “genetic interests”
between the symbiont and host15 that is overlooked in some theoretical treatments of
this question.17–19 The asymmetry in inheritance creates strong selection on heritable
microbes to increase the number, survival, and fitness of infected females (the trans-
mitting sex), regardless of their negative fitness consequences to males (the nontrans-
mitting sex).15,42 Therefore, inherited microbes are selected to distort sex ratios toward
female production, and such sex ratio distorters are widespread in nature.22–25

We can divide reproductive parasitism into five broad categories based on the phe-
notypic effect on hosts. Each involves an alteration of the host’s reproduction in ways
that enhance transmission of the microorganism. They are sex ratio distortion, cytoplas-
mic incompatibility, postsegregation distortion, germline enhancement, and reproduc-
tive castration.

Werren and O’Neill15 developed a simple framework that illustrates the spectrum
of adaptive options available to strictly vertically transmitted symbionts. For such a
symbiont to become established in a host population, an infected female must pro-
duce, on average, more infected daughters (weighted by their survival and fecundity)
than an uninfected female produces uninfected daughters. Definition of the follow-
ing basic terms allows the construction of a formula for the statement above. The
symbiont is transmitted vertically to “a” proportion of the daughters, fitness (survival
and fecundity) of infected females is Wi and of uninfected females is Wu, and the pro-
portion of female progeny (the primary sex ratio) produced by infected and uninfected
females is xi and xu, respectively. The symbiont will be maintained in the population
so long as

axiWi/xuWu > 1.

In words, the infection increases in frequency when the “effective” number of in-
fected daughters produced by an average infected female is greater than the effective
number of uninfected daughters produced by an average uninfected female. It should
be noted that fitness of male progeny is irrelevant to the increase of a cytoplasmically
inherited symbiont unless the females preferentially mate with their siblings.

The “classic” option available to an inherited symbiont is mutualism—the symbiont
increases in frequency by enhancing fitness of infected females (Wi). Mutualistic endo-
symbioses are widespread in nature, and many of these involve heritable microorgan-
isms. Many fascinating examples are described by Buchner8 and have been reviewed
by others.13,41,43 Therefore, I will not consider them further except to point out that
mutualistic symbionts will also be selected for features of reproductive parasitism when
such features enhance their transmission, just as reproductive parasites can be selected
for mutualistic effects. That is, mutualism and reproductive parasitism are not mutually
exclusive strategies.12

Besides mutualism, the following modes of reproductive parasitism are available to
heritable microbes, and examples of most of these have been found in nature.
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Sex Ratio Distortion

Sex ratio–distorting microbes are incredibly common in nature. Four basic types of sex
ratio distorters have been described; feminizers (which convert genetic males into func-
tional females), parthenogenesis inducers (which induce production of female offspring
by unmated females), sex ratio biasers (which alter the primary sex ratio among infected
mother’s offspring), and male killers (which induce death of male offspring but not
female offspring of infected mothers).

Feminizers have been described in a number of species. For example, Wolbachia
convert genetic males into female in the isopod Armadillidium vulgare44,45 and some
moths.46,47 Similarly, microsporidia induce feminization in the intertidal shrimp Gam-
marus duebeni.48,49 With reference to the formula above, feminizing microbes increase
in frequency not by increasing the fitness of infected individuals but by increasing the
production of female offspring (xi), the sex that transmits the microbe. In a large, random-
mating population, sex ratio distorters can in principle increase to fixation (100%),
thus driving the population to extinction.42,50,51 The actual scarcity of males will not
prevent increase of the sex ratio distorter unless infected females are more likely to
go unmated than uninfected females. However, various factors can restrain their spread,
including selection for host suppression and deme (group) level selection between local
populations.

Male-killing microbes have been reviewed in several recent treatments.52–54 A di-
verse set of microorganisms have been found to induce male killing in different hosts.
They include g-proteobacteria, a-proteobacteria, spiroplasms, and microsporidea.55–61

This indicates that male killing can evolve readily and that the ecological circumstances
that favor its evolution occur frequently in nature. Male killing by a heritable microor-
ganism is selectively favored when elimination of the male enhances the fitness of in-
fected female siblings. Thus, male killers do not increase by directly altering the primary
sex ratio of their hosts (xi), but, indirectly, by increasing the fitness of infected females
(Wi) via killing of male siblings. The conditions favoring male killing can occur com-
monly when siblings compete for limited resources or when male killing reduces sib-
ling mating and therefore inbreeding depression.42 Male killing in animals is selectively
analogous to mitochondrial-induced cytoplasmic male sterility (CMS) in plants.62 In the
latter case, mitochondrial variants in a wide range of plant species inhibit development
of anthers, thus converting bisexual plants into females. Because mitochondria, like
heritable microorganisms, are typically inherited through the matriline in plants but not
through the patriline, CMS is selectively favored by mitochondria so long as the fitness
through ovules is increased.

An interesting form of male killing occurs in the mosquito Culex salinarius. Some
members of this species are infected with the microsporidean Amblyospora californica,
which is transmitted through the eggs of infected females. Microsporidea occurring in male
offspring proliferate in the larvae, typically inducing death. The resulting spores are not
capable of directly infecting mosquitoes, but infect an intermediate copepod host, which
in turn produces spores that infect filter-feeding mosquito larvae.56 Thus, A. californica
uses females for vertical transmission and males for horizontal transmission.

In principle, sex ratio distorters also can increase in frequency by decreasing the sex
ratio of uninfected individuals (xu). To date, only one unequivocal case of this has been
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found: Wolbachia-infected males in the haplodiploid insect Nasonia vitripennis induce
a sperm–egg incompatibility that converts fertilized eggs of uninfected females (which
would normally develop into female progeny) into males.63 It is also possible that sym-
bionts, by imprinting modifications of paternally derived sex determination genes, could
manipulate sex ratio in uninfected females; however, there is currently no clear-cut
evidence to support this proposition.

Sex ratio distorters have important implications for the evolution of sex determina-
tion63 and mating systems,64–66 which will be discussed in more detail later.

Cytoplasmic Incompatibility

Cytoplasmic incompatibility (CI) is an incompatibility between the sperm of infected
males and the eggs of uninfected females (or females infected with a different sym-
biont strain) that typically results in death of the zygote (fig. 15.1). CI is the mirror-
image alternative to mutualism. Whereas mutualistic symbionts increase in frequency
in host populations by increasing the survival and reproduction of infected females (Wi),
CI-inducing symbionts indirectly increase in frequency by decreasing the fitness of
uninfected females (Wu). Many strains of the widespread bacterial group Wolbachia are
known to induce CI.67–69 Recently, a strain of Citophaga-Like-Organisms (or CLOs),
another widespread group of arthropod endosymbionts,70–74 has been found to cause CI.71

The cytological mechanisms of CI have been described for Wolbachia, where incompat-
ible crosses typically result in defects in maturation of the male pronucleus, and disrupted
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Figure 15.1. Cytoplasmic incompatibility (CI). (A) CI involves a modification of the sperm by
the symbiont and a rescue in the eggs. The biochemical mechanisms remain unclear. (B) There
are two forms of CI. Unidirectional CI typically occurs when a male is infected and a female is
uninfected. Offspring of such crosses suffer increased mortality resulting from destruction of
the paternal chromosomes. All other cross combinations are compatible. Bidirectional CI typi-
cally occurs in crosses between individuals infected with different Wolbachia that are not able to
rescue the other’s modification. As a result, incompatibility occurs in both reciprocal crosses.
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early mitotic divisions,75–78 typically leading to embryonic death. These observations have
led to a model that Wolbachia modifies sperm and that this modification can be rescued
when the same Wolbachia strain is also present in the egg (figure 15.1).27 Consistent
with sperm modification, Wolbachia apparently need to be present in the developing
sperm cysts if they are to induce CI when the sperm fertilizes the egg, although Wolbachia
themselves are not present in mature sperm.79,80 However, the biochemical mechanisms
of CI remain obscure.

There are two types of CI: unidirectional and bidirectional (fig. 15.1). Unidirectional
incompatibility typically occurs between infected males and uninfected females; the
sperm from males of infected strains is incompatible with uninfected eggs, whereas sperm
from infected eggs is compatible with either infected or uninfected eggs—hence the name
unidirectional incompatibility. It can also occur between two infections if one is inca-
pable of rescuing the modification of the other. Bidirectional incompatibility (BiCI)
occurs when the male and female carry different strains of symbiont that are mutually
incapable of rescue of modifications induced by the alternate strain. BiCI is found both
within and between species in nature.81–83 There is widespread interest in the possibility
that CI promotes divergence and speciation in arthropods, and this point will be dis-
cussed further later. Although so far only two groups of bacteria have been found to
induce CI, the phenotype can be selectively favored whenever microorganisms are pre-
dominantly or exclusively inherited through host eggs.15,84,85

Post Segregation Killing and Maiming

Postsegregation killing is a mechanism employed by some genetic elements that have
incomplete transmission to progeny. Postsegregation killing involves two components:
a modification in the parent (“toxin”) and a rescue in the offspring (“antidote”). The
modification persists in progeny, and therefore the genetic element must also be trans-
mitted to rescue, or the progeny dies. The classic examples are killer-plasmids in bacte-
ria and spore-killers in fungi,86 although even restriction–modification systems of many
bacteria may have evolved because of the advantages of postsegregation killing.87 The
advantages of postsegregation killing to the genetic factor is that it increases the fre-
quency of individuals within a population that carry the genetic element. However, this
advantage only occurs when the infected and uninfected progeny of a parent compete
with each other for resources. Under these circumstances, the infected progeny gain in
fitness from the death of their uninfected siblings, favoring spread of the phenotype.
The phenotype is especially likely to be important during the initial phases of invasion
of heritable symbionts into a population, when microbial densities within hosts are likely
to be lower and, therefore, transmission rates are also lower.

An explicit case of postsegregation killing has not yet been described for a heritable
symbiont. Demonstrating its existence requires documenting preferential mortality of
embryos that do not receive the symbiont, and also documenting that this is not the re-
sult of mutualistic benefits of the symbiont but only occurs when the parent is infected
and the progeny looses the infection. Some cases of mutualism that have been inferred
from a reduction in fitness following antibiotic curing of symbionts may be caused by
postsegregation killing.

It should be emphasized that killing is just an end-point along the continuum. Any
interacting set of gene products from the symbiont that has the property of reducing the
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fitness of progeny that lose the symbiont can be selectively favored. These basic prop-
erties are persistence of the modification effect in the egg, and loss of the rescue effect
such that the symbiont must also be present in the progeny for rescue to occur. Later, I
also describe a case in which postsegregation killing of germ cells can be favored dur-
ing germ cell proliferation.

Germline Manipulation

Heritable microorganisms will be under strong selection to increase their transmission
through the germline. This can be accomplished by a number of different mechanisms.
First, vertically transmitted microorganisms are under intense selection to localize to
the ovaries to enhance transmission. Buchner8 describes a number of mechanisms by
which this is achieved in heritable symbionts of insects. For organisms that have a dis-
crete region of the egg that develops into the germline and associated biochemical sig-
nals (e.g., the polar granules of Drosophila), heritable microorganisms will localize to
the germinal pole, as is observed in many cases.8,63,88 The mechanisms by which this is
achieved are still not completely clear. However, eggs that contain germ-cell determi-
nants are found in many species of protostomes and deuterostomes,89 and we therefore
expect symbiotic microorganisms to adapt to these signals for orientation to the germ-
line in eggs.

More subtle effects, although not described, are expected to occur. For example,
microorganisms in the general region of the germ-pole should be selected to produce
inputs that enhance the probability that the cells in which they occur develop into germ
cells. This could be achieved by localizing polar granules to their vicinity or by produc-
tion of products that enhance the cellular pathways leading to germline determination.
These scenarios are not as far-fetched as they might seem. In Drosophila, the polar gran-
ules include a nontranscribed mitochondrial ribosomal RNA that is required for germ-
cell determination, and translation of other polar RNA’s may require this mitochondrial
ribosomal RNA machinery.90,91 Indeed, this may reflect an ancestral mechanism to en-
sure that mitochondria, a highly derived endosymbiont, localize to the germ-line. It is
easy to imagine that localization of this or other germ particle determinants to the sur-
face of endosymbiotic microbes would enhance their probability of occurring within
germ cells.

A second mechanism of ensuring representation in eggs could occur during prolif-
eration of primordial germ cells. During cell proliferation, endosymbionts must also
proliferate and segregate to daughter cells. During this process, it is likely that stochas-
tic processes will lead to loss of endosymbionts in some daughter cells, and such loss
will be most likely when microbial densities are low during the initial stages of germ-
cell proliferation (see fig. 15.2). This is precisely the kind of scenario that can favor
postsegregation killing by endosymbionts. Because germ cells effectively compete for
transmission to the next generation (a female makes many more primordial cells than
will become mature eggs), postsegregation killing of germ cells that have lost the sym-
biont will be advantageous to the microorganism and will increase the effective trans-
mission rate. Such an effect may be occurring in the wasp Asobara tabida, where
antibiotic treatment of larvae results in failure of ovaries to mature.92 This may be the
result of a mutualistic effect of the endosymbiotic bacterium but could also be caused
by the death of germ-cells that have lost the bacterium. More detailed cytological stud-
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ies, and experiments using subcuring doses of bacteria, would help resolve whether this
is the case. The role of heritable microorganisms in germ-line manipulation has been an
understudied topic. However, focus on this area is likely to yield a number of interest-
ing discoveries.

Parasitic Castration

A number of microorganisms have been described that sterilize their hosts.25,92 The
selective advantages of parasitic castration are variable. In some cases, the reproduc-
tive organs are converted into “factories” to produce parasites, which then horizon-
tally infect new hosts. In other cases, castration prolongs the life of the host, resulting
in greater opportunities for infectious transmission. Parasitic castration is also relevant
to reproductive parasites with a vertical transmission mode. In hosts with both sexual
and asexual reproduction modes, castration of the sexual organs can lead to an in-
crease in asexual reproduction, and hence to an increase in vertical transmission of
the infection. For example, species of the grass Danthonia produce both open sexual
flowers that reproduce by outcrossing and closed flowers that reproduce by selfing
and develop next to the parent. Danthonia are often infected with a parasitic fungus
(Atkinsonella) that castrates the sexual flowers and infects ovules in the selfing flow-
ers, resulting in effective vertical transmission.25 Many endophytic fungi employ mixed

Figure 15.2. (A) Germ-line transmission of Wolbachia. Wolbachia within the egg localize to
the egg germ-pole and, as a result, infect primordial germ cells and end up in the ovarioles, where
they are again transmitted to eggs. Wolbachia vary in the extent to which they localize to the egg
germ-pole in different host species. The strong germ-pole localization pattern observed in the
parasitic wasp Nasonia vitripennis is shown here. (B) Hypothesized germ cell postsegregation
killing by reproductive parasites such as Wolbachia. By a modification-rescue system (modifi-
cation in parent cell and rescue in the daughter cell), those daughter cells that do not receive the
symbiont (e.g., due to stochastic loss) will die or fail to replicate. This mechanism enhances germ-
line transmission of the bacterium, particularly when loss of uninfected germ cells is compen-
sated for during development or the host is not egg-limited during reproduction in nature.
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vertical and horizontal transmission modes, with vertical transmission occurring
through tillers or seeds.25,92

The Diversity and Abundance of Reproductive Parasites

A surprisingly diverse assemblage of heritable microorganisms induce reproductive al-
terations in their hosts. For example, male-killing microorganisms include g-proteobacteria
such as Arsenophonus nasoniae, a-proteobacteria such as Rickettsia and Wolbachia, other
bacterial groups including flavobacteria and spiroplasms, and eukaryotic parasites such
as microsporidea.52–61 This diversity indicates that the ecological conditions that favor
male killing occur commonly and that it is relatively easy for microorganisms to detect
the sex of the host and to induce male lethality. The pattern observed for cytoplasmic
incompatibility inducing microorganisms is quite different. Until recently, Wolbachia
was the only bacterial group shown to induce CI, but recent studies indicate that
relatives of the bacterial group Citophaga can also cause CI in some hosts.70 The
pattern indicates that the modification of sperm and rescue in eggs required of CI is
relatively difficult to evolve. Feminizing microorganisms have been found in the
Wolbachia and microsporidea, and Rickettsia have also been implicated as femi-
nizers.44–49 Parthenogenesis-inducing microorganisms include the Wolbachia and
Citophaga-like bacteria.23,71–74 Parasitic fungi in plants, and Wolbachia in insects and
nematodes, have been found to induce host sterility under some conditions.31,92

Microbiologists almost certainly vastly underestimate the distribution and abundance
of reproductive parasites. For example, the Rickettsia are generally recognized as a group
of intracellular bacteria that are vectored by arthropods and that induce various patholo-
gies in vertebrates (e.g., Rocky Mountain Spotted Fever, Scrub Typhus, and Murine
Typhus). However, recent studies have revealed a number of Rickettsia that induce male
killing in their arthropod hosts that have no known vertebrate pathology.57,60 Given the
ascertain bias here (human or vertebrate disease agents were much more likely to be
detected historically) and the incredible abundance of arthropods, a reasonable predic-
tion is that that the vast majority of Rickettsia will turn out to be reproductive parasites
of arthropods, with only a small minority inducing vertebrate disease. Indeed, it may be
that most vertebrate pathogens from this genus evolve from reproductive parasites of
arthropods. It remains to be seen whether most Rickettsia are traditional infectious patho-
gens of arthropods or more usually reproductive parasites.

Additional evidence points to the underdetection of reproductive parasites. Many
of these microbes are difficult to culture, and thus therefore have gone largely unno-
ticed by microbiologists until the advent of molecular detection methods such as poly-
merase chain reaction (PCR). For example, the Wolbachia were considered to be a
rather obscure and inconsequential bacterial group until the use of PCR methods re-
vealed their incredible abundance in arthropods and filarial nematodes.93–98 Arseno-
nophonus nasoniae, a relative of E. coli, was originally detected because of its induction
of male killing in the parasitic wasp Nasonia vitripennis, but recent studies have uncov-
ered close relatives of this bacterium (based on 16S rDNA sequence) in other insects
and ticks.99 The bacterial group is likely to be widespread. That Citophaga-like bacte-
ria induce reproductive alterations has only recently been discovered, and evidence
indicates that these, too, are widespread in arthropods.71–74
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Similar surveys in vertebrates have not yet been done. It is possible that some verte-
brate groups also harbor heritable microorganisms, and these would be selected to
manipulate reproduction in their hosts. Finally, the large number of mutualistic sym-
bionts found in invertebrates and plants are also subject to the same selective pressures
favoring reproductive manipulations described above—mutualism may not be the only
quiver in their bow.

Wolbachia: Master Manipulators
of Eukaryotic Reproduction

Among the diverse array of reproductive parasites, the currently undisputed “master
manipulator” of host reproduction is the genus Wolbachia. Wolbachia are a widespread
group of cytoplasmically inherited intracellular bacteria, found in 20%–75% of insect
species and also commonly in arachnids, crustaceans, and nematodes.93–98

Wolbachia cause a number of reproductive alterations in their eukaryotic hosts, in-
cluding sperm–egg incompatibility (CI), feminization, male killing, and (MK) parthe-
nogenesis induction and are required for ovarian development in some hosts.23,24,26,27,100

Although the common mode of transmission of Wolbachia within host species is cyto-
plasmic (vertical), these bacteria are also transmitted horizontally between arthropod
species.101,102 The mechanisms of horizontal movement of Wolbachia between arthropods
remain unknown, but a consequence is that Wolbachia are among the more abundant
symbiotic bacteria in terrestrial ecosystems.93–98 Arguably, the spread of Wolbachia
represents one of the great pandemics of life on this planet. Nevertheless, the impor-
tance of Wolbachia to arthropod ecology and evolution remains controversial and the
topic of empirical and theoretical study.103–110

Wolbachia are intracellular symbionts of invertebrates that occur in both reproduc-
tive and somatic tissues63,69; are widespread and common in arthropods and nematodes;
are maternally transmitted within a host species, but readily move between host species
by unknown mechanisms; cause various reproductive alterations in their hosts; and may
have important consequences for arthropod ecology and evolution. Some relevant de-
tails are provided here.

Wolbachia Phylogeny and Ecology

Wolbachia are obligatory intracellular alpha proteobacteria in the order Rickettsiales.
Their closest known relatives are Rickettsiales that are arthropod-vectored pathogens
of vertebrates.111,112 To date, Wolbachia have only been found to infect invertebrates. A
note on nomenclature: the type species of Wolbachia is W. pipientis, described from
the mosquito Culex pipiens. Throughout this chapter I simply refer to “Wolbachia”
without a species designation. The reason for this is that Wolbachia are a diverse and
abundant bacterial group almost certainly involving more than one species, but for which
species designations have not been resolved.

There are two major subdivisions of Wolbachia infecting arthropods (A and B groups),
estimated to have diverged about 60 million years ago based on 16S and protein gene
synonymous substitution rate estimates for bacteria,101,102,113 and two additional subdi-
visions have been added for divergent Wolbachia found in termites and collembola.114
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Wolbachia in filarial nematodes comprise two other subgroups (C and D), and all six
subgroups are monophyletic with respect to other Rickettsia and related genera.95,111–114

Phylogenetic studies of Wolbachia have been performed using 16S rDNA, the cell-cycle
gene FtsZ, and the outer surface protein wsp. In general, the trees based on different
genes are consistent with each other, although there is some evidence of recombination
within clades and possible recombination between subgroups.115,116 Phylogenetic stud-
ies also indicate that parthenogenesis induction and male killing have evolved multiple
times independently in both the A and B groups.101 However, an alternative explana-
tion is that recombination events (or transfer of genes via commonly associated phage)
have introduced the machinery for parthenogenesis induction (and male killing) into
different Wolbachia.

Molecular phylogenetic studies reveal that closely related Wolbachia can be found
in very different host species.101,102 Movement of Wolbachia across insect orders ap-
pears to be common. However, documenting particular patterns of horizontal move-
ment is currently risky because the data are based on only one to two protein coding
genes per strain, and therefore, gene phylogenies can be misinterpreted as actual bacte-
rial phylogenies.

The mechanisms and patterns of Wolbachia movement between host species remains
unclear, although a few cases of natural transfection within a species have been ob-
served.117 In addition, infections of individuals in a species with multiple Wolbachia
strains (typically double infections) are not uncommon,93,118,119 further indicating that
relatively frequent horizontal transfers between species occurs; however, transmission
within species appears to be predominantly vertical as evidenced by tight associations
of Wolbachia types with mitochondrial haplotypes.120

Surveys of Wolbachia within insects have been conducted in Panama, Indiana, and
Britain, revealing similar frequencies of infected species in all three regions.93,94,97 How-
ever, the surveys are typically based on one to two individuals per species, and there-
fore they almost certainly represent an underestimate.121 A few attempts have been made
to document movement of Wolbachia within insect communities.94 However, these have
been limited in scale and lacking the genomic precision to clearly define recent hori-
zontal transfers. These studies do confirm the general finding that distantly related
Wolbachia can be found in closely related hosts, as well as many cases in which one
insect species is infected and a close relative is not.

The patterns indicate that Wolbachia are acquired and lost within species,97 but the
mechanisms of loss are also poorly understood; a number of theories have been pro-
posed.97 One possibility is that selection for genotypes resistant to Wolbachia infec-
tion could explain their loss. Resistance to parthenogenesis induction and male-killing
Wolbachia is expected, introducing the possibility of “Red-Queen” dynamics in these
systems. However, unlike normal infections, females infected with CI Wolbachia will
generally not be selected to “resist” the infection because their eggs will become in-
compatible with infected males in the population. Host genotypes that suppress CI
Wolbachia modification in males or that mimic rescue in females can be selected for.
Studies of host genetic effects can help reveal possible trajectories of Wolbachia infec-
tions within species.

Wolbachia may be undergoing rapid expansion within insects. Further sampling is
needed to determine distribution of different Wolbachia within ecologically, taxonomi-
cally, and geographically associated insects. More detailed studies are also needed to
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determine whether some strains of Wolbachia are undergoing rapid host range expan-
sions within insects or are moving globally within insect communities. Such studies need
more precise genomic tools for characterization of Wolbachia strains and should not be
based on single-gene phylogenies.

Wolbachia have been experimentally transferred using embryonic microinjection
between species.122–129 One interfamilial transfection has been done123 (Culex to
D. simulans) and one interorder (Hymenoptera to Diptera).127 In the latter example, how-
ever, the hymenopteran Wolbachia infection was not stably maintained in Drosophila,
indicating potential host range limitations. In general, bacteria cause similar phenotypes
when transfected into a new host. In contrast, a recent interspecific transinfection re-
sulted in a change of the Wolbachia reproductive phenotype from a feminizer to a male
killer.129 Transfected Wolbachia express CI strongly in D. simulans but weakly in its
natural host D. melanogaster, indicating host effects on CI level.126 However, system-
atic experimental studies of host range and effects of hosts on Wolbachia expression
have not yet been done.

Phenotypic Effects on Hosts and Mechanisms
of Action

Wolbachia cause an amazing range of phenotypic effects upon their hosts, including
manipulation of sex determination (parthenogenesis, feminization, and male killing),
sperm–egg incompatibilities, and alteration of oogenesis and embryogenesis. Many of
these effects involve developmental and cellular functions of the host, and they prob-
ably reflect the long and intimate evolutionary association of these bacteria and their
progenitors with eukaryotic cells; Wolbachia and related genera such as Rickettsia,
Anaplasma, and Erhlichia are all obligatory intracellular bacteria.111,112 This long and
intimate association of Wolbachia with host cells and reproductive tissues is probably
why Wolbachia have succeeded in evolving such a diverse set of mechanisms for ma-
nipulation of host reproduction.

Biology of CI

Wolbachia-induced CI arises when sperm from a male infected with Wolbachia fertil-
izes an uninfected egg or an egg infected with a different Wolbachia strain. Sperm from
an infected male are compatible with eggs infected with the same strain of Wolbachia
(see fig. 15.1). Incompatible crosses typically result in defects in maturation of the male
pronucleus and disrupted early mitotic divisions. This leads to either embryonic death
or (in haplodiploids) in conversion of the embryo to a male when the sperm chromo-
somes are completely eliminated. These observations have led to a model that Wolbachia
modify sperm and that this modification is rescued when the same Wolbachia strain is
also present in the egg.27 BiCI occurs when the male and female carry different strains
of Wolbachia that are not capable of mutual rescue. BiCI is found both within and be-
tween species in nature.63,81,82,130

Cytological analysis reveals that CI is the result of the paternal chromosome comple-
ment failing to properly condense and align on the metaphase plate during the first
mitosis.75–78 As a consequence, only the maternal chromosome complement segregates
normally. These studies indicate two models for Wolbachia action; either Wolbachia
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block steps involved in chromosome condensation or alter timing of cellular events that
occur immediately following fertilization, resulting in asynchrony of the pronuclei and
disruption of paternal pronuclear processing.78 In preparation for the first mitosis, the
sperm is converted to a pronucleus that is capable of participating in development. This
process involves removal of the sperm nuclear envelope; decondensation of the sperm
chromatin; replacement of sperm chromosomal proteins with maternally supplied his-
tone; assembly of a nuclear envelope, lamina, and matrix; and chromosome replication
and condensation.131 Wolbachia may block a distinct step in this process; for example,
by targeting proteins of the condensin complex, such as topoisomerase II, or histones
H1 and H3. Alternatively, Wolbachia may act by disrupting the rate at which the sperm
is converted to a male pronucleus, leading to the male and female pronuclei entering
mitosis asynchronously. Under this model, Wolbachia present in the egg would rescue
the effect by similarly altering the rate at which the female pronucleus is prepared. Thus,
infected sperm and egg would be compatible. A recent study shows that timing of pro-
nuclear envelope breakdown in Nasonia is altered in incompatible crosses, supporting
the timing model.78 However, it is not yet known whether this is the primary lesion or a
consequence of disruption of an earlier step.

Parthenogenesis Induction, Feminization,
and Male-Killing

Wolbachia alter host sex determination and sex ratios of hosts by different mechanisms,
including parthenogenesis induction, feminization, and male-killing. Some strains of
Wolbachia induce female parthenogenetic development (females developing from un-
fertilized eggs) in a number of wasp species and may be involved in parthenogenetic
development in others.23 Stouthamer and Kazmer132 demonstrated in Trichogramma that
the first mitotic anaphase is aborted in parthenogenesis induction–infected, unfertilized
eggs. The two mitotic sets of chromosomes then form a single diploid nucleus, and
subsequent mitotic divisions are normal. The egg, therefore, develops as a diploid com-
pletely homozygous infected female. In some cases, gynandromorphs are produced. A
similar pattern occurs in Muscidifurax uniraptor.133 Interestingly, in Trichogramma,
fertilization of an infected egg suppresses the endoduplication event, resulting in a sexu-
ally produced offspring. The cytological mechanisms for these two processes are un-
clear. It is obvious that we do not yet have a detailed understanding of the cellular
mechanism through which Wolbachia induces parthenogenesis, nor whether partheno-
genesis induction in different taxa of Wolbachia has evolved the same or divergent
mechanisms.

The selective advantages of parthenogenesis induction are clear. Wolbachia that in-
duce this effect are converting unfertilized eggs into female progeny, which are capable
of transmitting the maternally inherited bacteria. In some cases, parthenogenesis inducing
Wolbachia have gone to fixation, resulting in a “parthenogenetic species.” Interestingly,
in some cases, antibiotic curing results in complete reversion to sexual reproduction,
whereas in others the resulting males are defective in some aspect of sexuality or fe-
males are unwilling or incapable of mating with males or of using sperm, thus resulting
in irreversible parthenogenesis.134–135 This is presumably caused by the accumulation
of mutations affecting sexual reproduction because of the absence of natural selection
to maintain it.
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Feminizing Wolbachia have so far been described in some isopods and two moths.42–47

Again, the adaptive significance for the bacterium is clear: conversion of genetic males to
females increases the frequency of infected females in the population, giving maternally
inherited bacteria that cause such an effect an advantage. Additional study is likely to re-
veal feminizing Wolbachia to be much more widespread in arthropods than currently ob-
served. However, there may be particular aspects of host sex determination that enhance
the chance that feminizing Wolbachia (or other heritable microbes) evolve.24 For example,
in isopods, an “androgenic gland” physiologically determines sex; manipulation of this gland
by Wolbachia can cause feminization, resulting in functional females that are genetically
male. Wolbachia may be particularly effective in manipulation sex determination in those
taxa with systemic determination of sex rather than cell autonomous sex determination.
Host taxa with female heterogamety (heteromorphic sex chromosomes in females, homo-
morphic sex chromosomes in males) may also be prone to bacterial manipulation of sex
determination. The reason is that bacteria within the egg have the opportunity to affect which
chromosome moves to the polar body versus the functional pole, thus determining sex of
the offspring. In arthropods, female heterogamety is found in butterflies, moths, and some
flies; in vertebrates it is found in snakes, birds, and some fish.136

Male-killing Wolbachia have been discovered in several different insects, including
butterflies, beetles, and flies.54,58,59 Given that this is a recent discovery, male killing
Wolbachia may be far more widespread among insects.121 Male-killing Wolbachia in-
duce death of male offspring, whereas the female offspring develop normally. Females
carry the infection and transfer it cytoplasmically to their female progeny, thus perpetu-
ating the infection. Male killers are selectively favored when death of male siblings
increases the fitness of infected females and can spread to moderate to high frequencies
in host populations, depending on the selective circumstances. Sometimes they can
become so common that they alter the mating system of their hosts.42 The molecular
and cellular mechanisms of male killing are unknown. Because male-killing bacteria
have been found in male heterogametic, male homogametic, and haplodiploid species,
it is likely that there is a variety of mechanisms by which the bacteria induce male death.
Basic studies of the mechanisms of male killing are needed, including determining
whether male-killing bacteria can cause the same phenotype when transferred to differ-
ent host taxa. Interestingly, the reverse has been found where transfection of Wolbachia
from a moth, causing feminization, resulted in the bacteria inducing male killing in its
new host moth species.47

Other Wolbachia Phenotypes

In filarial nematodes, Wolbachia are believed to have evolved a mutualistic symbiosis
with their hosts.95 Antibiotic curing of Wolbachia results in degeneration of the host’s
ovaries, and antibiotic curing seems to interfere with proper molting of developing
worms, indicating a mutualistic relationship.137,138 In the parasitoid Asobara tabida,
antibiotic curing of wasps results in inhibition of ovarian development.92 In a startling
recent finding, it was shown with certain germ-line sterile mutants in Drosophila that
Wolbachia can partially rescue the sterility by inducing ovarian development.139 These
findings are consistent with the view that these endosymbionts have been selected to
manipulate germline development. Wolbachia have been found in some species that can
rescue but do not induce CI, whereas other Wolbachia have no discernable phenotypic
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effects.68 A Wolbachia has also been found in laboratory cultures of D. melanogaster
that causes premature death of adult flies.140 Thus, effects of Wolbachia on hosts can
range from reproductive parasitism to mutualism to no discernible effect.

Wolbachia Genome Evolution

Recent studies have begun to elucidate the genome structure of Wolbachia. Wolbachia
have relatively small genome sizes (~1.2 Mb for insect Wolbachia), but they neverthe-
less contain repetitive and phage-like sequences.141–146 The complete genome of the
D. melanogaster Wolbachia (wMel-A group) has recently been sequenced,146 and data
are available on the TIGR Web site (www.tigr.org) and the NCBI bacterial genomes
site. Overall, more than 10% of the genome is composed of repeat elements. A proph-
age-like element designated WO has been detected, and virus-like particles have been
detected that may also be WO.144 Clearly, the Wolbachia genome differs from those of
many other endosymbiotic bacteria that are characterized by small genomes and little
repetitive DNA.5,13 The large number of repeat elements (including phage) could play
a role in intragenomic rearrangements as well as in recombination between strains of
Wolbachia. Although recombination has been documented in a few instances,116,117 the
extent and significance of recombination in Wolbachia is unknown. In particular, we
do not know at what rates recombination occurs within Wolbachia genomes, whether
insertional elements serve as sites for recombination, or whether recombination and
genetic exchange among Wolbachia is associated with double infections, host shifts, or
Wolbachia phenotypic shifts (e.g., shifts from CI to MK). Additional genome projects
are underway for nematode and insect Wolbachia. Considerable progress is expected
over the next several years as researchers exploit the information emerging from the
Wolbachia genome projects.145

Evolutionary Consequences

Given the widespread occurrence of these bacteria and their diverse effects on hosts, it
is possible that Wolbachia have had major effects on the evolution of arthropods and
filarial nematodes. Interest has focused on several aspects of the evolutionary conse-
quences of Wolbachia, including host genome evolution, sex determination and mating
system evolution, and host speciation and extinction.

Overall, these bacteria could have profound effects on their hosts. Alternatively, al-
though Wolbachia are widespread, they may nevertheless be relatively inconsequential
to arthropods. Proponents of this view argue that levels of CI are insufficient in nature to
be an important component in insect speciation,107,110 that Wolbachia infections are tran-
sient in host populations and unlikely to cause significant or long-lasting genetic changes
in hosts, and that these bacteria probably have little effect on competition among species.
The importance of Wolbachia remains controversial and is a topic open to empirical and
theoretical investigation. Here I discuss the current state of knowledge on this topic.

Host Genetic Structure and Genome Evolution

When Wolbachia enter a species by horizontal transfer, the bacterium becomes associ-
ated with a particular mitochondrial haplotype. Because both are inherited maternally

www.tigr.org
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(cytoplasmically), a Wolbachia sweep through the population is expected to cause an
associated mitochondrial sweep.68,120 Such mitochondrial hitchhiking was observed
during a Wolbachia sweep in D. simulans.120 The Wolbachia need not go to fixation to
cause a mitochondrial replacement; because of incomplete Wolbachia transmission, the
unassociated haplotypes will eventually be replaced. A consequence of this is that, in
the absence of horizontal Wolbachia transmission, mitochondrial variation will be elimi-
nated following a Wolbachia sweep. This may allow an estimation of the relative tim-
ing of Wolbachia sweeps based on levels of mitochondrial variation. Alternatively,
Wolbachia can colonize a new species via interspecific hybridization, in which case they
will also introduce the heterospecific mitochondrial haplotype, which will increase along
with the Wolbachia. There is some evidence that Wolbachia-mediated transfer of mito-
chondria between host species has occurred,147 although the frequency of this process
is unknown.

Given the ubiquity of these parasites, selection for host modifications of Wolbachia
may be important in arthropod evolution. However, whereas hosts are expected to evolve
resistance to parasites, it is not so straightforward when CI Wolbachia are involved. For
instance, females resistant to CI Wolbachia could suffer severe reductions in offspring
survival because of incompatibility with infected males in the population. In contrast,
resistant males gain a fitness advantage because of compatibility with both infected and
uninfected females. Furthermore, female genotypes that rescue CI are expected to evolve.
Resistant genotypes also are expected to evolve against male-killer and parthenogen-
esis induction Wolbachia. There is some evidence of host effects on Wolbachia expres-
sion. For instance, Wolbachia that are weak CI expressers in D. melanogaster are stronger
expressers when transfected into D. simulans, indicating host effects. 126 Recent cyto-
logical studies indicate that Wolbachia in D. melanogaster are not maintained in the
developing spermatocyte cells, possibly explaining this effect.79,80 When a Wolbachia
that induces feminization in one moth (Ostrinia scapulalis) is transfected into another
(Ephestia kuehniella), it induces male killing.129

In Nasonia wasps, CI shows very different patterns in closely related species.106,131

In Nasonia vitripennis, it results in complete paternal genome loss and conversion of
fertilized diploid eggs into haploid males (males are haploid in ants, bees, and wasps).
In the sibling species Nasonia giraulti and Nasonia longicornis, CI results in embry-
onic lethality. Recent work shows that this is because of host genetic effects, not differ-
ences in the resident Wolbachia. One can postulate that this is because of changes in
genes involved in early fertilization and sperm processing. The conversion of embry-
onic lethality to male production was possibly selected for in populations with frequent
CI, as females with the conversion genotype would produce sons and therefore have
increased fitness.

In general, because of the abundance of these parasites and their intimate associa-
tion with hosts cells and germ-line tissues, we expect that presence of Wolbachia will
lead to more rapid evolution of host genes interacting with these bacteria, particularly
those associated with spermatogenesis and oogenesis. However, this proposition has not
yet been rigorously tested.

Perhaps the most intriguing discovery is the occurrence of a gene transfer from
Wolbachia to the genome of an insect host, the beetle Callosobruchus chinensis.148 This
was discovered because of a chance amplification using primers for the Wolbachia sur-
face protein wsp, with subsequent confirmation of insertion of a region containing
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multiple Wolbachia genes.149 Given that only a few Wolbachia genes are typically used
to screen for these bacteria and that a genomic transfer has been detected, it is likely
that such transfers occur relatively often in arthropods. The important question is, What
are the fates of such transfers? Do they result in degeneration of the bacterial genes, or
are they sometimes “recruited” for host functions? The latter would indicate a possibly
important process for introducing evolutionary innovations into arthropod genomes.9

Sex Determination and Mating System Evolution

Heritable microorganisms (and cytoplasmically inherited organelles such as mitochon-
dria) are expected to evolve adaptations to manipulate sex determination of hosts to
produce more females, which is the sex that transmits them. It has been proposed that
the “genetic conflict” resulting from differential selection on heritable microbes and
host genomes may be a “motor” for rapid evolution of sex determining mechanisms.64

One intriguing example comes from feminizing Wolbachia that occur in the isopod
Armadillidium vulgare.44,45,121 This species normally has female heterogamety (ZW sex
chromosomes in females and ZZ sex chromosomes in males). However, empirical and
theoretical studies indicate that presence of feminizing Wolbachia in some populations
may lead to the elimination of the W female-determining chromosome, because the
strongly female-biased sex ratios resulting from feminized ZZ males reduces the fit-
ness of ZW females, leading to their elimination. In some cases, Wolbachia suppressor
genes are favored at autosomal loci, which could result in the “neo-evolution” of male
heterogamety subsequent to Wolbachia-induced loss of the W chromosome. The dy-
namics are complex, and although the appropriate genotypes are present, it remains to
be determined how often sex determination shifts of the expected pattern occur in nature.

Feminizing Wolbachia may be very widespread. The strong female-biased popula-
tions that result from these Wolbachia place a premium on genotypes that can produce
rare males and also on genotypes that can circumvent the bacterial manipulations that
induce feminization. Both processes are expected to lead to more rapid evolution in sex
determining genes. Similar arguments are made for male-killing Wolbachia, particu-
larly with regard to genetic modifications that thwart early male killing. Studies over
the next several years will reveal whether Wolbachia, and other inherited microorgan-
isms, actually do lead to accelerated evolution of sex determination.

Recent studies indicate that sex ratio-distorting Wolbachia may also lead to rapid
evolutionary changes in mating systems.65,66,150,151 The best example of this comes from
the butterfly Acraea encedana.65,66 In this species, male-killing Wolbachia can reach
very high frequencies, which results in many females going unmated. This leads to a
shift in the mating system to a lek mating structure, where females gather and release
pheromones that attract males and females solicit mating from males. This sex role re-
versal (in most animals males form leks to attract females) is not observed in related
species that do not have highly female-biased sex ratios. Such sex ratio–distorter ef-
fects on mating systems may be common but have not been widely explored.

Speciation and Extinction

Recent reviews have considered the possible role of Wolbachia in host speciation.104,152

The possibilities fall into three broad categories: CI and other Wolbachia may promote
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genetic divergence and speciation in insects by causing reproductive incompatibility
between incipient species; CI between populations may select for premating isolation,
thus accelerating the speciation process; or Wolbachia may accelerate rates of evolu-
tion in the host genome, particularly in genes involved in reproduction, thus causing
nuclear gene incompatibilities between diverging populations.

Bidirectional incompatibility between populations is one mechanism that could re-
duce gene flow between populations and species. Studies in the parasitic wasp Nasonia
show that bidirectional incompatibility occurs between three closely related species
because of different bidirectionally incompatible Wolbachia.63,106 This involves both a
younger and an older species pair. A recent study shows that BiCI has evolved between
the younger species pair before other isolating mechanisms, such as hybrid lethality and
hybrid incompatibility, indicating that Wolbachia-induced isolation can arise early in
the speciation process.106 However, the two species occur in different geographic re-
gions, so Wolbachia are not actively maintaining isolation between them, although re-
cent field studies indicate that they may come in contact with each other in the Midwest.

Unidirectional incompatibility seems less likely to promote speciation, as gene flow
is only reduced in one direction but not the other. However, in combination with other
isolating factors in the other direction, unidirectional CI could be a significant compo-
nent. This may be the case in some mushroom-feeding Drosophila species. 105 The po-
tential importance of unidirectional CI is increased by the fact that it is likely to be more
common in nature than BiCI.

A number of arguments have been made against a role of CI in insect speciation.
Among them are that BiCI between populations does not occur frequently enough in
nature to be of importance, that BiCI differences between populations are unstable, and
that natural CI levels are insufficient to permit genetic divergence or select for premating
isolation.107,110

The relevant issues are amenable to empirical and theoretical study. Experimental
transfer of CI Wolbachia into a common host background will allow determination of
the minimum number of bidirectional CI types, which is important to assess the possi-
bilities of BiCI in nature. Geographic studies will reveal how frequently geographic
populations (and closely related species) harbor different Wolbachia. Recent theoreti-
cal work shows that the presence of BiCI between populations subject to migration can
greatly increase divergence at a selected locus.153,154 Associations develop between the
resident Wolbachia type and selected alleles, which increases local frequencies of both
in the face of gene flow. Models also indicate that CI will select for premating isolation,
an effect that could accelerate and stabilize genetic isolation.155 Clearly, more theoreti-
cal and empirical study is needed to assess the role of Wolbachia in the evolution of
arthropod species.

The studies described above indicate that reproductive alterations induced by these
bacteria and the intimate association of Wolbachia with host cells may create selective
pressures that result in more rapid evolution of host genes involved in Wolbachia–host
interactions. If correct, then Wolbachia infections could accelerate host evolution, which
could secondarily accelerate host divergence and speciation, particularly if such evolu-
tion results in genetic incompatibilities between populations in genes involved in re-
production and cellular biology. Genetic exchange between Wolbachia and hosts is also
a potential means by which these symbiotic bacteria could promote host evolution and
speciation.
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Extinction is a difficult process to study. However, basic models indicate that sex
ratio–distorting microorganisms can increase to high frequencies, possibly driving host
populations to extinction.42,50 How often this occurs in nature is difficult to assess,
because the infected species we observe tend to be those that have features leading to
more stable associations. Nevertheless, very high frequencies of male killers have been
observed in some species, which results in significant proportions of females going
unmated.65 More subtly, the presence of sex ratio–distorting or CI Wolbachia can im-
pose a cost to a population that would reduce its competitive ability. For instance, a CI
Wolbachia at a frequency of 50% in a host population would result in 25% of the matings
being incompatible. Infection polymorphisms are not uncommon in some species.26,68

Detailed field and experimental studies would be needed to test the possible role of
Wolbachia in population and species extinction. Given their abundance, it is not an
unreasonable consideration.

Conclusion

Heritable microorganisms are extremely common in nature and are likely to be more per-
vasive than previously appreciated. A common strategy for heritable microorganisms is
to manipulate host reproduction in ways that enhance transmission of the parasite. Repro-
ductive parasitism includes manipulation of sex determination and germ-line development,
induction of sperm–egg incompatibility, host castration, and postsegregation killing. A
growing number of empirical and theoretical studies indicate that reproductive parasites
could be important in host evolution, particularly in genome evolution, sex determina-
tion, germ-line development, and mating systems of invertebrates. Research over the next
decade may well resolve whether reproductive parasites are an important motor shaping
invertebrate evolution.
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